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Introduction

Tethyan evolution

Turkey is sited at the collisional boundary be-
tween Gondwana in the south and Laurasia in
the north and its geological history records the
suturing of a succession of continental frag-
ments. The Tethyan ocean, which existed be-
tween Laurasia and Gondwana, was not a single
continuous oceanic plate, but rather comprised
variable-sized continental fragments through-
out its history (Fig. 1). These rifted from the
Gondwana margin and, as the rifts widened,
created oceans (mainly described as Proto-
tethys, Palaeotethys and Neotethys in the litera-
ture), then subsequently collided with Laurasia
so that these oceans sequentially closed. The
present tectonic regime follows closure of the
Neotethyan ocean. Although Prototethys has
traditionally been regarded as a Late Protero-
zoic and/or Early Palaeozoic ocean, Palaeo-
tethys as a Palaeozoic ocean and Neotethys as a
Mesozoic-Early Tertiary ocean, the views ex-
pressed in this volume show that there is no
common agreement. Many alternative models
have been proposed for their evolution and they
may, indeed, have overlapped in time. The
models proposed below differ in subduction
polarity, timing of ocean basin opening and
closure, and in the location of suture zones.
Figure 1 is a simplified tectonic map showing
the location of the main Tethyan sutures and
neighbouring major continental blocks in
Turkey and its surrounding area.

The first section on Tethyan evolution opens
with a broad review of Tethyan ocean develop-
ment by Stampfli. Following definitions of the
main Tethyan oceans and a brief literature
review, Stampfli presents palaeocontinental
reconstructions for key stages in the evolution
of Prototethys, Palaeotethys, Neotethys, the
Variscan, Eocimmerian and marginal oceans
during the Palaeozoic and Mesozoic. His
models also cover the Alpine Tethys, the
Central Atlantic and the Vardar, North Atlan-
tic and Valais oceans. After describing the
Tethys sutures in the eastern Mediterranean
area and presenting a tectonic map showing the
present location of these sutures, Stampfli con-
cludes that the Cretaceous-aged coloured mel-
anges in Turkey and Iran, now located within
the Eurasian margin to the north of the Neo-
tethys active margin, are separated from the
Neotethyan suture: this would imply that the
Izmir-Ankara-Erzincan Suture in Turkey (Fig.

1) is not the Neotethyan suture. In this scheme
the Izmir-Ankara-Erzincan Suture represents
a Jurassic back-arc oceanic basin opened along
the complex pre-existing Karakaya-Palaeo-
tethyan suture zone following the northward
subduction of Neotethys since the Late Trias-
sic.

Okay describes the E-W trending latest
Triassic Cimmeride orogen in northern Turkey
(box 2 in Fig. 2). He proposes that the Cimmer-
ide deformation and metamorphism were
caused by collision and partial accretion of an
Early-Middle Triassic oceanic plateau (Niliifer
unit) to the active southern continental margin
of Laurasia, with the Karakaya Complex
interpreted as a Palaeotethyan subduction-
accretion-collision complex. The age of the
Cimmeride deformation in the Sakarya Zone
(Fig. 1) is palaeontologically constrained be-
tween the latest Norian and Hettangian (215-
200 Ma), compatible with 40Ar-39Ar phengite
cooling ages of 214-192 Ma from eclogites and
blueschists in the Niliifer unit. Thick overlying
Upper Triassic arkosic sandstone sequences
containing extensive olistostromes of Permian
and Carboniferous limestone (Hodul Unit), are
interpreted to have formed during collision in
foredeep basins in front of south-verging Hercy-
nian continental thrust sheets of the Laurasian
margin. Okay views the Izmir-Ankara-Erzin-
can Suture (Fig. 1) as representing both the
Palaeotethyan and Neotethyan sutures and
concludes that the Neotethys opened as a sep-
arate ocean during the Early Triassic.

Robertson & Pickett discuss Palaeozoic-
Early Tertiary tectonic evolution of part of the
Tethyan ocean, based on evidence from the
Karaburun Peninsula (western Turkey) and
nearby Chios Island (Greece) (Fig. 1; box 3 in
Fig. 2), located near to the northern margin of
the Anatolide-Tauride Platform (Taurides).
Here, an exceptionally intact and unmetamor-
phosed tectono-sedimentary sequence forms a
microcosm of the tectonic history of both
Palaeotethys and Neotethys. A kilometre-thick
melange containing mainly Silurian-Carbon-
iferous exotic blocks within a highly sheared
matrix of turbidites, pelagic carbonates and
channellized conglomerates is interpreted as an
Upper Carboniferous-Lower Permian subduc-
tion/accretion complex that developed near the
southern margin of Palaeotethys during the
collision of a passive margin with a trench.
Unconformably overlying Lower Triassic



Fig. 1. Simplified tectonic map showing the location of the main Tethyan sutures and neighbouring major continental blocks in Turkey and its surrounding area, modified
from Okay & Tiiysiiz (1999), with acknowledgements also to Stampfli (2000), Altmer et al (2000), Robertson (2000), Robertson & Pickett (2000), A. Yilmaz et al (2000).
Heavy lines with filled triangles show sutures; polarity is indicated by the tip of triangles. Heavy lines with open triangles indicate thrust belts with triangles pointing in the
direction of vergence. Heavy lines with half arrows, bounding the Istanbul Zone along its western and eastern margins, are the Western Black Sea Fault and West
Crimean Fault, respectively. Arrows show the relative movement along these faults.



INTRODUCTION

basinal successions record Early Triassic rifting
of a northerly Neotethyan ocean. Subsequently,
during Middle-Late Triassic time, the rift basin
overstepped a subsiding shallow-water (Kara-
burun) platform bordering the northern Neo-
tethys. Uplift associated with Cimmerian
emplacement of the Karakaya Complex further
north is recorded by a brief hiatus followed by
deposition of deltaic sediments during latest
Triassic-Early Jurassic time. During Cam-
panian-Maastrichtian times, after prolonged
passive margin subsidence the Karaburun car-
bonate platform underwent flexural uplift and
erosion recording initial closure of the north-
erly Neotethys. The platform then collapsed
into a foredeep during Maastrichtian-Danian
times. During final stages of continental col-
lision in the Early Tertiary, the melange and
the unconformably overlying rift and platform
units were deformed and locally interleaved.
Robertson & Pickett conclude by interpreting
the Karaburun-Chios Mesozoic platform as
part of the southern margin of a Neotethyan
ocean basin bordering the Anatolide-Tauride

Platform and the Menderes Massif to the
south.

Altmer et al describe the Late Permian
palaeogeography and tectonic evolution of
Turkey by analysing characteristics of the Late
Permian carbonate platform and foraminiferal
biofacies belts (box 4 in Fig. 2). The platform is
reconstructed by assembling the Upper Per-
mian outcrops from different, but juxtaposed,
Triassic and Cretaceous-Tertiary tectonic units.
Upper Permian marine carbonates occur in
contrasting southern and northern biofacies
belts. The Southern Biofacies Belt includes
low-energy inner platform deposits of the Ana-
tolide-Tauride Platform and the Arabian Plat-
form (Fig. 1), while the highly deformed and
fragmented Northern Biofacies Belt includes
the Upper Permian of the Karakaya Orogen
and outer platform and platform margin depos-
its of the Anatolide-Tauride Platform. Upper
Permian blocks in the Karakaya Orogen dis-
play similar palaeontological and biofacies
characteristics to the outer platform or plat-
form margin deposits of the Taurides; they

Fig. 2. Location map showing areas described in the papers in this volume. 2, Okay; 3, Robertson & Pickett; 4,
Altmer et al; 5, Robertson; 6, Gonciioglu et al.;l, Farinacci et al; 8, A. Yllmaz et al; 9, Floyd et al; 10, Yalmiz et
al; 11, Parlak et al; 12, Kazmin et al; 13, Goriir et al; 14, Karabiyikoglu et al; 15, Kaymakci et al; 16, Burchfiel et
al; 17, Y. Yllmaz et al; 18, Bozkurt; 19, Kocyigit et al; 20, Tatar et al; 21, Boztug; 22, Arger et al; 23, Yurtmen et
al Geographical location of the paper by Stampfli is not shown since it covers a broad review of Tethyan
evolution.

ix



INTRODUCTION

represent the northernmost extent of this car-
bonate platform. The absence of transgressive
Upper Permian deposits resting unconformably
on pre-Permian basement of the Sakarya Con-
tinent strongly suggests that the carbonate plat-
form was facing a trough or basin to the north.
This would have separated the Late Permian
carbonate platform in the south from the base-
ment of the future Sakarya Continent in the
north. Altiner et al therefore reject a Gondwa-
nan origin for the Sakarya Continent.

Robertson focuses on the Mesozoic-Tertiary
tectonic evolution of the Tethyan ocean (Neo-
tethyan), based on geological and geophysical
information from southern Turkey and offshore
areas of the easternmost Mediterranean (box 5
in Fig. 2). This region is dominated by the
rifting, spreading and closure of several Neo-
tethyan oceanic basins, including the inner
Tauride basin formerly located north of the
present Tauride Mountains. This opened in the
Early Triassic (see also Robertson & Pickett,
this volume) and, following closure in latest
Cretaceous-Early Tertiary times, gave rise to
the regionally extensive Lycian and Beysehir-
Hoyran-Hadim nappes. Further south, the
Tauride Mountains originated as continental
fragments which rifted from Gondwana in Late
Permian-Early Triassic time to form the north-
ern margin of a separate southern Neotethyan
oceanic basin. Middle-Late Triassic spreading
in this basin was followed, during Jurassic-Early
Cretaceous time, by construction of Tauride-
fringing carbonate platforms. By the late Early
Cretaceous, regional convergence of the Afri-
can and Eurasian Plates induced closure of both
the northern and southern Neotethyan oceanic
basins, activating north-dipping subduction
zones. Southward 'roll-back' of pre-existing
cold and dense oceanic lithosphere initiated
genesis of supra-subduction type ophiolites,
which were initially obducted on to the northern
margin of the Tauride carbonate platforms in
latest Cretaceous time. Thrusting to their
present, more southerly positions in the Late
Eocene (in the east) to Late Miocene (in the
west) resulted from final suturing of the north-
ern Neotethyan ocean.

The southern Neotethyan ocean was tectoni-
cally disrupted in latest Cretaceous time with
emplacement of ophiolites and melange onto
the Arabian Platform in the east (e.g. Koc,ali
ophiolite) and thrusting and strike-slip dis-
placement of continental margin and ophiolite
units in the west (Antalya Complex). Prolonged
and episodic closure history in SE Turkey
culminated in renewed arc volcanism, extensive
subduction-accretion (Maden Complex) and

thrusting to form the Southeast Anatolian
Suture in the Eocene (Fig. 1); younger melange
occurrences (Misis-Andinn Mountains) suggest
that subduction locally persisted until the Late
Oligocene-Early Miocene. Further west (north
of the Mediterranean Sea) an oceanic seaway
between the eastern and western Anatolide-
Tauride platforms (Isparta Angle) closed in the
Late Palaeocene-Early Eocene, while further
south, the southernmost oceanic basin pre-
served within an embayment of the North
Africa/Arabian margin only began to experi-
ence collision-related deformation during Plio-
Quaternary times. In southern Turkey, border-
ing the Mediterranean Sea, the emplaced Neo-
tethyan units are unconformably overlain by
Miocene (to Pliocene) basins which resulted
from regional southward-directed crustal load-
ing as convergence of Africa and Eurasia con-
tinued. They may also have been influenced by
the initiation of a north-dipping subduction
zone located south of Cyprus because the
Antalya and Adana-Cilicia basins represent
areas of crustal extension behind this zone
since the Late Miocene. During Plio-Quatern-
ary times continuing regional convergence was
accommodated by left-lateral strike-slip faulting
along the South Anatolian Transform Fault
which delineated the southern margin of the
Anatolian Plate during westward 'tectonic
escape'. Robertson concludes that whereas SE
Turkey today records a post-collisional setting,
the easternmost Mediterranean records only
incipient collision: this makes it ideal for the
study of diachronous collisional processes.

Gonciioglu et al. describe the stratigraphy
and tectonic relationships of south-verging
structural units across the root-zone of the
Alpine Izmir-Ankara-Erzincan Suture around
the central Sakarya area of NW Turkey (Fig. 1;
box 6 in Fig. 2). In the northern unit (Central
Sakarya Terrane), a Triassic rift basin assem-
blage which unconformably overlies a base-
ment comprising a Variscan ensimatic arc
complex and a fore-arc-trench complex, is
itself unconformably overlain by a Liassic-
Upper Cretaceous platform sequence. The
middle tectonic unit (Central Sakarya Ophio-
litic Complex) comprises a partly subducted
Late Cretaceous accretionary complex. The
southern tectonic unit includes a basement of
Variscan metamorphic rocks formed in a back-
arc setting, overlain by a Triassic-Lower Cre-
taceous succession interpreted as the passive
continental margin of the Anatolide-Tauride
Platform. Basinal deepening allowed depo-
sition of a thick synorogenic flysch sequence
subsequently influenced by high pressure/low

x



INTRODUCTION

temperature metamorphism. Gonctioglu et a/.'s
evolutionary model contrasts with the others in
this volume (e.g. Stampfli) in both the palaeo-
geographic distribution of the main plates
during the pre-Alpine and Alpine period and in
the proposed subduction polarity of the oceanic
material.

Farinacci et al. reconstruct the basinal setting
of the Tethyan Jurassic radiolarite deposits from
the Barla Dag area (western Taurides) (box 7 in
Fig. 2). The main Kimmeridgian radiolarite
sedimentation occurred within or just below
the wave base in a storm-influenced carbonate
ramp environment and followed uplift coeval
with an Early Bajocian-Kimmeridgian dis-
continuity known as the 'main gap', a hiatus
that lasted about 25 Ma. Pre-existing carbonate
platforms were converted into ramps by block
faulting which produced widespread Late
Pliensbachian submergence. Change in the
depositional bathymetry of some radiolarites
suggests replacement of a deep basin by ramps.
Farinacci et al conclude that extensive shallow
seas and a relatively narrow deep oceanic realm
separated the Eurasian and African Plates in the
western Tethys.

A. Yilmaz et al describe and correlate Upper
Cretaceous-Tertiary units of the Eastern
Pontides (NE Turkey) and Transcaucasus
(Georgia) (Fig. 1) which belong to the same
geological belt and represent the former active
margin of the Eurasian Plate (box 8 in Fig. 2).
The Eastern Pontides, interpreted as the prod-
uct of interference between a spreading ridge
and the subduction zone during Late Jurassic-
Cretaceous time, is divided into three structural
units. From north to south, these are (1) the
Southern Black Sea coast-Adjara Trialeti unit,
(2) the Artvin-Bolnisi unit and (3) the imbri-
cated Bayburt-Karabakh unit. They represent,
respectively, a juvenile Santonian-Campanian
back-arc, a south-facing arc formed mainly
during Liassic-Campanian time, and a Malm-
Campanian fore-arc basin of an active conti-
nental margin. To the south, these tectonic units
are bordered by the Ankara-Erzincan-Lesser
Caucasus suture, comprising ophiolites, mel-
anges and an ensimatic arc association produced
during final closure of the Neotethyan ocean. By
contrast, Jurassic-Early Cretaceous rift-related
sediments indicate that the western part of the
Eastern Pontides was a passive continental
margin. This progressive change from east to
west along the Eastern Pontides is explained by
the progressive interaction between a spreading
ridge and subduction zone, which ceased before
the Maastrichtian. During the Middle Eocene
renewed rifting resulted in the formation of new

basins, some of which closed during Oligocene-
Early Miocene times whereas others, such as the
Black and Caspian Seas, survive as relict basins.

Neotethyan ophiolites

When combined with other geological data,
geochemical studies, particularly those using
immobile elements from basic extrusive igneous
rocks, are useful for identifying tectonic settings
of units within orogenic belts by comparison of
their compositions with rocks from modern
tectonic settings. Turkey is characterized by
two major E-W trending ophiolite belts
(ancient suture zones) that record closure and
destruction of the Neotethyan oceans: these
comprise the northern Neotethys (the tzmir-
Ankara-Erzincan Suture) located between the
Sakarya Continent in the north and the Anato-
lide-Tauride Platform in the south, and the
southern Neotethys (Southeast Anatolian
Suture) that formerly separated Gondwana
(Arabian Platform) in the south from the
Anatolide-Tauride Platform in the north (Fig.
i).

In two successive papers Floyd et al and
Yahniz et al describe the petrogenesis and
tectonic evolution of little-known Central Ana-
tolian ophiolites and related rocks (boxes 9 and
10 in Fig. 2, respectively). These are found as
allochthonous slices tectonically emplaced onto
the Kir^ehir Massif (Fig. 1) that represents the
passive margin of the Tauride-Anatolide Plat-
form. In both papers the ophiolitic rocks are
considered to be remnants of suprasubduction
zone oceanic crust formed by intra-oceanic
subduction within the Izmir-Ankara-Erzincan
ocean during the early Late Cretaceous. In the
former paper, the metabasic rock associations
are interpreted mainly as remnants of a tholeii-
tic arc and an adjacent back-arc basin with
MORB-like compositions. The latter study
details the petrology and tectonic setting of a
dismembered example of the same ophiolitic
assemblage which occurs as a huge tectonic
slice in the northern Kir^ehir Massif. For this
the authors propose a two-stage emplacement
model involving earlier obduction of MORB/
OIB-type volcanic rocks and accretionary prism
assemblages of the tzmir-Ankara-Erzincan
oceanic plate on to the passive margin of the
Anatolide-Tauride Platform, followed by the
formation of a new, fore-arc type oceanic crust.
The latter was emplaced southwards during the
Late Cretaceous on to the Kir^ehir Massif.

The Pozanti-Karsanti Ophiolite, one of the
largest Late Cretaceous ophiolites in this region,
crops out in the eastern Tauride belt of southern
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Turkey and is described by Parlak et al (box 11
in Fig. 2). It covers an area of approximately
1300 km between the sinistral Ecemis Fault
Zone to the west and the sinistral East Ana-
tolian Fault Zone to the east. The whole-rock
and mineral chemistry of gabbro-norites from
the ophiolite indicate production in a supra-
subduction zone tectonic setting related to
north-dipping subduction of the northern Neo-
tethyan ocean by the beginning of the Late
Cretaceous. Intra-oceanic subduction induced
formation of the metamorphic sole and the
generation of dyke swarms. Parlak et al. con-
clude that the ophiolite continued to accrete
melange and was finally obducted over the
Anatolide-Tauride Platform during the Late
Cretaceous or Early Palaeocene.

Post-Tethyan basin evolution

Following Late Cretaceous-Tertiary closure of
the Neotethys ocean by collision of dispersed
pieces of Gondwana with Eurasia, several post-
orogenic Neogene basins of various sizes were
developed. The third group of papers presents
detailed description of basin-fill and basin-
bounding structures and provides important
evidence about the tectono-sedimentary and
palaeoceanographic evolution of these basins.

Kazmin et al. report that the Black Sea
comprises western and eastern sub-basins (Fig.
1; box 12 in Fig. 2), which mainly opened in the
Eocene. Two depocentres in the western Black
Sea are interpreted as products of early back-arc
extension which formed in Barremian-Albian
time north of the Pontide arc. By contrast, the
central and eastern part of the basin opened as
an inter-arc basin induced by the rifting of the
Late Cretaceous arc. Following compression in
the Eastern Pontides, the eastern Black Sea
basin opened mainly in the Middle Eocene.
Simultaneous opening of the central-eastern
part of the Western Black Sea Basin and the
Eastern Black Sea Basin (Fig. 1) is attributed to
southward drift of the Pontides and clockwise
rotation of the Andrusov Rise.

Goriir et al. discuss Paratethyan evolution
(box 13 in Fig. 2). Neogene basins of varying
sizes formed after the Late Cretaceous to
Tertiary collision of Gondwana with Eurasia.
Paratethys, defined as an E-W trending land-
locked basin extending from the Rhone Valley
in the west to the Aral Sea in the east, forms one
of them. Its isolation from marine realms such as
the Mediterranean Sea caused drastic changes
in palaeo-oceanographic conditions. From the
distribution of these changes Paratethys is sub-
divided into three parts: Western, Central and

Eastern. The Eastern Paratethys (EP) covers
areas of the Black, Caspian and Aral Seas.
Goriir et al. detail the tectono-sedimentary and
palaeo-oceanographic history of the EP be-
tween the Tarkhanian (Middle Miocene) and
Cimmerian (Pliocene) and describe the Neo-
gene marginal succession in the southern Black
Sea coast and the Marmara regions of Turkey,
supported by palaeogeographic maps. In the
Tarkhian, the southern margin of the EP was a
carbonate platform which emerged during the
Late Tarkhian to Early Chokrakian. Isolation of
the basin during the Karaganian was followed
by marine conditions which prevailed until the
Early Konkian when the EP was connected to
the Indo-Pacific Ocean. Ensuing brackish con-
ditions were followed by the widespread Early
Sarmatian transgression, after which the EP was
again isolated during Middle-Late Sarmatian.
During the Pontian the EP was connected to the
Marmara and NE Aegean regions but the link
with the Mediterranean via the Marmara region
did not form until the Late Akchaglylian. In this
respect, the model by Goriir et al. contradicts
previous claims that the Marmara region
formed a link between the Mediterranean and
the Paratethys during most of the Middle
Miocene.

In the Manavgat Basin, on the eastern flank of
the 'Isparta Angle' in the western Taurides (box
14 in Fig. 2) Karabiyikoglu et al. show that
Miocene basin fill unconformably overlies
Mesozoic rocks which had been imbricated and
overthrust by the Antalya Nappes and Alanya
Massif metamorphic rocks during the Eocene.
Irregularly distributed Burdigalian-Lower
Langhian coarse clastic rocks (fluvial/alluvial
fan and fan delta complexes) prograded into a
shelf area filling the pre-existing topography.
They are overlain by transgressive Langhian
reefal shelf carbonates that onlap fan delta
sediments and record a sharp rise in relative
sea-level together with a decrease in sediment
supply. Syn-sedimentary block faulting resulted
in fragmentation and sudden deepening of the
carbonate shelf during which Upper Langhian
to Serravalian breccias, debris flows and
hemipelagic sediments characterized by slumps
and rock falls/slides were deposited. From the
Tortonian until the Messinian, sedimentation
was largely controlled by progressive uplift of
the hinterland as shown by the rapid passage
from high density currents and debris flows to
turbulent coarse-grained fan deltas. These sedi-
ments were later folded during end-Miocene N-
S compression, and unconformably overlain by
undeformed Pliocene fluvial conglomerates.
Three distinct episodes in the evolution of the
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Manavgat Basin are distinguished as an Early
Miocene fan-delta deposition, followed by Late
Burdigalian to Langhian reef limestones and
finally thick turbidites. Karabiyikoglu et al
conclude by suggesting that the Manavgat
Basin and the northern part of the Adana Basin
display similar evolution and might have been
connected.

Kaymak^i et al report that the £ankm Basin
(Central Anatolia; box 15 in Fig. 2), located
where the Sakarya Continent became attached
to the Pontides and the Kirsehir Massif collided
and sutured along the Izmir-Ankara-Erzincan
Suture (Fig. 1), experienced post-Middle Mio-
cene (c. 9.7 Ma) deformation during extrusion-
related transcurrent motions along the North
Anatolian and East Anatolian fault zones. The
main structures moulding the Q-shaped Qankm
Basin, which contains more than 4 km of Upper
Cretaceous to Plio-Quaternary sediments, are
thrust faults defining its western and northern
rims and a belt of NNE-striking folds marking
its eastern margin. In the south, the basin fill
onlaps on to the Kirsehir Massif. Other major
structures affecting the basin are the dextral
Kizihrmak and Sungurlu fault zones (KFZ and
SFZ, respectively), which are splays of the
North Anatolian Fault Zone. In making a
kinematic and structural analysis of these struc-
tures by applying palaeostress inversion studies
usingfaultslipdatafromfoursub-areas,Kaymakci
et al. recognize four deformational phases and
construct the palaeostress configuration for
each. The first two (pre-Late Palaeocene and

Late Palaeocene to Aquitanian) phases were
characterized by thrusting and folding during
the final northward subduction of Neotethys
beneath the Pontides along a roughly E-W
trending trench. The authors suggest that
oblique transpression occurred and propose
that subduction had a dextral strike-slip com-
ponent. The Q-shape of the basin is attributed to
a 30° and 50° clockwise rotation along the
western and eastern margins respectively
during Eocene to Oligocene times, which re-
sulted when collision of a promontory of the
Kirsehir Massif indented the Sakarya Continent
(Fig. 1). The third phase was a Burdigalian to
pre-Tortonian (20.5 Ma to 9.7 Ma) extensional
deformation, driven by gravitational collapse of
the orogen following collision and further con-
vergence of the Sakarya Continent and the
Kirsehir Massif. During this phase, compression
was replaced by extension and multidirectional
normal faults were formed. In the final phase,
linked to regional strike-slip deformation be-
tween the post-Middle Miocene (Tortonian, 9.7
Ma) and the present, most pre-existing struc-
tures were reactivated along inherited planes of
weakness. The western margin, dominated by a
pre-existing thrust fault belt, was reactivated
into a zone of sinistral transpression as the
conjugate of the KFZ and SFZ.

Neotectonics

As the 1999 earthquakes remind us, Turkey is
located on the seismically active 'Mediterranean

Fig. 3. Simplifed neotectonic map of Turkey showing its major structures. Heavy lines with half arrows are
strike-slip faults with arrows showing the relative movement sense. The heavy line with filled triangles shows a
major fold and thrust belt (Southeast Anatolian Suture): small triangles indicate direction of vergence. The
heavy line with open triangles indicates an active subduction zone, its polarity indicated by the tip of small
triangles. Bold filled arrows indicate relative movement direction of African, Arabian and Eurasian Plates; open
arrows, relative motion of Anatolian Plate.
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Earthquake Belt'. The Turkish section is out-
lined by three major structures (Fig. 3). The first
of these is the Hellenic-Cyprus Trench, a con-
vergent plate boundary between the African
Plate in the south and the Anatolian Plate in
the north. The African Plate is descending down
the trench towards the NNE beneath the Ana-
tolian Plate. The other two major structures are
the dextral North Anatolian and sinistral East
Anatolian fault zones (Fig. 3). Along these
intracontinental strike-slip fault zones, the Ana-
tolian Plate is being extruded towards the WSW
between the converging Eurasian and Arabian
Plates. The western half of the Anatolian Plate
is dominated by N-S directed extension and
consequent E-W, NE- and NW-trending horst
and graben structures.

Western Anatolia is a part of the Aegean
extensional system, embracing a large area that
also includes much of Greece, Macedonia,
Bulgaria and Albania. The origin and age of
extension in the Aegean have long been
debated and the papers contained in the Neo-
tectonics section provide new evidence that
contributes to a better understanding of this
complex area. Following a broad review of
extensional tectonics (Burchfiel et al. and Y.
Yilmaz et al), more geographically focused
studies are described by Bozkurt, Kocyigit et al.
and Tatar et al.

Evidence from the southern Balkan Penin-
sula and the northern part of the Aegean ex-
tensional system is presented by Burchfiel et al,
who review Middle Miocene to Recent tectonic
evolution of Bulgaria and northern Greece (box
16 in Fig. 2). They suggest that Late Eocene to
Early Miocene arc-normal extension continued
contemporaneously with convergence in
Greece, FYR Macedonia, Bulgaria and Turkey
and was induced by crustal weakening due to
magmatic and radiogenic heating of thickened
crust following final closure of the Vardar-
Izmir-Ankara Zone (Fig. 1) by northward sub-
duction.

In Early or Middle to early Late Miocene
time (26-21 Ma), major regional lithospheric
extension occurred along NW-trending struc-
tures oblique to an older magmatic arc. A
second phase of NE-directed extension pro-
duced low-angle detachment faults and was
accompanied by a short period of coeval com-
pression. Extension then migrated northward
into SW Bulgaria at c. 16 Ma. Burchfiel et al
interpret this extension in terms of roll-back of
the Hellenic Trench, which is also expressed by
southward migration of the Hellenic volcanic
arc. They speculate that this may also have
occurred in FYR Macedonia and eastern

Albania. N-S extension along E-W striking
faults in central Bulgaria began at c. 9 Ma and
extended westward, with decreasing magnitude,
into SW Bulgaria and FYR Macedonia in the
Quaternary, cutting across older NW-trending
grabens. This continued extension is ascribed
either to trench roll-back along the southern
part of the Hellenic subduction system or to
local anticlockwise rotation of NW Anatolia
relative to part of Eurasia, including NW
Greece and Albania (western Hellenides). In
the Late Pliocene a widespread major erosion
surface referred to as the 'sub-Quaternary sur-
face' developed and is marked by an angular
unconformity or disconformity between Upper
Pliocene and Lower Quaternary strata. The
presence of this surface high in the mountains
(e.g. Rhodopian Mountains) demonstrates sig-
nificant Quaternary displacements along normal
faults associated with N-S extension. During the
Late Pliocene (c. 3-4 Ma), deformation in SW
Bulgaria and northern Greece was expressed by
continued NE-SW to N-S extension and associ-
ated NE- to E-W striking dextral strike-slip
faults; these functioned as transfer faults be-
tween areas of extension. This deformation is
thought to have resulted from propagation of
the dextral North Anatolian Fault Zone into the
northern Aegean and formation of parallel
faults to the north. In addition to these two
different tectonic regimes, a third phase of E-
W extension related to continued trench roll-
back along the northern part of the Hellenic
subduction system prevailed in western FYR
Macedonia and eastern Albania. This, in turn,
suggests that there were three areas with diffuse
boundaries characterized by different styles of
extensional tectonism in the southern Balkan
region during the last 4 Ma: (1) N-S extension in
central Bulgaria; (2) coupled strike-slip and
NE-SW extension in SW Bulgaria, northern
Greece and central FYR Macedonia; and (3)
E-W extension in western FYR Macedonia and
eastern Albania.

Based on evidence from seismicity and GPS
studies, Burchfiel et al propose that the active
deformation in northern Greece, SW Bulgaria
and FYR Macedonia is Late Quaternary N-S
extension, and that dextral strike-slip movement
on the North Anatolian Fault Zone must have
begun at about 4 Ma. Finally they conclude that
mountainous topography in the southern
Balkan region results from Miocene to Recent
extension with different causes involving a com-
plex interplay between the Hellenic Trench,
westward escape of Anatolia, and N-S exten-
sion and rotation of Anatolia (Fig. 3).

Y. Yilmaz et al. use new data to explain the
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timing and mechanism of the western Anatolian
graben system, and distinguish five major stages
in the tectonic evolution of western Anatolia
(box 17 in Fig. 2). The first stage is the Late
Cretaceous-pre-Miocene pre-graben stage.
Late Cretaceous to pre-Middle Eocene collision
between the Sakarya Continent and Anatolide-
Tauride Platform along the tzmir-Ankara-
Erzincan Suture was followed by compression.
This produced N- and S-directed thrusting
which continued until the Late Eocene-Oligo-
cene in the Pontides and the Late Miocene in
the Taurides. Eocene crustal thickening and
synchronous HT/M-HP metamorphism (main
Menderes metamorphism) in the Menderes
Massif (Fig. 1) was associated with widespread
upper mantle and crustal melting. By the Early
Miocene uplift and exhumation of the Menderes
Massif had already occurred along low-angle
thrusts, back thrusts and the associated normal
faults recognized extensively in the massif.

In the second stage during the Early Miocene,
N-S trending grabens were initially formed in
an E-W extensional regime. The graben-bound-
ing faults, which are strike-slip faults with con-
siderable dip-slip movement, form conjugate
pairs possibly developed during a N-S com-
pression which is also indicated by development
of gentle E-W trending folds and local reversed
faults in the Lower Miocene successions. The
Kale-Tavas Basin, initiated during the Chattian
(Late Oligocene), earlier than the other N-S
grabens, and previously regarded as a molasse
basin with respect to the Menderes Massif, is
interpreted here as a piggyback basin situated
above the southerly transported Lycian Nappes.
The authors also note the lack of stratigraphic
contact between the Kale-Tavas Basin and the
Menderes Massif and suggest that this part of
the Menderes Massif remained buried beneath
the Lycian Nappes throughout the Late Oligo-
cene.

N-S extension in western Anatolia began
during the Late Miocene (third stage, early N-
S extension). During this stage, major N- and S-
facing breakaway faults (low-angle detachment
faults) were formed to bound the southern and
northern flanks of the Bozdag horst in the
central Menderes Massif. Along these detach-
ments the footwall high-grade metamorphic
rocks and Miocene pre-tectonic granites of the
Menderes Massif were progressively deformed,
uplifted and juxtaposed against Upper Miocene
continental red beds on the hanging wall. The
faults remained active during the Late Mio-
cene, later than previously considered (Early
Miocene). Further away from the Bozdag
horst, in the hanging wall of the detachment

faults, Upper Miocene sediment deposition was
controlled by developing N-S trending cross-
grabens. The graben-bounding cross-faults rep-
resent reactivated faults that controlled Early
Miocene E-W extension. They also suggest
that E-W trending normal faults and associated
grabens, which initially began to develop
during the Late Miocene, were linked to the
extrusion of 9-6 Ma alkaline basaltic lavas. N-
S extension ceased at the end of the Late
Miocene and uplift produced a major erosion
surface marked by an angular unconformity or
disconformity above Upper Miocene-Lower
Pliocene strata (fourth stage). The presence of
this erosion surface high in the mountains
demonstrates that N-S extension was rejuve-
nated (fifth stage, a later stage of N-S exten-
sion) and that significant Plio-Quaternary
displacements occurred along these normal
faults. Late Miocene structures were cut and
displaced during this phase. This second, Plio-
Quaternary, phase of N-S extension produced
the existing E-W trending grabens in western
Anatolia. The Lower-Middle Miocene fluvial-
lacustrine sediments have no genetic relation-
ships to these grabens, as recently suggested. Y.
Yilmaz et al conclude that the timing of west-
ward escape of Anatolia along its boundary
faults was synchronous with, and may be re-
sponsible for, rejuvenation of N-S extension
and development of the neotectonic ex-
tensional regime in western Anatolia.

This paper also distinguishes two magmatic
episodes: (1) an Oligocene-Early Miocene high-
K calc-alkaline hybrid magmatism that is late/
post collisional with respect to Tethyan con-
vergence; (2) Late Miocene-Pliocene alkaline
continental rift-related volcanism. The non-
volcanic period (14-10 Ma) between these two
phases corresponds to the time of transition
from N-S compression to N-S extension in
Western Anatolia. This period has been evalu-
ated as late orogenic extension following exces-
sive crustal thickening.

In two successive papers Bozkurt and Ko^yi-
git et al. describe new structural and strati-
graphic evidence for episodic two-stage graben
formation in two case studies from the Buyuk
Menderes Graben in western Anatolia and the
Aksehir-Afyon Graben in west Central Ana-
tolia, respectively (boxes 18 and 19 in Fig. 2,
respectively). The basin fill in both grabens
consists of two major sequences: deformed
Miocene fluvio-lacustrine sediments overlain
unconformably by undeformed, nearly horizon-
tal Plio-Quaternary sediments. The older infill is
folded and thrust faulted in the Aksehir-Afyon
Graben while it is back-tilted northward and
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locally folded in the Biiyiik Menderes Graben.
Both grabens exhibit evidence for two-stage
extension where an initial phase of extension
related to orogenic collapse of the overthick-
ened crust, which followed Late Palaeogene
collision across the Neotethyan ocean, was
superseded by later and steeper normal faults
during the Pliocene. The deformation of older
basin fill is attributed to a short phase of com-
pression resulting from a probable variation in
kinematics of the Eurasian and African Plates in
the Late Miocene, a time which also corre-
sponds to a major break in sedimentation and
magmatism, and a regional folding event, across
many western Anatolian basins. Bozkurt further
suggests that the Miocene sediments were
deposited on the hanging wall of the normal
fault(s) and that the metamorphic rocks of the
Menderes Massif in the footwall were
deformed, mylonitized and progressively
exhumed. The second, neotectonic phase of
extension, was triggered by the initiation of
strike-slip movement along the North Anatolian
and East Anatolian fault zones during the Plio-
cene and is attributed to the westward tectonic
escape of the Anatolian Plate along these struc-
tures. The fault controlling the early phase of
extension in the Biiyuk Menderes Graben may
have been reactivated during the second phase.
Kocyigit et al conclude that the Aks, ehir Fault is
an oblique-slip normal fault forming part of the
current extensional regime of west Central
Anatolia and the Isparta Angle region; this
contrasts with previous interpretations which
interpreted it as a reverse fault belonging to a
compressional neotectonic regime. Bozkurt
further suggests that the basal Miocene red
clastic rocks cannot be regarded as passive
graben fill. Because the initiation of movement
on younger faults bounding the present graben
floor is constrained to c. 1 Ma, the age of the
Btiytik Menderes Graben is Pliocene, younger
than previously considered (Early-Middle Mio-
cene). He concludes that western Anatolia is an
example of a region that experienced two modes
of extension: 'core-complex mode' and 'wide-
rift mode', reflecting significant changes in the
tectonic setting of western Anatolia which can
be attributed to orogenic collapse followed by
tectonic escape.

The eastern and central parts of the Anato-
lian Plate are dominated by active, intraconti-
nental dextral and sinistral strike-slip faults.
Tatar et al. report a palaeomagnetic study from
the Erciyes sector of the sinistral Ecemis (or
Central Anatolian) Fault Zone and comment on
neotectonic deformation in the SE part of the
Anatolian Plate (box 20 in Fig. 2). They also

summarize palaeomagnetic evidence for neo-
tectonic deformation across a broad zone
extending for at least 300 km between the
sinistral East Anatolian and dextral North
Anatolian fault zones. Their palaeomagnetic
study of young (1-2 Ma) lava flows across the
Ecemis^ Fault Zone identifies block rotations in
this part of Anatolia of c. 10° counterclockwise
during the last 1 million years. Between the East
Anatolian Fault Zone in the south and the
North Anatolian Fault Zone in the north, the
degree of counterclockwise rotation during the
tectonic escape within the last 2-3 Ma
diminishes from c. 25° in the east to c. 10° in
the SW. This reflects a transition from highly
strained to less strained crust as the width of the
Anatolian Plate confined between the Arabian-
Eurasian pincer broadens to the west.

Igneous activity

Although volcanism in Turkey is currently
quiescent, there is abundant evidence that
magmatism has been associated with all stages
in its tectonic evolution. Studies of both intru-
sive and extrusive rocks, their geochemistry and
the relationship between deformation and their
age of emplacement therefore provide vital
additional information about the progressive
tectonic evolution of the area.

Boztug describes the mineralogy and whole-
rock major and trace element geochemistry of
intrusive associations in the Kyrs,ehir Massif
(Fig. 1; box 21 in Fig. 2). He evaluates the
geodynamic significance of these data in the
context of the Late Cretaceous synchronicity of
these collision-related granitoids with meta-
morphism in the massif. The intrusive associ-
ations record differences in geological setting
and are classified into three groups: (1) syn-
collisional, S-type peraluminous two-mica
leucogranites; (2) post-collisional, I-type meta-
luminous hybrid monzonites; and (3) post-
collisional and within-plate, A-type alkaline
rocks including monzonites and syenites.
Boztug suggests that metamorphism and
magmatism were synchronous during Late
Cretaceous Anatolide-Tauride Platform and
Pontide collision along the Izmir-Ankara-
Erzincan Suture Zone (Fig. 1). The metamorph-
ism inverted the passive margin of the Ana-
tolian Plate during collision, accounting for a
decrease in metamorphic grade from north to
south. Subsequent magmatism along the Ana-
tolian passive margin is manifested by success-
ive episodes of syn-collisional peraluminous,
post-collisional calc-alkaline hybrid and post-
collisional within-plate alkaline pulses.
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Arger et al. present evidence for two episodes
of basaltic magmatism in southeastern Turkey
(box 22 in Fig. 2) at c. 19-15 Ma and c. 2.3-
0.6 Ma based on K-Ar dating. Each episode
produced olivine-titanaugite basalts in both the
Anatolian Plate and the Arabian Plate which
are difficult to classify using any conventional
model. Because Miocene magmatism predated
the onset of the modern strike-slip regime in
eastern Turkey, but the Plio-Quaternary mag-
matism did not, there is no obvious tectonic
explanation for the timing or chemistry of this
volcanicity. The authors therefore propose that
both episodes, together with associated crustal
thickening and uplift, resulted from inflow of
plastic lower crust from adjoining regions. Thus,
although this region has remained in a plate
boundary zone for tens of millions of years,
volcanism has no direct relationship to local
plate motions. They suggest that both episodes
of volcanism are the result of loading effects
induced by glacial sea-level variations which
caused net flow of lower crust from beneath the
offshore shelf to the land; this could have been
contemporary with Early-Middle Miocene
moderate glaciation of Antarctica and more
intense lowland glaciation of the northern hemi-
sphere which began around 2.5 Ma.

Finally, in a study of some of the most recent
volcanic rocks in the area, and rocks which can
be most closely associated with the present
tectonic regime, Yurtmen et al describe petro-
graphical and geochemical characteristics of
Plio-Quaternary volcanicity represented by
small scoria cones and associated basanite and
alkali-olivine basalt lavas north of Iskenderun
Gulf (Southern Turkey) (Fig. 1; box 23 in Fig.
2). These volcanic rocks lie along the active
sinistral NE-SW trending Karatas-Osmaniye
Fault Zone (KOFZ) which forms 'part of the
modern Anatolide-African plate boundary and
the southern Neotethys suture. The main ex-
posures are concentrated at the intersection of
these two structures. The chemistry of the alka-
line lavas resembles ocean island basalts (OIB)
and intra-continental plate basalts, with a mag-
matic source in the asthenosphere similar to
OIB. This source has HIMU character and is
regarded as a mixture of depleted mantle with a
plume component; it is classified as one of the
mantle end-members for young extension-
related alkaline basalts. Based on the similarity
of geochemical characteristics of the Iskenderun
Gulf volcanics with OIB, Yurtmen et al empha-
size the importance of extension-related alkali

basalts and subduction-related basalts although
a tectonic interpretation is precluded by absence
of local extension, subduction or mantle plume
activity in this region.

The thematic set of papers in this volume have been
selected from papers presented at the Third Inter-
national Turkish Geology Symposium, held at the
Middle East Technical University (METU), Ankara
during September 1998. This meeting was sponsored
by the Middle East Technical University, the Scientific
and Technical Research Council of Turkey
(TUBITAK), the American Association of Petroleum
Geologists (AAPG) and a range of industrial spon-
sors, including the Turkish Petroleum Corporation
(TPAO), BP Exploration, Etibank, Perenko, Rio Tur
Madencilik A.£. (Rio Tinto), Perenko, Cominco and
Arco. The editors would like to thank all reviewers,
the Organizing Committee, the staff and students at
METU who helped to ensure that the conference ran
smoothly. Facilities supplied by the departments of
Geological Engineering at METU, Earth Sciences at
Keele University and Earth Sciences at Liverpool
University during preparation of this volume are
gratefully acknowledged. Thanks are due to Dr R. E.
Holdsworth (Series Editor) for his continuous encour-
agement, help and comments during the preparation
of this volume and to the Geological Society Publish-
ing House, particularly to Joanna Cooke for her edi-
torial work and Angharad Hills for her continuous
help at every stage of this volume.
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Abstract: Diachronous subsidence patterns of Tethyan margins since the Early Palaeozoic
provide constraints for paleocontinental reconstructions and the opening of disappeared
oceans. Palaeotethys opening can be placed from Ordovician to Silurian times and
corresponds to the detachment of a ribbon-like Hun Superterrane along the Gondwanan
margin. Neotethys opening took place from Late Carboniferous to late Early Permian from
Australia to the eastern Mediterranean area. This opening corresponds to the drifting of the
Cimmerian superterrane and the final closing of Palaeotethys in Middle Triassic times.
Northward subduction of Palaeotethys triggered the opening of back-arc oceans along the
Eurasian margin from Austria to the Pamirs. The fate of these Permo-Triassic marginal
basins is quite different from areas to area. Some closed during the Eocimmerian collisional
event (Karakaya, Agh-Darband), others (Meliata) stayed open and their delayed subduc-
tion induced the opening of younger back-arc oceans (Vardar, Black Sea). The subduction
of the Neotethys mid-ocean ridge was certainly responsible for a major change in the
Jurassic plate tectonics. The Central Atlantic ocean opened in Early Jurassic time and
extended eastwards into the Alpine Tethys in an attempt to link up with the Eurasian back-
arc oceans. When these marginal basins started to close the Atlantic system had to find
another way, and started to open southwards and northwards, slowly replacing the Tethyan
ocean by mountain belts.

There is still some confusion about what
Tethys existed at what time (e.g. §engor 1985).
A consensus exists, however, regarding the
presence of a mainly Palaeozoic ocean north of
the Cimmerian continent(s): the Palaeotethys,
a younger Late Palaeozoic-Mesozoic ocean
located south of this continent - the Neotethys
- and finally a Middle Jurassic ocean - the
Alpine Tethys (Favre & Stampfli 1992; Stampfli
& Mar chant 1997), an extension of the Central
Atlantic, which broke through the Pangea
supercontinent. These three oceanic realms
form the Tethyan domain s.l. extending from
Morocco to the Far East (§engor & Hsu
1984).

The subsidence history of these oceans to
support this group's proposed paleocontinental
reconstructions is discussed here. These recon-
structions have been done in the frame of the
IGCP 369 project and the EUROPROBE-
PANCARD I project to serve as a basis for
discussion. Through the ongoing process of
data collection these reconstructions have
evolved and will, it is hoped, evolve further to
give a larger consensus about their validity.

These reconstructions are presently displayed
on the website in Lausanne (www.sst.unil.ch),
focusing mainly on the western Tethyan realm
and the Alpine domain. The arguments which
led to the present state of these reconstruction
are found in Stampfli et al (1998 a, b, 2000) and

Stampfli & Mosar (1999). Regarding the Alpine
domain s.str., the reader is referred to Stampfli
(1993) and Stampfli & Marchant (1997), which
discuss the opening of the Piemont and Valais
Oceans. The Late Variscan evolution of the
western Tethyan realm is discussed in Stampfli
(1996), a review paper with a large reference list
about the southern Variscan domains.

Some definitions
The first geodynamically correct definition of
the main Tethyan oceans, based on extensive
field work in the Middle East, was given by
Stocklin (1974). He recognized a Late Palaeo-
zoic?-Triassic oceanic realm cutting through the
epi-Baikalian (Pan-African-Gondwanan) Plat-
form and separating the Iranian Plate from
Arabia - which he called Neotethys - and
another older oceanic realm separating the
Iranian epi-Baikalian (Panafrican) domain
from the Variscan Turan domain to the north -
which he called Palaeotethys.

Following this proposal, an investigation of
the eastern Alborz Range was begun (Stampfli
1978), effectively defining it as a potential
southern margin of Stocklin's (1974) Palaeo-
tethys ocean. The opening of this Palaeozoic
ocean was placed in Silurian time. At the
same time, the ophiolites of Mashhad were

From: BOZKURT, E., WINCHESTER, J. A. & PIPER, J. D. A. (eds) Tectonics and Magmatism in Turkey and the
Surrounding Area. Geological Society, London, Special Publications, 173,1-23. l-86239-064-9/00/$15.00
© The Geological Society of London 2000.
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recognized as most likely pertaining to the
Palaeotethys suture [see the review of Ruttner
(1993) concerning these ophiolites].

The drifting of the Irano-Afghan Block from
Gondwana to Laurasia was then clearly recog-
nized and constrained by the evolution of the
microflora of the Iranian Block from a Gondwa-
nan affinity in Carboniferous time (Coquel et al
1977; Chateauneuf & Stampfli 1979) to a Eur-
asian affinity in Late Triassic time (Corsin &
Stampfli 1977). The Eocimmerian Orogeny was
also defined in Iran at that time, as a result of the
closing Palaeotethys and Middle Triassic col-
lision of the Iranian Block with the Eurasian
Turan Block (Stampfli 1978).

This concept was later extended further west
(Turkey) and east (Tibet, Far East) by §engor
(1979,1984); who defined the Cimmerian Block
as a ribbon-like microcontinent separating Neo-
tethys from Palaeotethys (§engor & Hsu 1984),
he also defined, at the same time, the Cimmer-
ian deformation as non-Hercynian or post-
Hercynian. §engor's definition of Palaeo- and
Neotethys (e.g. §engor 1989) is similar to Stock-
lin's (1974), with a major deviation which
became clearer with time - §engor viewed the
opening of the Neotethys as the spreading of a
back-arc ocean. This proposal implied that the
Gondwana margin was an active margin in
Permo-Carboniferous times and that margin
would then belong to the Variscan domain s.l.
[the Podataksasi zone of §engor (1990, 1991)].
This assumption was based on an erroneous
interpretion of the uplift and erosion of the
Neotethys rift shoulders of northern India,
Oman, Iran and Turkey as proof of Variscan
deformation within the epi-Baikalian (Pan-Afri-
can) domain (e.g. Oman - Michard 1982; §engor
1990: India - Fuchs 1982; Bagati 1990: Turkey -
Demirta^h 1984). The geometry of this Permian
unconformity, its age compared to the rifting
period, the geochemistry of associated basalts,
the sedimentary record and the geodynamic
context, imply a synrift thermal uplift and not a
contemporaneous orogenic event, as clearly
demonstrated in all these areas by thorough
field work done in the last ten years (e.g. Mann
& Hanna 1990; Pillevuit 1993; Vannay 1993;
Garzanti et al. 1994, 1996; Pillevuit et al. 1997).
Similarly, Ricou (1974) and Braud (1987) never
spoke of Variscan deformation or metamorph-
ism concerning the Sanandaj-Sirjan Zone (the
Iranian part of the Podataksasi Zone); they
regarded the metamorphic rocks of this region
as a retrogressed epi-Baikalian basement [this is
also indicated on the 1: 1 000 000 map of Iran
(Huber & Eftekhar-Nezhad 1978)]. Lower
Permian limestones and volcanics rest on this

Precambrian basement; they can be regarded as
syn- to post-rift deposits of the northern margin
of Neotethys. The development of greenschist
facies metamorphic conditions in these areas
may be related to the Permian Neotethyan
rifting phase, or to younger intrusive events
(Berberian & Berberian 1981) when these
regions became part of the northern Neotethyan
active margin.

Stocklin's (1974) original definition of Palaeo-
tethys is therefore correct; it separates the
Variscan domain from the epi-Baikalian (Pan-
African) domain and its closure in Triassic times
produced the Eocimmerian tectonic event
which is always found south of the Variscan
domain. The complete Triassic closure of
Palaeotethys on an Iranian transect was proven
later on by paleomagnetic studies (e.g. Schmidt
& Soffel 1984; Lemaire 1997; Soffel & Forster
1984), confirming the conclusions reached pre-
viously based on floral and microfloral distri-
bution (e.g. Corsin & Stampfli 1977).

As proposed by §engor (1979), the Cimmer-
ian orogenesis was of collage type and never
produced a large mountain belt. This can be
explained by the presence of intra-oceanic arcs,
back-arc marginal seas and oceanic plateaus,
located between the Cimmerian and Eurasian
Plates (see below), which strongly reduced the
effects of crustal thickening. In many cases the
Palaeotethys suture zone was used for the open-
ing of Jurassic marginal oceans during the
subduction of the Neotethys (e.g. Caspian Sea,
Izmir-Ankara Suture), complicating somewhat
the image one can reconstruct of the former
geometry of the Palaeotethyan margins.

The reconstructions

Presented here are a set of maps, together with
subsidence curves, for key times in the Palaeo-
zoic and Mesozoic. The plate reconstructions
were computed by the GMAP (Geographic
Mapping and Palaeoreconstruction Package)
program developed by Torsvik & Smethurst
(1994). These maps are based mainly on a
review of the following articles and books:

• palaeomagnetics - Embleton (1984), Klitgord
& Schouten (1986), Rowley & Lottes (1988),
Van der Voo (1993) and Powell & Li (1994);

• palaeoreconstructions - Zonenshain et al.
(1985), Ziegler (1988ft), Hutchison (1989),
Ziegler (1990), Zonenshain et al. (1990),
Baillie et al. (1994), Khain (19940), Niocaill
& Smethurst (1994), §engor & Natal'in
(1996), Stampfli (1996) and Torsvik & Eide
(1998).
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Most of the references concerning the palaeo-
zoic evolution of the Alpine s.l. region have
been taken from recent compilations, e.g.:

• Societa-Geologica-Italiana (1979);
• IGCP project 5 - Fliigel et al (1987) and Sassi

& Zanferrari (1989);
• IGCP project 276 - Baud et al (1991k) and

Carmignani & Sassi (1992);
• von Raumer & Neubauer (1993);
• IGCP project 369 (started in September 1994)

- see web site www.sst.unil.ch or
www.geomin. unibo. it/orgv/igcp/igcp. htm\

• PANCARDI project (a Europrobe project
started in 1994) - see web site
www.geofys. uu.se/eprobe/.

A Pangaea A fit is used since the Late Carbon-
iferous (Stampfli 1996). The Pangaea B concept
(Irving 1977) could be applied for the Early
Carboniferous period, it would then slowly
grades into a Pangaea A position towards the
end of the Carboniferous. A Triassic Pangaea B,
proposed by some palaeomagnetic studies
(Muttoni et al. 1996; Lemaire 1997; Torq 1997),
is certainly not supported by geological evi-
dence, mainly regarding the 3000 km dextral
strike-slip motion during the Triassic sup-
posedly passing through Morocco. The feature
generally used to transform the Pangaea B in A
is the Tizi-n-Test Fault Zone of the High Atlas,
but this has proven not to be a dextral but a
sinistral Tertiary shear zone, and only of local
importance (Jenny 1983). Also, the lasting
marine sedimentation and calc-alkaline volcan-
ism in southern Europe until the Late Carbon-
iferous-Early Permian [see the review of field
data in Stampfli (1996)] favour a Pangaea A
model, because the Pangaea B model would
imply a total closure of Palaeotethys up to the
Caucasus before the Permian, but Late Carbon-
iferous granites (De Bono 1998), or sedimentary
sequences, of Greece (e.g. Phyllite-quartzite
Group: Krahl et al. 1983, 1986; Krahl 1992) are
not affected by Variscan metamorphism.

Prototethys

This as yet little known oceanic realm bordering
Gondwana on its North African to Australian
side in Late Proterozoic and/or Early Palaeo-
zoic time will not formally be defined here. It
could be characterized by the deposition of the
'Sinian' sedimentary cycle in many areas located
in the vicinity of this ocean, as shown in Fig. 1
(Morocco, Arabia, Iran, India, China). Most of
these areas are also affected by Pan-African
deformation, followed by the deposition of a

new cycle of sedimentation usually starting in
Cambrian times. Was the Prototethys a mainly
Late Proterozoic ocean or a mainly Cambrian
ocean? This is still an open question. This
group's reconstructions suggest that Baltica-
Siberia could have drifted away from Gond-
wana, opening the Prototethys in Early Palaeo-
zoic time, a model also proposed by Torsvik &
Eide (1998).

The Early Palaeozoic subsidence curves from
Iran and India (Fig. 2; curves 2 and 3), possibly
associated to the Prototethys thermal subsi-
dence, could also be interpreted as resulting
from the formation of a flexural foreland basin
in view of the accelerating subsidence. This,
together with other arguments presently in
review, led this group to propose the accretion
of an arc to the Prototethyan margin in Ordo-
vician times. Followed here the idea of §engor
& Natal'in (1996) concerning the development
at that time of a large intra-oceanic arc complex
south of Siberia, the Kipchak Arc now forming
the Kazakhstan Plate. This arc was extended to
the south of Baltica and included in it were all
the Alpine basement elements which comprise
Ordovician granites, sometimes associated with
remnants of oceanic crust or even eclogites of
that age (von Raumer et al. 1993, 1998). The
Rheic ocean is then viewed as the back-arc
ocean located between Baltica and this Panal-
pine Arc. The Mauretanian ocean would open
at the same time, possibly also as a back-arc
basin due to the drifting away of Avalonia from
the west coast of Africa. In view of its obduction
onto the Baltica passive margin, the lapetus
ocean is represented here as a suprasubduction
zone ocean opening at the expense of an older
ocean.

Palaeotethys

The gentle docking of the 'Pan-Alpine' Ordo-
vician arc was immediately followed by the
southward subduction of the fast-spreading
Rheic ocean. After subduction of its mid-ocean
ridge, slab roll-back affected the remnant Rheic
ocean and triggered the opening of Palaeotethys
(Fig. 3). The ribbon-like continent being drifted
away from Gondwana is therefore a composite
terrane that this group term the Hun Super-
terrane [it contains most of the areas devastated
by Attila!; see Stampfli (1996) and von Raumer
et al (1998)]. This Hun Terrane includes all the
fragments accreted to Europe during the Var-
iscan cycle and it extended eastwards to the
Karakum (Turan) and Tarim areas, and possibly
to the north China Block.
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Fig. 1. Early Ordovician reconstruction, 490 Ma. The drifting of Baltica (including Ta, Taymir) and Siberia took
place either from the south American side of Gondwana or the Indian side of Gondwana. Palaeomagnetic data
do not provide enough constraints to decide on this. An intra-oceanic arc extends from Siberia to the south of
Baltica [Ki, Kipchak Arc of $engor and Natal'in (1996); and the Hun Cordillera terranes). The opening of the
associated back-arc oceans resulted in the seafloor spreading of the Rheic and Khanti-Mansi Oceans at the
expense of Prototethys, The drifting of Avalonia (E-Av, W-Av) off the coast of western Africa probably opened
the Rheic-Mauretanian Ocean at the same time. In Early Palaeozoic Gondwana is bordered by the following
blocks. Hun Cordillera terranes: Early Palaeozoic active margin of the Hun composite terrane from west to east:
OM, Ossa-Morena; Ch, Channel terrane; Sx, Saxo-Thuringian; Is, Istanbul; Po, Pontides; Li, Ligerian; Md,
Moldanubian; MS, Moravo-Silesicum; He, Helvetic; sA, south Alpine; Pe, Penninic; AA, Austro-Alpine; Cr,
Carpathian; Tn, north Tarim. Hun Gondwana terranes'. blocks forming the northern margin of Palaeotethys,
from west to east: Ib, Iberic; Ar, Armorica; Mo, Moesia; Ct, Cantabria; Aq, Aquitaine; Al, Alboran; la, intra-
Alpine (Adria, Carnic, Austro-Carpathian); DH, Dinaric-Hellenic; Kr, Karakum-Turan; Pa, Pamirs; Ts, south
Tarim; Qa, Qantang. The Cimmerian terrane: blocks forming the southern margin of Palaeotethys that were
detached during the Late Permian opening of Neotethys, from west to east: Ap, Apulia s.str.; HT, Hellenides-
western Taurides externides; Me, Menderes-Taurus; Ss, Sanandaj-Sirjan; Al, Alborz; Lt, Lut-Central Iran; Af,
central Afghanistan; sT, south Tibet; SM, Sibu Masu. Anamian blocks: defining the future northern and southern
branch of Paleotethys: nT, north Tibet; 1C, Indochina and Borneo; sC, south China. Numbers 1-4 refer to the
position of the subsidence curves of Fig. 2.
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Fig. 2. Geohistory of the northern and southern margins of the Neotethys (southern margin of Palaeotethys)
since the Cambrian. The stratigraphic data were collected for: curve 3 near the Neotethyan margin shoulder of
northwest India, c. 100 km south of the Indus Suture Line in High Lahul (Vannay 1993); for curve 2 from the
southeastern border of the Caspian Sea (Eastern Alborz Belt) near the Palaeotethyan margin shoulder in the
Iranian Cimmerian Block (Stampfli 1978); and for curve 1 in the Central Taurus in Turkey, between the
Palaeotethyan suture and the East Mediterranean oceanic realms (Demirta^h 1984,1989) (see palaeogeographic
position in Figs 1 and 3-5). The data for the Canning Basin are from AGSO (1995) and the timescale is from
Gradstein & Ogg (1996).

Subsidence patterns of selected areas along
the Palaeotethyan margins show that the ther-
mal subsidence of this ocean was diachronous,
starting in the Early Ordovician from the east
(Australia-India) to Early Silurian in the west
(Turkey). From faunal (e.g. Robardet et al
1994) and palaeomagnetic data, it appears that

Avalonia (east and west, including the Brabant
Terrane) drifted away from Gondwana before
the Hun Terranes. In contrast, the Armorican
Terrane remained close to Gondwana until the
Ordovician (Perroud et al 1984), when it
accelerated its journey to collide with Laurussia
in the Devonian. Therefore, Armorica s.L
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Fig. 3. Early Silurian reconstruction, 435 Ma. Baltica and Avalonia have been accreted to Laurentia-Barentsia
(Ba) and the Pan-Alpine Arc accreted to Gondwana. The opening of Palaeotethys separated the Hun
Superterrane from Gondwana. This opening took place in a context of diachronous back-arc spreading and slab
roll-back of the Rheic Ocean. See Fig. 1 for the legend of the terranes. 1-4, Position of the subsidence curves of
Fig. 2.

(Brioveria) is included in the Hun Superterrane
and is placed north of North Africa based on
palaeomagnetic data (see Torsvik & Hide 1998),
which show a separation of Armorica from
Gondwana not before Early Silurian.

Therefore, the Hun Superterrane is spread
over a relatively large palaeolatitudinal area
(from 60° south to the equator); large changes
of facies are expected between Armorica and
terranes now found in the Alps (e.g. Carnic and
Austroalpine domain). For terranes located
within the tropical zone (Alps, Spain, southern
France) it can be shown that they present a very

similar stratigraphic evolution to that of the
Gondwana margin in Iran (Alborz) or Turkey
(Taurus) from the Silurian to the Carboniferous;
they are interpreted as representing the north-
ern Palaeotethyan margin (Stampfli 1996).
During the Carboniferous, terranes derived
from the Hun Superterrane developed pelagic
sedimentation followed by flysch deposits
before being accreted to the Avalonia-Baltica
margin. On the contrary, carbonate platform
sedimentation continued along the Gondwana
margin until the Namurian-Moscovian in North
Africa (Lys 1986; Vachard et al 1991), with
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pelagic sedimentation persisting until Permian
time in the Sicanian basin located north of Sicily
(Catalano et al 1988,1992; Kozur 1990). East of
a Palaeo-Apulian promontory [southern
Greece, Turkey, Iran; see Vai (1991)], the car-
bonate platform lasted until Early-Middle
Triassic. This shows a diachronous closure of
Palaeotethys from Moscovian to Early Triassic
time from Morocco to Greece, along what was
certainly a very oblique convergence zone.

The Variscan and Eocimmerian event
and the marginal oceans

In Europe, the 'Variscides collisional processes'
are generally regarded as extending from the
Early Devonian to the Late Carboniferous, and
the Tethyan cycle' (opening of the Alpine
Tethys-Central Atlantic system) as not starting
before mid-Triassic times. An apparent lack of
major tectonic events during the Permian and
Triassic southwestern Europe, or in the Appala-
chian domain, documents the welding of Gond-
wana with Laurasia to form the Permian
Pangaea. But the Variscan domain extends
over the whole Alpine area and even further in
the Dinarides and Hellenides, northern Turkey
and the Caucasus. It also extends in time, with
deformations becoming younger, possibly grad-
ing into Eocimmerian (Triassic) deformations
southwards and eastwards. As shown in Fig. 4,
in the Late Carboniferous, the Palaeotethyan
domain was not fully closed in southeast Europe
and even persisted till the Early Triassic in the
Hellenides [phyllite-quartzite Group; Krahl et
al (1983,1986), Krahl (1992) and Stampfli et al
(2000)], and Middle Triassic times further East
(e.g. Alborz Chain in Iran) (Fig. 5).

Stampfli et al (1991) and Stampfli (1996)
discussed this diachronous closure of the large
Palaeotethys ocean, insisting on the likely de-
velopment of back-arc oceans or basins within
the Permo-Triassic Eurasian margin. From the
Palaeo-Apulian promontory eastwards it is
quite clear that an Eocimmerian domain of
deformation is found just south of a relatively
undeformed Variscan domain, which is repre-
sented by a Late Carboniferous-Early Permian
arc and clastic sedimentation of Verrucano type,
mainly affected by extension. In contrast, the
Cimmerian deformations are accompanied by
Triassic flysch, melanges and volcanics (Stampfli
et al 1995, 19980) and even collisional-type
intrusive events (Reischmann 1998), marking
the closing of either Palaeotethys or the mar-
ginal oceans.

As shown by the plate reconstructions (Fig.

4), the Permian margin of southeast Europe is of
a transform type and little subduction took
place along that margin at that time. However,
the slab roll-back of Palaeotethys rapidly
induced 'back-arc' rifting along the whole
margin after Late Permian times. East of the
palaeo-Apulian promontory, this back-arc rift-
ing graded into seafloor spreading of the
Maliak-Meliata marginal ocean (Kozur 1991).
The western end of the Meliata Rift (Southern
Alps-Ivrea) aborted in Late Permian, whilst its
eastern part (Maliak-Meliata-Dobrogea)
spread [e.g. Early Triassic mid-ocean ridge
basalt (MORE) pillow lava of N-Dobrogea;
Niculitel formation: Cioflica et al (1980),
Seghedi et al (1990) and Nicolae & Seghedi
(1996)]. This Early Triassic seafloor spreading is
accompanied by a marked thermal subsidence
along the Pelagonian northern margin (Fig. 7,
curve 6). At Meliata, the oceanic series are not
older than mid-Triassic (Kozur 1991), but these
oceanic remnants represent the accretion-
obduction of the Meliata Ridge during its
subduction, implying an older age for the onset
of seafloor spreading.

In the Dinaro-Hellenide domain (Fig. 6), the
Late Carboniferous arc (Pelagonia) collided
directly with the Gondwanan margin (Stampfli
et al 1995, 19980; Vavassis et al 1997). On the
contrary, the Karakaya domain in northern
Turkey (§engor et al 1980; Okay & Mostler
1994) is a complex Cimmerian deformation
zone representing first the closure of Palaeo-
tethys between an oceanic plateau (Niliifer
Formation) and the Gondwana margin, then
the closing of the Karakaya Back-arc and its
northward thrusting on the Variscan Sakarya
margin of Eurasia (see Okay 2000). Therefore,
the Karakaya and Kiire back-arc sequences
(Ustaomer & Robertson 1994, 1997, 1999) are
not remnants of the Palaeotethys s.str. (see
Kozur 1997b) but they represent a Mariana-
type marginal ocean developing south of the
Sakarya margin. During the Cimmerian col-
lision event, the Late Permian-Early Triassic
Karakaya-Ktire back-arc ocean subducted
southwards (§engor et al. 1980; Tuysuz 1990;
Pickett & Robertson 1996), but the former
subduction of Palaeotethys was to the north,
under Eurasia, as clearly demonstrated in Iran
(Stampfli 1978; Ruttner 1993), Afghanistan
(Boulin 1988) and in the Pontides (see
Ustaomer & Robertson 1999).

Late Permian-Middle Triassic back-arc
basins are also known eastwards in the Cau-
casus (Nikishin et al 2000), northeast Iran [e.g.
the Agh-Darband sequence; Baud & Stampfli
(1989) and Baud et al (19910)], northern
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Fig. 4. Carboniferous-Permian boundary reconstruction, 290 Ma. As the Palaeotethys mid-ocean ridge is
moving eastward, slab roll-back of the western Palaeotethys induces the collapse of the Variscan Orogen in
southern Europe. This led eventually to the opening of back-arc rifts in the active Eurasian margin (see Fig. 5).
See Fig. 1 for legend. Kz (Kazakhstan) is derived from the Kipchak Arc. 1-4, Position of the subsidence curves of
Fig. 2.

Afghanistan (Boulin 1988) and in the Pamirs
(Khain 19940, b\ Leven 1995). Due to the
collision of the Cimmerian blocks with the
Eurasian margin (e.g. Stampfli et al 1991; Alavi
et al 1997; Fig. 6), these back-arc basins dis-
appeared during the Late Triassic. Along the
Cimmerian orogen, development of a carbon-
ate platform resumed in the Norian or Liassic,
marking the end of this orogenic cycle. The
Upper Late Triassic-Liassic deposits usually
start with continental elastics derived from the
Cimmerian elevations - they are found on both

sides of the suture in Turkey - where they rest
unconformably on older sequences [Karakaya
or Sakarya basement in the Pontides - Kocyigit
(1987) and Altmer et al. (1991): Triassic or
Palaeozoic strata in the Taurus - Monod &
Akay (1984)]. In Iran they are represented by
the Shemshak Formation which also extends
northwards on the Turan Plate (Stampfli 1978).

For the opening and oceanization of the
Meliata Rift, the main geodynamic factor used
is the thermal subsidence, which affected the
whole Austro-Alpine domain and other internal
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Fig. 5. Permian-Triassic boundary reconstruction, 248 Ma. The slab roll-back of the whole Palaeotethys
induced the opening of back-arc oceans in the active Eurasian margin [Meliata, Karakaya (Ka) and Agh-
Darband (Ag)] and the strong slab-pull force is opening the Neotethys Ocean. This opening is separating the
Cimmerian Superterrane from Gondwana. See Fig. 1 for legend. 1-4, Position of the subsidence curves of Fig. 2.

parts of the Alps since the Permian-Triassic
boundary, implying a rifting phase just before
that time (Fig. 7). This subsidence induced the
deposition of a more or less complete Triassic
sequence, usually conformable on an Upper
Permian clastic sequence, presenting a large
diversity of facies and thicknesses locally ap-
proaching 3^ km (e.g. Bernoulli 1981; Haas et
al 1995). This diversity is also linked to the
counter-effect of the Eocimmerian deformation
which induced local inversion or flexure of pre-
existing basins, mainly in the southern margin of
Meliata, and in the aborted part of the rift (e.g.

subsidence curves 7 and 8 in Fig. 7). This Middle
Triassic tectonic pulse is well established in the
Dolomites where it is also accompanied by the
emplacement of diapirs (Castellarin et al. 1996).

Without the presence of the Maliak-Meliata
Ocean it would be difficult to explain the
development of such a large-scale carbonate
platform and marginal sequences before the
opening of the Atlantic-Alpine Tethys system
in the Early-Middle Jurassic. As can be seen
from figure 7, this opening had no effect on all
these peri-Apulian regions.

9
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Carnian

Fig. 6. Carnian reconstruction of the western Tethyan area. AL, Alborz; Ap, Apulia s.str.; Bd, Bey Daglan; Cn,
Carnic Alps; Do, Dobrogea; eP, east Pontides; GR, autochthonous of Greece; Is, Istanbul; La, Lagonegro; LT,
Lut-Tabas; Mn, Menderes, Taurus; Mo, Moesia; Rh, Rhodope; Si, Sicannian Basin; Sk, Sakarya; SS, Sanandaj-
Sirjan; Tu, Tuscan Nappes. * Magmatic arc activity north of Neotethys and post-collisional volcanism south of
Meliata. The Palaeotethys Suture is represented by a dashed line. 5-9, Position of the subsidence curves of
Fig. 7.

Neotethys

Although the geodynamic evolution of the
Neotethys Ocean is now relatively well con-
strained, mainly through the recent findings of
well-dated Wordian MORE in Oman (Pillevuit
1993; Pillevuit et al 1997), its relationship with
the East Mediterranean Basin is more debat-
able. The Neotethys separated the Cimmerian
microcontinent(s) from Gondwana between the
latest Palaeozoic and the earliest Tertiary, fol-
lowing a diachronous opening from east to west
(Figs 2 and 5). Depending on the authors, the
East Mediterranean-Ionian Sea basin is re-
garded as opening in the Late Palaeozoic (Vai
1994) or as late as the Cretaceous (e.g. Dercourt
etal. 1985,1993). Most people would regard this
ocean as opening in Late Triassic or Early
Jurassic (e.g. Robertson & Woodcock 1980;
Garfunkel & Derin 1984; §engor et al. 1984;
Finetti 1985) and therefore possibly being
related to the Alpine Tethys-Atlantic opening.
However, as shown in Fig. 7, the Alpine Tethys
opening has no tectonic or thermal effect on
areas located around the Ionian Sea, although a
Jurassic extensional phase is clearly recognized
along the Levant Transform margin (Garfunkel
1998; Stampfli et al 2000).

A new interpretation showing that the East
Mediterranean domain corresponded to an
oceanic basin since the Late Palaeozoic has
been proposed by Stampfli (1989). Sub-
sequently, new plate tectonic reconstructions
considering this basin as part of the Neotethyan
oceanic system have been developed (Stampfli
et al. 1991, 2000; Stampfli & Pillevuit 1993)
(Figs 5 and 6). This is supported by: (1) geo-
physical characteristics of the Ionian Sea and
East Mediterranean Basin (isostatic equilib-
rium, seismic velocities, elastic thickness),
excluding an age of the seafloor younger than
Early Jurassic; (2) subsidence patterns of areas
such as the Sinai margin, the Tunisian Jeffara
Rift, and Sicily and Apulia s.str. (Stampfli et al.
2000) (Fig. 7), confirming a Late Permian onset
of thermal subsidence for the East Mediter-
ranean and Ionian Sea basins and the absence
of younger thermal events; (3) Triassic MORE
found in Cyprus in the Mamonia complex
(Malpas et al 1993), certainly derived from the
East Mediterranean sea-floor, although a more
exotic nature of these basalts (from the Neo-
tethys) cannot be excluded; and (4) Upper
Permian Hallstatt-type pelagic limestone, simi-
lar to those found in Oman where they some-
times rest directly on MORE (Pillevuit 1993;
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Fig. 7. Circum-Apulia tectonic subsidence curves modified from Stampfli & Mosar (1999). The curves for
Pelagonia are from De Bono (1998) and the timescale is from Gradstein & Ogg (1996).

Niko et al 1996), have also been reported from a Late Permian direct deep-water connection
the Sosio Complex (Kozur 1995) in Sicily. This of the East Mediterranean Basin with the
Late Permian pelagic macrofauna presents affi- Neotethys.
nities with both Oman and Timor, and implies
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The Alpine Tethys, the Central Atlantic
and the Vardar

Field work in the Canary Islands and in Mor-
occo (Favre et al 1991; Favre & Stampfli 1992;
Steiner et al 1998) has allowed the onset of
seafloor spreading to be dated as Toarcian in
the northern part of the central Atlantic. Similar
subsidence patterns between this region and the
Lombardian Basin (Figs 9 and 11) led to the
proposal of a direct connection between these
two areas (Fig. 8). The Lombardian Basin
aborted (Bertotti et al. 1993) as it could not link
up with the Meliata Ocean whose already cold
oceanic lithosphere was Theologically unbreak-
able relative to surrounding continental areas.
Therefore, the Alpine Tethys rift opened along
the Meliata northern margin separating the
future Austro-Carpathian domain from
Europe. Thermal subsidence and spreading
started in Aalenian time in the west (Fig. 9)
[the Brian^onnais margin of Stampfli & March-
ant (1997) and Stampfli et al (19986)] and
Bajocian time eastward [the Austro-Alpine
margin of Froitzheim & Manatschal (1996) and
Bill et al (1997)]. The Alpine Tethys was linked
to the Eurasian back-arc basins located further
east through the Moesian-Dobrogean Trans-
form.

A transform ocean linked up the central
Atlantic and the Alpine Tethys delayed seafloor

spreading and thermal subsidence in this
Maghrebide Ocean is well exemplified by the
subsidence curve from the Rif area (Favre &
Stampfli 1992; Favre 1995) (Fig. 9).

The rotation of Africa relative to Europe
after the Late Triassic induced the subduction
of the Meliata Ocean under the young Neo-
tethys oceanic crust. This intra-oceanic subduc-
tion gave birth to the Vardar Ocean, which had
totally replaced the Meliata Ocean by the end of
the Jurassic. The Vardar Ocean obducted south-
ward onto the Pelagonian margin in the Late
Jurassic (Fig. 7), then subducted northward
under Moesia, finally opening the Black Sea in
the Late Cretaceous, and it represents the third
generation of back-arc opening in that region.

The North Atlantic and the Valais
Ocean

Since the Early Cretaceous (Fig. 10), there has
been no possibility for the Atlantic mid-ocean
ridge to link up eastwards with another ocean.
A last attempt was made through the opening
of the Valais and Biscay Oceans, but by the
end of the Santonian the break-up between
North America and Greenland had taken place
and then, in Campanian time, the Biscay
Ocean aborted (Ziegler 19880, b). Closing of
the Valais Ocean took place during the opening

Sinemurian

Fig. 8. Sinemurian reconstruction of the western Tethyan area. AA, Austro-Alpine; CA, Inner Carpathian;
IzAnSi, Izmir-Ankara Ocean; MO, Moesia; Va, Vardar. *, Magmatic arc activity. Palaeogeography modified
after Ziegler 19880. 9-21, Position of the subsidence curves of Figs 7, 9 and 11.
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Fig. 9. Subsidence pattern of the Central Atlantic, Alpine Tethys system. Curve 10 (Prealpes Medianes Basin) is
from Mosar et al (1996); curves 11 (Lombard Basin) are modified from Greber et al. (1997); curve 12 (Rif) is
from Favre (1995); and curves 13 have been calculated from the data of Ambroggi (1961), Adams et al. (1980)
and Du Dresnay (1988). The timescale is from Gradstein & Ogg (1996).

of the Gulf of Biscay and subduction of the
Alpine Tethys certainly started at the same
time (Stampfli & Marchant 1997; Stampfli et al
19986).

Therefore, spreading of the Valais Ocean was
short lived (Fig. 11). Its closure during the
opening of the Biscay Ocean was only partial
(there was no collision of the Briangonnais
Peninsula with the Helvetic margin in the Late
Cretaceous), but this event marks the onset of

the inversion phase of pre-existing fault-
bounded basins in many areas in Europe
(Ziegler 1990).

Figures 10 and 11 show how different parts of
southwest Europe or Iberia have been affected
by these diverse rifting phases: the interpret-
ation of these curves, however, requires a
good knowledge of their initial position, some
areas being mainly thermally influenced
whereas others are more affected by faulting
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Fig. 10 Santonian reconstruction of the western Tethyan area. 10-21, Position of the subsidence curves of Fig.
11.

and extension of the upper crust. Generally
speaking, all the areas shown on these figures
have been affected by the opening of the North
Atlantic and Valais Ocean system in Late
Jurassic times.

Discussion - Tethys sutures in Turkey

Figure 12 shows a simplified tectonic map of the
Aegean-Mediterranean area with the major
sutures indicated as broad lines. The present
back-stop of the East Mediterranean subduction
zone (e.g. Cyprus, Crete) is regarded as the
western extension of the Neotethys suture as
found along the peri-Arabian ophiolitic zone
(Ricou 1971) in Syria (e.g. Delaune-Mayere
1984), southern Turkey (e.g. Michard et al
1984), Iraq and Iran (e.g. Ricou 1974; Braud
1987), and Oman (e.g. Bernoulli & Weissert
1987; Robertson & Searle 1990; Pillevuit et al.
1997). This obvious connection actually implies
that the Neotethys ocean does continue into the
East Mediterranean Basin, as discussed above,
and provides a direct link between the pelagic
Permian deposits from Sicily and their equiva-
lent in Oman.

Actually, the Neotethys suture is composite
and it contains the remnants of the southern
passive margin of Neotethys (Hawasina Basin in
Oman), as well as remnants of Cretaceous

ophiolites (Semail Nappe in Oman) which
obducted onto that margin. These peri-Arabian
ophiolites correspond to the obduction of a
younger intra-oceanic Cretaceous offspring of
Neotethys (the Semail Ocean). Therefore, the
northern margin of that Semail Ocean is the
former northern active margin of Neotethys.
Around the Arabic promontory (e.g. Maden
Complex; Aktas & Robertson 1984) and in
Cyprus (Robertson & Xenophontos 1993), this
younger ocean closed during the Palaeogene. In
Oman this ocean is not yet closed (Sea of
Oman) and is still subducting under the
Makran active margin.

As the East Mediterranean subduction zone
(Aegean active margin) is certainly not older
than Miocene, it does not represent the western
continuation of the Neotethys active margin. In
our structural scheme, a possible extension of
this Late Cretaceous-Palaeogene active margin
westward under the Lycian Nappes, linking up
the Antalya Suture with the Axios Vardar Zone,
is proposed. This connection is necessary to
provide a western limit to the Greater Apulian
Block (Apulia; autochthonous and para-autoch-
thonous units of the Dinarides and Hellenides,
Bey Daglari Block). This limit corresponds to
the former transform that separated Neotethys
from Meliata (Figs 6 and 8).

In this scheme, the Izmir-Ankara Suture
represents a Jurassic back-arc ocean related to
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Fig. 11. Circum Iberia subsidence curves, modified from Borel (1998), curves 14 and 15 are modified from Wildi
et al. (1989). The timescale is from Gradstein & Ogg (1996).
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Fig. 12. Tectonic map of the eastern Mediterranean area showing major suture zones. Black areas represent
major ophiolitic outcrops. A more complete coloured map can be found at this group's website (www-
sst.unil.ch).

the northward subduction of Neotethys since
Late Triassic, this back-arc basin opened within
the complex Karakaya-Palaeotethys Suture
Zone. It followed the collapse of the Eocimmer-
ian Orogen and reseparated the Cimmerian
Tauric-Menderes Block from Eurasia. This
suture, characterized by its 'coloured melanges'
(Gansser 1960), can be followed up to the
Iranian border. In Turkey, closure of the
Izmir-Ankara Ocean postdates the Late Cre-
taceous ophiolite obduction found on its
southern passive margin (Gutnic et ol. 1979;
Okay et al 1996; Demirel & Kozlu 1998; Collins
& Robertson 1998). Development of a new
accretionary wedge along its northern margin is
placed in the Middle Campanian and the final
closure in the Eocene (e.g. Norman 1984;
Kocyigit 1991). Similar coloured melanges are
also found in Iran where they grade into Palaeo-
gene flysch, followed by the main Eocene un-
conformity; they separate the Sanandaj-Sirjan
Block from the central and north Iranian blocks
(Stocklin 1968,1974,1977,1981). Therefore, the
Cretaceous coloured melanges in Turkey and
Iran are clearly disconnected from the Neoteth-
yan suture, and are located within the Eurasian
margin to the north of the Neotethys active

margin. In that sense, the Izmir-Ankara Suture
is not the Neotethys suture.

The intra-Pontides (Okay et al. 1996),
Meliata-Balkan Suture is of Cretaceous age
and corresponds to the collision of a Vardarian
arc with the Rhodope-Moesian Plate inducing
the folding and northward thrusting of the
Balkanide units (Georgiev et al. 1997; Tari et al.
1997). The Axios-Vardar Suture is the final
Late Cretaceous-Palaeocene suture of the
Vardar. The latter obducted onto the Pela-
gonian margin in Late Jurassic times - the front
of this obduction is shown in Fig. 12. The Axios-
Vardar Palaeogene Suture was somehow con-
nected to the Izmir-Ankara Suture of similar
age, although, the two domains were separated
by the former Meliata-Neotethys transform.

In Fig. 12, the transported Palaeotethys
suture in the Dinaro-Hellenides Zone is shown
by a dashed line following the Budva-Pindos
Zone under which it is hidden (De Bono 1998).
The Palaeotethys Suture Zone in Turkey is
possibly found in Chios and the Karaburun
Peninsula (Kozur 19970); further east it would
be located in the vicinity of the Izmir-Ankara
Suture Zone. Following Late Triassic or Jurassic
opening of the latter, Palaeotethyan elements
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could have been dispersed on both sides of the
Izmir-Ankara Rift. So far, most Palaeotethyan
elements have been described from the north-
ern side of that suture.

Conclusions

Palaeocontinental reconstructions show that a
large oceanic space (Palaeotethys) remained
open south of the Variscides until Late Palaeo-
zoic time. The Devonian-mid-Carboniferous
collisional processes in Europe were related to
accretion of the Hun Superterrane to Avalonia-
Baltica. This terrane presents strong affinities
with the Palaeotethyan passive margin
sequences found, for example, in northern Iran
(Alborz). The latter is regarded as representing
the southern margin of this ocean, the Hun
Superterrane the northern margin. This north-
ern margin was separated from Gondwana in
Ordovician-Silurian times. After the accretion
of the Hun Superterrane to Europe, between
the Late Devonian and Early Carboniferous,
subduction jumped south into the Palaeotethys.
Northward subduction of the Palaeotethys is
responsible for Upper Carboniferous calc-alka-
line intrusions and volcanism found everywhere
in the Variscan Alpine domain. Closure of the
Palaeotethys was achieved after the Namurian
north of Africa but was diachronous going east-
wards. East of a Palaeo-Apulian promontory,
subduction continued into the Permian and
generated the opening of the Maliak-Meliata
and Karakaya-Kiire marginal Oceans.

Concomitant Late Permian opening of the
marginal Meliata Ocean (within the Eurasian
margin) and Neotethys (within the northern
Gondwana margin) accelerated the closure of
the Palaeotethys in the Dinaro-Hellenide
region. Late Permian-Lower Triassic melanges
found in Greece point to a final closure of this
Palaeozoic ocean at that time (Eocimmerian
event). In Turkey, the collision of the Cimmer-
ian terranes with the Eurasian margin was more
complex due to the presence of large oceanic
plateaux and Mariana-type back-arc basins be-
tween the two domains.

The Late Triassic-Early Jurassic intra-ocea-
nic subduction of the Meliata Ocean generated
the Vardar marginal Ocean, obducted in Late
Jurassic onto the Dinaro-Hellenic area. Its
subsequent northeast directed subduction gen-
erated the collision of an intra-oceanic arc with
the Austro-Carpathian and Balkanide areas in
late Early Cretaceous times.

Figure 12 is a first attempt at showing the
present-day location of the sutures of the above

described oceans in the eastern Mediterranean
area. It clearly shows that the Neotethys suture
s.str. is located to the south of Turkey. The
Izmir-Ankara Suture is not the Neotethys
suture, it is the suture of a marginal ocean
located within the Neotethyan active margin.

In a southeast transect of Europe, it can be
seen how the Variscan Orogen evolved into
Early and Late Cimmerian deformations. The
rather clear situation found in the Appalachians
cannot be extrapolated much further than wes-
tern Iberia, where Laurentia and Gondwana
collided in the Carboniferous-Early Permian.
In the rest of Europe, this collision never
happened as such. There was a collision be-
tween the Eurasian active margin and terranes
derived from Gondwana. One has to wait for
the anticlockwise rotation of Africa in the Cre-
taceous to see a collision between Europe and
Africa, giving birth to the Alpine Orogen.

I would like to acknowledge helpful input from G.
Borel, C. Steiner and A. De Bono for the subsidence
curves for the Alpine and Hellenide regions, and Jon
Mosar for the elaboration of the palaeoreconstruc-
tions. This is a contribution to the FNRS project 2000-
53646.98 'Geodynamics of Tethyan margins'. A. H. F.
Robertson and A. 1. Okay reviewed this manuscript, I
thank them for their constructive remarks and for
sharing their knowledge of the Mediterranean area
with me.
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Was the Late Triassic orogeny in Turkey caused by the collision
of an oceanic plateau?
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Abstract: A belt of Late Triassic deformation and metamorphism (Cimmeride Orogeny)
extends east-west for 1100 km in northern Turkey. It is proposed that this was caused by
the collision and partial accretion of an Early-Middle Triassic oceanic plateau with the
southern continental margin of Laurasia. The upper part of this oceanic plateau is
recognized as a thick Lower-Middle Triassic metabasite-marble-phyllite complex, named
the Niliifer Unit, which covers an area of 120 000 km2 with an estimated volume of mafic
rocks of 2 x 105 km3. The mafic sequence, which has thin stratigraphic intercalations of
hemipelagic limestone and shale, shows consistent within-plate geochemical signatures.
The Niliifer Unit has undergone a high-pressure greenschist fades metamorphism, but also
includes tectonic slices of eclogite and blueschist with latest Triassic isotopic ages, produced
during the attempted subduction of the plateau. The short period for the orogeny (< 15 Ma;
Norian-Hettangian) is further evidence for the oceanic plateau origin of the Cimmeride
Orogeny. The accretion of the Niliifer Plateau produced strong uplift and compressional
deformation in the hanging wall. A large and thick clastic wedge, fed from the granitic
basement of the Laurasia, represented by a thick Upper Triassic arkosic sandstone
sequence in northwest Turkey, engulfed the subduction zone and the Niliifer Plateau.

An east-west trending belt of latest Triassic
deformation and regional metamorphism
extends for over 1100 km in northern Turkey.
The Early Mesozoic deformation (but not the
regional metamorphism) was known previously
(§engor 1979; Bergougnan & Fourquin 1982)
and was referred to as the Cimmeride defor-
mation ($engor et al. 1984). The Cimmeride
deformation was ascribed to the closure of the
Palaeotethys ocean following the collision of a
Cimmerian continental sliver with the southern
margin of Laurasia (§engor 1979; §engor et al.
1984). Here, an alternative explanation, involv-
ing the collision and partial accretion of an
oceanic plateau to the southern margin of
Laurasia, is proposed for the origin of the latest
Triassic deformation and metamorphism in
northern Turkey.

A tectonic map of Turkey and the surround-
ing region is shown in Fig. 1. During the Palaeo-
zoic and Mesozoic, the various continental
blocks that make up present-day Turkey were
situated on the continental margins of the
Tethys Ocean. The Pontides, which comprise
the Strandja, Istanbul and Sakarya Zones, show
Laurasian stratigraphic affinities, while the Ana-
tolide-Tauride Block and the Kir^ehir Massif
are tectonically and stratigraphically related to
Gondwana (§engor & Yilmaz 1981; Okay et al.
1996; Okay & Tiiysiiz 2000). The Istanbul Zone
is a continental fragment, which was translated
south from the Odessa Shelf with the Cretaceous

opening of the oceanic West Black Sea Basin
(Fig. 1; Okay et al. 1994). Its stratigraphy is
similar to that of the Scythian and Moesian
platforms, with a fully developed Palaeozoic
sedimentary sequence unconformably overlain
by Triassic and younger sedimentary rocks
(Haas 1968; Dean et al. 1997; Goriir et al. 1997).
In the Istanbul Zone, a weak latest Triassic
deformation is marked by an unconformity be-
tween the Norian siliciclastic turbidites and the
overlying Upper Cretaceous carbonates. The
Strandja Zone consists of a Late Hercynian
metamorphic and granitic basement unconform-
ably overlain by Lower Triassic-Middle Jurassic
sedimentary rocks (Chatalov 1988; Okay et al.
1996). The Anatolide-Tauride Block and the
Kir^ehir Massif are also devoid of Triassic
metamorphism, and of any significant Triassic
deformation. Several well studied Lower Meso-
zoic stratigraphic sections in the Taurides,
including those in the Bornova Flysch Zone
(Erdogan et al. 1990) and in the central Taurides
(Gutnic et al. 1979; Ozgiil 1997), show a continu-
ous transition between Triassic and Jurassic with
no evidence of an intervening deformation
phase. The pre-Jurassic thrusting, described by
Monod & Akay (1984) from a small locality in
the central Taurides, is as yet of unknown
significance. Late Triassic deformation and
regional metamorphism in Turkey are predomi-
nantly found in the Sakarya Zone, which will
form the main subject of this paper.

From: BOZKURT, E., WINCHESTER, J. A. & PIPER, J. D. A. (eds) Tectonics and Magmatism in Turkey and the
Surrounding Area. Geological Society, London, Special Publications, 173, 25-41. l-86239-064-9/00/$15.00
© The Geological Society of London 2000.



Fig. 1. Tectonic map of Turkey and the surrounding region [after Okay & Tiiysiiz (1999)].
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The Sakarya Zone - a Hercynian unit
with Palaeotethyan assemblages

The Sakarya Zone is an elongate continental
fragment, 1500 km long and c. 90 km wide,
which extends from the Biga Peninsula in the
west to the Lesser Caucasus in the east (Figs 1
and 2). The Izmir-Ankara Suture forms its
southern contact with the Anatolide-Tauride
Block. The Sakarya Zone and the Anatolide-
Tauride Block exhibit different Palaeozoic and
Mesozoic stratigraphies and were amalgamated
into a single continental unit during the latest
Cretaceous-Palaeocene continental collision
($engor & Yilmaz 1981; Okay & Tiiysuz 1999).
The Sakarya Zone is in contact with the Istanbul
Zone in the northwest along the Intra-Pontide
Suture of Early Eocene age (Okay et al. 1994),
while in the northeast it is bounded by the
oceanic East Black Sea Basin (Fig. 1).

A distinctive stratigraphic feature of the
Sakarya Zone is a regional earliest Jurassic
unconformity. Strongly deformed sedimentary,
metamorphic and magmatic rocks of Devonian-
Late Triassic age are unconformably overlain by
the Lower-Middle Jurassic conglomerates and
sandstones. The pre-Jurassic rocks, which are
intermittently exposed along the 1500 km
length of the Sakarya Zone (Figs 2 and 3), can
be grouped into two categories: Hercynian
continental units and Palaeotethyan subduc-
tion-accretion-collision complexes. As dis-
cussed below, there is still some controversy on
the tectonic setting and correlation of the pre-
Jurassic subduction-accretion complexes in the
Sakarya Zone.

Tectonic interpretation of the
pre-Jurassic subduction-accretion
complexes

Bingol et al (1975) denned the Karakaya For-
mation from the Biga Peninsula in northwest
Turkey as a heterogeneous, slightly metamor-
phosed Triassic unit of feldspathic sandstone,
quartzite, conglomerate, siltstone, basalt, mud-
stone and radiolarian chert. They pointed out
its wide extent throughout the Pontides, from
the Biga Peninsula to the Ankara region, and
interpreted the depositional environment of
the Karakaya Formation as an Early Triassic
intracontinental basin (Bingol et al. 1975). A
completely new and revolutionary interpret-
ation of the Karakaya Complex as a Carbon-
iferous-Triassic subduction-accretion complex
was proposed by Tekeli (1981). §engor et al
(1984) followed this tectonic interpretation, but

separated the pre-Jurassic subduction-accre-
tion complexes in the central Pontides from the
Karakaya Complex, ascribing the former to the
subduction of the Palaeotethys and the latter
to that of a small Permian-Triassic back-arc
basin of the Palaeotethys. This led to an arti-
ficial subdivision of the Cimmeride Orogen
into the Karakaya Orogen in northwest Turkey
and the Palaeotethyan Orogen in the central
Pontides. The discovery of Carboniferous and
Permian radiolarian cherts (Kozur & Kaya
1994; Kozur 1997; Okay & Mostler 1994),
Triassic eclogites (Okay & Monie 1997) and
blueschists (Monod et al 1996) in the Karakaya
Complex, as well as more precise characteriz-
ation of its deformational and stratigraphic
features (Okay et al 1991, 1996; Pickett &
Robertson 1996), confirmed Tekeli's (1981) in-
terpretation of the Karakaya Complex as a
subduction-accretion complex, formed through
the subduction of an ocean as old as Carbon-
iferous. The pre-Jurassic subduction-accretion
complexes in the central Pontides are litho-
logically and temporally similar to those further
west and east in the Sakarya Zone. Further-
more, there is no continental unit that separates
the pre-Jurassic subduction-accretion com-
plexes of the central Pontides from those
further west or east. The Istanbul Zone, which
was claimed to separate the pre-Jurassic sub-
duction-accretion complexes (Ustaomer &
Robertson 1993), is now known to have
reached its present position in the Cretaceous
or even later (Okay et al 1994). Therefore, in
this paper, all the pre-Jurassic subduction-
accretion complexes in the Sakarya Zone are
regarded as having formed during the subduc-
tion of the Palaeotethys and are collectively
referred to as the Karakaya Complex, as initi-
ally intended by Tekeli (1981).

Palaeotethyan subduction-accretion-
collision complexes in the Sakarya Zone

Outcrops of the Palaeotethyan subduction-
accretion-collision complexes occur throughout
the Sakarya Zone beneath the Jurassic and
younger cover rocks (Tekeli 1981; Figs 2 and
3). They comprise two main tectonostrati-
graphic units (Fig. 4). At the base there is a
thick sequence of metabasite, marble and
phyllite of Triassic age, which is overlain by
strongly deformed, but generally unmetamor-
phosed, clastic and mafic volcanic sequences of
Late Palaeozoic-Triassic age. The clastic and
mafic volcanic sequences can be further sub-
divided into those which formed during the



Fig. 2. Distribution of the pre-Jurassic outcrops in the western part of the Sakarya Zone and the Neotethyan subduction-accretion complexes and ophiolite in the
Anatolide-Tauride Block. For key see Fig. 3.



Fig. 3. Distribution of the pre-Jurassic outcrops in the eastern part of the Sakarya Zone, and the Neotethyan subduction-accretion complexes and ophiolite in the
Anatolide-Tauride Block.
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Fig. 4. Tectonostratigraphy of the pre-Jurassic units in the Sakarya Zone.

subduction-accretion of the Palaeotethys and
those which formed during the collision of the
oceanic plateau.

The Nilufer Unit - a Triassic oceanic
plateau?

At the base of the Karakaya Complex there is a
strongly deformed metabasite-marble-phyllite
unit of Triassic age, over 7 km in structural
thickness. In the western part of the Sakarya
Zone, between the Biga Peninsula and Bursa,
this assemblage was mapped as the Nilufer Unit

(Okay et al 1991, 1996; Leven & Okay 1996;
Pickett & Robertson 1996). In northwest
Turkey, the Nilufer Unit is found wherever the
base of the Triassic and older clastic and
volcanic rocks are exposed (Fig. 2), suggesting
that it forms a continuous layer at depth.
Further east, the Nilufer Unit is described
under different names east of Bursa (Gene &
Yilmaz 1995), north of Eski^ehir (Monod et al
1996; Monod & Okay 1999), around Ankara
(Kocyigit 1987,1991; Akyiirek etal 1988), in the
central Pontides (Tiiysuz 1990; Ustaomer &
Robertson 1994), in the Tokat (Yilmaz et al
1997) and in the Agvanis massifs (Okay 1984)
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(Figs 2 and 3). In all these localities the Niliifer
Unit forms the lowermost stratigraphic unit,
suggesting stratal continuity at depth. The cor-
relation of this metabasite-marble-phyllite unit
across 1100 km in the Sakarya Zone is based on
the present author's geological work in north-
west Turkey (Okay et al 1991, 1996; Leven &
Okay 1996), north of Eskisehir (Monod et al.
1996; Monod & Okay 1999), in the Agvanis
(Okay 1984) and in the Pulur massifs (Okay
1996; Okay & §ahintiirk 1997), as well as on
field reconnaissance in the Ankara region, in the
central Pontides and in the Tokat Massif.

The Niliifer Unit consists dominantly of
metabasites, representing metamorphosed fine-
grained mafic tuffs with rare pyroclastic flows
and pillow lavas. These mafic rocks, which
constitute about c. 80% of the sequence, are
intercalated with carbonate layers, 0.5-200 m
thick. The fine lamination, devoid of bioturba-
tion, observed in many carbonate horizons, as
well as the thin to medium bedding, suggests a
pelagic environment of deposition. In the meta-
basites there are also phyllite horizons, up to
several tens of metres thick. Apart from these
rock types, the Niliifer Unit also comprises
minor (< 2%) metacherts, lenses of ultramafic
rock and gabbro < 1 km long. Coarse-grained,
continent-derived sediments, such as sandstones
or conglomerates, are conspicuously absent in
the Niliifer Unit. In some regions, such as north-
east of Kazdag, the metabasites are overlain by
phyllites and intercalated marbles, several hun-
dred metres thick.

The uppermost part of the mafic volcanic
sequence north of Bergama has been dated by
conodonts in the intercalated limestones as
Middle Triassic (Anisian-Ladinian boundary;
Kay a & Mostler 1992), while conodonts from
the lower parts of the Niliifer Unit in the type
section south of Bursa indicate an Early Triassic
age (Kozur, pers. comm.). Thus, the mafic vol-
canic rocks of the Niliifer Unit appear to have
been generated in a relatively short period
between 245 and 240 Ma. The trace element
geochemistry of the mafic volcanic rocks of the
Niliifer Unit, from various regions in northwest
Turkey, was studied by Pickett (1994), who
showed that they are non-alkalic and non-
orogenic in character and exhibit remarkably
consistent geochemical characteristics. On
basalt discrimination diagrams and multi-
element plots they indicate a within-plate set-
ting, which is supported by the analysis of relict
igneous clinopyroxenes from the metabasites
(Pickett 1994; Pickett & Robertson 1996). Trias-
sic metabasites from the Ankara region (Qapan
& Floyd 1985; Floyd 1993) and those from the

Kargi Massif in the central Pontides (Dogan
1990) also exhibit trace element contents and
ratios typical of within-plate oceanic island
basalts.

The Niliifer Unit is strongly deformed and in
many areas shows the features of a broken
formation. The early deformation is character-
ized by layer-parallel stretching, which resulted
in the boudinage of the carbonate horizons. The
stretching was followed by folding and shearing
at high angles to the layering. Foliation is well
marked in the mafic tuffs and phyllites, while the
coarse-grained pyroclastic flows retain most of
the igneous texture. Structural thicknesses
> 7 km, as measured south of Bursa, are due to
internal thrusting, as well as folding, although,
because of the absence of marker horizons in
the Niliifer Unit, these internal thrusts are diffi-
cult to map. An exception occurs north of
Eskisehir, where a tectonic slice of the Niliifer
Unit, 4 km thick and 25 km long, differentiated
because of its blueschist facies metamorphism,
tectonically underlies another slice of the Nilii-
fer Unit showing only greenschist facies meta-
morphism (Monod & Okay 1999).

The Niliifer Unit commonly shows high-
pressure greenschist facies metamorphism with
the common mineral paragenesis of albite +
chlorite + actinolite/barroisite + epidote in the
metabasites. Rare, iron-rich metacherts in the
Niliifer Unit contain a sodic amphibole + quartz
+ epidote assemblage (Okay et al 1996). Blues-
chist and eclogite facies rocks occur as exotic
tectonic blocks and slices within the greenschist
facies sequence. A small eclogite lens of garnet
+ glaucophane + omphacite + epidote + phen-
gite occurs east of Bandirma on the southern
coast of the Marmara Sea (Fig. 2; Okay &
Monie 1997). A larger slice of the Niliifer Unit,
showing blueschist to eclogite facies meta-
morphism, is found north of Eskisehir (Monod
et al 1996; Monod & Okay 1999). Ar-Ar dating
of phengites from both regions of high-pressure
rocks, separated by 230 km, has given similar
latest Triassic-earliest Jurassic ages [208-
201 Ma in Bandirma and 214-192 Ma in Eski-
s,ehir; Monod et al (1996) and Okay & Monie
(1997)]. The greenschist facies metamorphism
in the Niliifer Unit postdates the high pressure-
low temperature (HP-LT) metamorphism, and
hence must also be of latest Triassic age. The
regional metamorphism is further constrained
stratigraphically as Late Triassic by the Middle
Triassic depositional age of the Niliifer Unit and
the unconformable cover of the Liassic sand-
stones.

The Niliifer Unit is overlain tectonically by
two distinctive rock types. In many regions
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strongly deformed, but generally unmetamor-
phosed, Triassic clastic rocks of the Karakaya
Complex lie over the Niltifer Unit. These con-
tacts have either been interpreted as tectonic
(Okay et al 1991, 1996) or as stratigraphic
(Akylirek & Soysal 1983). In many localities,
such as east of Bandirma and south of Bursa, the
contacts are sheared and folded, although the
consistent superposition of the Upper Triassic
clastic rocks over the Nilufer Unit suggests a
sheared stratigraphic contact between the two
units. In parts of northwest Turkey, such as in
the Bilecik region, north of Karacabey, around
Bozuyiik (Fig. 2), the Nilufer Unit is technically
overlain by Palaeozoic granites (Yilmaz 1981;
Gen? & Yilmaz 1995).

The tectonic base of the Nilufer Unit is ex-
posed in two Miocene core complexes in the
Kazdag and Uludag Ranges (Fig. 2). In both
regions, Miocene and younger normal faults
form the contact between the metabasites of
the Nilufer Unit and the underlying gneisses,
amphibolites and marbles with Carboniferous
zircon ages (Okay et al. 1996).

As discussed above, the scattered outcrops of
the Nilufer Unit are most probably connected at
depth, and the Nilufer Unit forms a blanket
cover beneath Triassic and younger strata
throughout most of the Sakarya Zone (Figs 2
and 3), and thus has an areal distribution of
c. 120 000 km2. Taking a minimum vertical
thickness for the Nilufer Unit as 2 km and
considering that 80% of the sequence is made
up of mafic magmatic rocks, the volume of
basalt produced during the Early-Middle Trias-
sic is estimated as 2 x 105 km3. This is a large
igneous province comparable in volume with
the Columbia River basalts, the North Atlantic
volcanic province, or the Deccan traps (Coffin
& Eldholm 1994).

The Nilufer Unit has been interpreted either
as an ensimatic intra-arc to forearc sequence
(Okay 1984; Okay et al. 1991, 1996), or as an
oceanic seamount (Pickett & Robertson 1996).
The thick and laterally extensive volcaniclastic
sequences intercalated with sedimentary rocks,
which form the bulk of the Nilufer Unit, are
characteristic of the sedimentary basins flanking
active island arcs (e.g. Dickinson & Seely 1979).
However, the geochemistry of the Nilufer Unit
does not indicate an arc affinity. On the other
hand, a seamount origin for the Nilufer Unit is
unlikely as the seamounts have a maximum
diameter of c. 35 km (e.g. Dominguez et al.
1998), while the Nilufer Unit is more than 30
times this size. A third hypothesis for the origin
of the Nilufer Unit, suggested here, is that it
represents the upper parts of a Triassic oceanic

plateau, which was accreted to the Laurasian
active continental margin during the Late Trias-
sic.

Oceanic plateaux cover large areas of the
present day oceanic basins (e.g. Ontong Java is
1.86 x 10 km2, more than twice the size of
Turkey), and are characterized by mafic crustal
thicknesses > 10 km (Saunders et al. 1996;
Gladczenko et al. 1997; Kerr et al. 1998).
Because of their great crustal thicknesses and
buoyancy, oceanic plateaux are less readily
subducted than normal oceanic crust and are
potentially preserved in the geological record
(Burke et al. 1978; Ben-Avraham et al. 1981).
Former oceanic plateaux have been described
from Japan (e.g. Kimura et al. 1994), western
North America (e.g. Ben-Avraham et al. 1981;
Richards et al. 1991) and the Caribbean region
(e.g. Kerr et al. 1998). During the subduction of
the oceanic plateaus, it is usually the upper
mafic volcanic layers that are detached from
their plutonic substratum and accreted to the
active continental margin (e.g. Tejada et al.
1996).

Evidence favouring an oceanic plateau origin
of the Nilufer Unit are as follows: (1) exclusive
mafic magmatism associated with the absence of
a known stratigraphic basement and lack of
continent-derived detritus in the Nilufer Unit
suggest formation in an oceanic environment
away from the continents; (2) intercalation of
mafic rocks with hemipelagic limestone and
shale is unusual for oceanic ridge magmatism,
although it is to be expected in an off-axis intra-
oceanic volcanism; (3) the areal distribution of
the Nilufer Unit and the volume of mafic
magma produced is comparable with oceanic
plateaux; (4) the geochemistry of the mafic
rocks in the Nilufer Unit show a consistent
within-plate signature; (5) the presence of mafic
eclogites and blueschists in the Nilufer Unit
implies association with an oceanic subduction
zone.

The size of the Triassic oceanic plateau can be
estimated from the outcrop distribution of the
Nilufer Unit. In the west outcrops of the Nilufer
Unit end abruptly in the Biga Peninsula; neither
the equivalents of the Nilufer Unit nor the Late
Triassic deformation have been described from
the mainland Greece. The easternmost exten-
sive outcrop of the Nilufer Unit is in the Agvanis
Massif (Okay 1984); further east the Hercynian
basement units are predominant, although small
slivers of Nilufer Unit have been described from
the Pulur Massif (Fig. 3; Okay 1996). Between
these two limits is an east-west length of
c. 1100 km for the Nilufer oceanic plateau. A
minimum north-south length of c. 90 km for the
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Niltifer Plateau is indicated by the present-day
width of the Sakarya Zone.

Subduction-related Palaeotethyan clastic
and magmatic rocks

Subduction-related clastic and volcanic
sequences include those accreted to the con-
tinental margin prior to the collision of the
oceanic plateau, while the sequences deposited
during the Late Triassic collision are designated
as collision related. Differentiation of subduc-
tion- and collision-related Palaeotethyan
sequences are often problematic, as subduc-
tion-related sequences are also involved in the
collision. Nevertheless, such a distinction can be
made in northwest Turkey, based on the age and
lithology of the rocks. The subduction-related
sequences are Late Palaeozoic-Triassic in age
and are dominantly pelagic, while the collisional
sequences are Late Triassic in age and also
comprise shallow-marine series. The subduc-
tion-related sequences in northwest Turkey are
the Orhanlar Greywacke and the £al Unit, and
in the central Pontides the Ktire Complex. In
addition to these formations there is a suite of
Middle Jurassic granitoids in the northern part
of the central Pontides, which may be related to
the final phases of subduction of the Palaeo-
tethys (Yilmaz & Boztug 1986).

The Orhanlar Greywacke. The Orhanlar Grey-
wacke consists of homogeneous, grey siltstones
and sandstones with a rich clay matrix (Brink-
mann 1971; Okay et al 1991, 1996). The grey-
wackes are composed of very poorly sorted
angular quartz, plagioclase, opaque, lydite,
radiolarian chert, basalt and phyllite clasts in an
argillaceous matrix. The Orhanlar Greywacke
has undergone strong layer-parallel extension
which has destroyed most of the bedding. In the
type area north of Balya, the Orhanlar Grey-
wacke contains small (< 1 m) olistoliths of dark
Lower Carboniferous (Visean and Serpuk-
hovian) limestone and is overlain by un-
deformed Liassic sandstones and siltstones
(Leven & Okay 1996). South of Bursa, the
Orhanlar Greywacke lies with a sheared strati-
graphic contact over the Niltifer Unit. It could
represent trench fill elastics recycling material
from the accretionary complex as well as from
the arc.

The fal Unit. Most of the Qal Unit consists of
debris and grain flows with Upper Permian
limestone and mafic clasts in a volcanic or
volcano-clastic matrix (Okay et al. 1991, 1996;

Leven & Okay 1996). There are also mafic
pyroclastic flows, calciturbidites, pelagic lime-
stones and radiolarian cherts in the sequence.
Calciturbidites are made up of transported
Upper Permian limestone grains. The radio-
larian cherts, initially dated as Early Permian
(Sakmarian-Artinskian) (Okay & Mostler
1994), are now redetermined as Late Permian
(Dorashamian) (Kozur 1997). Associated with
these rock types there are Anisian limestones,
several hundred of metres thick. Like the other
Karakaya units, the £al Unit has been strongly
deformed, largely destroying stratal continuity.
It may represent an oceanic seamount, which
was accreted to the Laurasian margin during the
Middle Triassic (Leven & Okay 1996).

The Kure Complex. The Kiire Complex, which
crops out in the northern part of the central
Pontides, consists mainly of dark shales inter-
calated with siltstones and fine-grained sand-
stones of pre-Middle Jurassic age. It includes
tectonic slices of mafic pillow lava, gabbro and
serpentinite (Ustaomer & Robertson 1994;
Ay dm et al. 1995), and represents a Franciscan-
type subduction-accretion complex.

Kastamonu granitoids. These medium-sized
plutons, < 20 km across, intrude the Upper
Palaeozoic-Upper Triassic subduction-accre-
tion complexes in the northern part of the
central Pontides (Fig. 3), and are unconform-
ably overlain by undated conglomerates and
Upper Jurassic (Oxfordian) shallow-marine
limestones (Yilmaz & Boztug 1986). They
range from granodiorite to quartz-monzonite
and show calc-alkaline geochemical features
(Boztug et al. 1984). Yilmaz & Boztug (1986)
related the formation of the granitoids to the
northward subduction of the Palaeotethys.

Palaeotethyan clastic rocks formed
during the collision of the oceanic
plateau

The Hodul Unit

The Hodul Unit comprises collision-related
clastic sequences in the western part of the
Sakarya Zone, extending from the Biga Penin-
sula eastwards to the region north of Eskisehir
(Okay et al. 1991, 1996). They form an easily
recognizable unit with thick sequences of white
arkosic sandstones, and extensive olistostromes
with Permian and Carboniferous limestone
blocks. The sequence is strongly deformed with
anastomosing shear zones which have destroyed
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stratal continuity over distances as short as a few
hundred metres. The clastic sequence ranges
from coarse-grained and thickly bedded arkosic
sandstones with pebbles of granite to distal
turbidites with thinly bedded arkosic sandstones
with shale intercalations (Okay et al. 1991). At
several places in northwest Turkey the sequence
is dated through macrofossils as Norian (Okay
et al. 1991, 1996; Leven & Okay 1996). In
regions near the Izmir-Ankara Suture, the
arkosic sandstones pass up to greywackes and
siltstones with exotic olistoliths of mafic vol-
canic rock and limestone (Okay et al. 1991,
1996; Fig. 2). The size of the limestone blocks
in the Norian olistostromes ranges up to 1 km.
A detailed palaeontological study of the
foraminifera in the limestone blocks has shown
the presence of almost all stages from Middle
Carboniferous (Bashkirian) to uppermost
Permian (Dorashamian) (Leven & Okay 1996).
There are also rare blocks of pelagic limestone
and radiolarite, which are dated by conodonts as
Middle Carboniferous (Bashkirian) (Okay &
Mostler 1994). The total thickness of the Hodul
sequence is > 2 km: a more precise estimate is
not possible because of the strong tectonism.

The arkosic nature of the clastic rocks, as
well as granitic pebbles in the sandstones,
indicate a granitic source area for the Hodul
Unit. In only one locality in the Sakarya Zone,
in the area west of Ivrindi, the arkosic sand-
stones of the Hodul Unit can be observed to
lie transgressively over the Palaeozoic £amhk
Granodiorite (Fig. 2). In other regions, e.g.
east of Bandirma, the Hodul Unit lies with a
shear zone contact over the Niliifer Unit. The
Hodul Unit is overlain unconformably by un-
deformed shallow-water Liassic sandstones
and siltstones.

Hercynian continental units in the
Sakarya Zone
The Hercynian continental units of the Sakarya
Zone consist of three different rock assem-
blages: Carboniferous high-grade metamorphic
rocks, Palaeozoic granites and a latest Carbon-
iferous molasse sequence.

Carboniferous high-grade metamorphic
rocks

These consist mainly of gneiss, migmatite,
amphibolite and marble with rare meta-ultra-
mafic rocks. They crop out mainly in the cores of
two Tertiary core complexes in the Kazdag and

Uludag Ranges (Fig. 2), and also in a Tertiary
thrust slice in the Pulur Massif in the eastern
Pontides (Fig. 3). The metamorphic grade is
amphibolite to granulite facies with cordierite +
sillimanite + garnet + biotite subassemblages in
the Kazdag and Pulur regions (Okay 1996; Okay
et al. 1996). The high-grade metamorphism is of
Late Carboniferous age. Gneisses from the
Kazdag region, dated by the single-zircon step-
wise Pb-evaporation technique, have yielded an
age of 308 ±16 Ma (Moscovian; Okay et al.
1996), while those from the Pulur region gave
Sm-Nd and Rb-Sr ages between 303 and
322 Ma (Moscovian-Bashkirian; Topuz et al.
1997).

In both the Kazdag and Uludag regions, the
Carboniferous high-grade metamorphic rocks
are technically overlain by the Palaeotethyan
subduction-accretion complexes, while in the
Pulur Massif the metamorphic rocks are uncon-
formably overlain by Lower-Middle Jurassic
limestones (Okay & §ahinturk 1997).

Palaeozoic granodiorites

These granitoid rocks form several isolated
bodies, up to 30 km across, in the Sakarya
Zone (Figs 3 and 4). They are generally horn-
blende-biotite granodiorites and are locally
strongly deformed (Yilmaz 1976, 1981; Servais
1982; Bergougnan 1987; Okay et al. 1991). The
few available isotopic ages range from
Devonian to Permian. The £amhk Granodior-
ite in the Biga Peninsula has yielded a zircon age
of 399 ± 13 Ma (Devonian) using a single-
zircon stepwise evaporation technique (Okay et
al. 1996); the Sogut Granodiorite gave a K-Ar
biotite age of 272 + 3 Ma (Early Permian;
£ogulu & Krummenacher 1967) and a total Pb
age of 290 Ma (latest Carboniferous; £ogulu et
al. 1965); the Giimushane Granodiorite in the
eastern Pontides has yielded a well-defined Rb-
Sr isochron age of 360 + 2 Ma (earliest
Carboniferous; Bergougnan 1987).

Most of the Palaeozoic granodiorites are
unconformably overlain by Lower Jurassic
continental to shallow-marine clastic rocks.
Only the £amhk Granodiorite in the Biga
Peninsula also has an unconformable cover of
Upper Triassic (Norian) arkosic sandstones
(Okay et al. 1991, 1996; Fig. 2). Some of the
granodiorites, like the Boziiyuk and Sogiit
bodies, have narrow contact aureoles, although
the country rock into which these plutons
initially intruded are very poorly preserved. In
the few localities, where the Palaeozoic grano-
diorites are in contact with the Palaeotethyan
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subduction-accretion complexes (Fig. 2), the
granodiorites are seen to be thrust over the
Niliifer Unit. A mylonite belt > 1000 m thick
separates the Sogiit Granodiorite from the
underlying Triassic metabasite-phyllite-marble
unit (Yilmaz 1981).

Latest Carboniferous molasse

This coherent shallow-marine to continental
sequence crops out only in the eastern Pontides
(Ketin 1951). The lower part of the sequence,
> 1100 m in thickness, consists of an inter-
calation of pebbly sandstone, quartzite, shale
with thin coal horizons and shallow-marine
limestone with fusulinids; this is conformably
overlain by continental arkosic red sandstones,
> 1000 m in thickness. Sandstones throughout
the sequence contain clasts of acidic plutonic
and volcanic rocks. Fusulinids from the lime-
stones indicate a latest Carboniferous age (Late
Kasimovian-Early Gzelian) for the lower part
of the sequence: the overlying continental series
may possibly extend into the Early Permian
(Okay & Leven 1996; Okay & §ahinturk 1997).
Although the base of the Upper Carboniferous
sequence is not exposed, it probably uncon-
formably overlies the nearby Carboniferous
granites and high-grade metamorphic rocks in
the Pulur and Giimushane regions (Fig. 3).
Similar Upper Carboniferous sequences over-
lying metamorphic and granitic rocks are ex-
posed in the Lesser Caucasus (Khain 1975), and
can be compared with the Rotliegende For-
mation of Hercynian Europe.

Timing of the Cimmeride Orogeny in
the Sakarya Zone

The age of the Cimmeride deformation in the
Sakarya Zone can be constrained between the
age of the youngest deformed strata of the
Karakaya Complex and the oldest unconform-
ably overlying undeformed beds. The age of the
deformed olistostromes in the Hodul Unit in
northwest Turkey is established at several
localities as Norian. This is based on macro-
fauna, such as Halobia suessi (Mojsisovics),
Pinacoceras postparma (Mojsisovics) and
Pseudocardioceras acutum (Mojsisovics) from
the Balya region (Leven & Okay 1996), and
Halobia styriaca (Mojsisovics) from north of
Bursa (Erk 1942). A more precise Middle-Late
Norian age has been obtained from the Hodul
Unit south of Ivrindi, based on the forms
Zugmayerella sp., Anadontophora cf. griesbachi

(Bittner), Amonotis(l) sp. and Gonionautilus
securis (Dittmar) (Leven & Okay 1996).

The age of the oldest unconformably over-
lying undeformed series in northwest Turkey
(Bayirkoy Formation) is firmly established as
Sinemurian, based on ammonites, brachiopods
and foraminifera (Alkaya 1982; Altiner et al
1991). The Sinemurian sequence extends
upwards semi-continuously to the Late Cre-
taceous, with no significant deformation until
the Senonian. This brackets the age of the
Cimmeride Orogeny between the latest Norian
and Hettangian (215-200 Ma). Only in the
central Pontides, where the undeformed se-
quence overlying the subduction-accretion
units is of Middle Jurassic age, is the Cimmeride
deformation probably slightly later (Tiiysiiz
1993).

Ar-Ar dating of phengites from the eclogite
in the Niliifer Unit east of Bandirma gave a
narrow metamorphic age between 208 and
201 Ma (Okay & Monie 1997). A similar iso-
topic age range was obtained (214-192 Ma)
from phengites from the blueschists north of
Eskis,ehir (Monod et al. 1996). The eclogite was
metamorphosed at a temperature of c. 480° C,
which is close to the closure temperature for Ar
in phengite [generally taken to be in the 350-
400°C range (Okay & Monie 1997)]. Therefore,
these isotopic ages, which correspond to the
Late Norian-Early Liassic (Hettangian) (Grad-
stein et al. 1994), reflect an early stage of cooling
and are compatible with the palaeontological
ages of the deformation.

The Cimmeride Orogeny in northern Turkey
is remarkable for its relatively brief deformation
and metamorphism, and in this respect contrasts
strongly with orogenies like the Alpide or the
Himalayan, which have life spans > 50 Ma.

The duration of the Palaeotethyan
subduction and the age of the
subducting oceanic crust

The duration of subduction is best given by the
age range of the magmatic arc and the forearc
sequence: in the Sakarya Zone neither are
recognized. In their absence, the Late Triassic
age of the high pressure metamorphism pro-
vides a minimum duration for the subduction.
The age range of the subducting oceanic crust
can be deduced from the age of the pelagic
sediments in the accretionary complexes.
Middle Carboniferous (Bashkirian) and Upper
Permian radiolaria are described from chert
blocks in the Karakaya Complex (Kozur &
Kaya 1994; Okay & Mostler 1994; Kozur 1997),
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suggesting subduction of an oceanic crust at
least as old as Middle Carboniferous. This is
compatible with palaeogeographic reconstruc-
tions which indicate the continued presence of a
large oceanic area north of Gondwana in the
Carboniferous and Permian (e.g. Smith et al.
1981; Stampfli 1996).

Origin of the Carboniferous and
Permian limestone blocks in the Upper
Triassic olistostromes

Voluminous olistostromes with Carboniferous
and Permian neritic limestone blocks occur in
the upper parts of the Upper Triassic arkosic
clastic sequences in northwest Turkey (Okay et
al. 1991,1996; Leven & Okay 1996). The origin
of these exotic blocks, e.g. whether they were
initially deposited on the southern or northern
margin of the Palaeotethys and how they were
incorporated into the Hodul Unit, cannot be
satisfactorily answered because of apparently
conflicting evidence. Data which argue for a
southerly origin of the Carboniferous and Per-
mian limestone blocks are as follows. (1) The
Triassic olistostromes form a belt, 15-25 km
wide and 280 km long, immediately northwest
of the Izmir-Ankara Suture (Fig. 2). The den-
sity and the size of the exotic limestone blocks
decrease northward and westward away from
the Izmir-Ankara Suture. These observations
suggest that the blocks in the olistostromes were
derived from a carbonate platform that lay in
the present southeast, e.g. in the direction of the
Anatolide-Tauride Block. (2) There is a general
westward increase in the age of the limestone
blocks from Midian-Dzhulfian immediately
adjacent to the Izmir-Ankara Suture to Mur-
gabian-Midian further northwest (Leven &
Okay 1996). Assuming that the top of the car-
bonate platform was eroding first, this again
argues for a southward derivation of the blocks.
(3) No marine Permian deposits are known
along the Laurasian margin in the western
Palaeotethys. In Bulgaria, the Permian is repre-
sented by terrigenous clastic and volcanic rocks
(e.g. Yanev 1992), and, in the Istanbul Zone,
Permian deposits are largely absent and the
Early Triassic and possibly latest Permian con-
sist of red beds and basic lavas. In contrast,
Permian and Carboniferous deposits in the
Anatolide-Tauride Block are generally marine
carbonates (e.g. Monod 1977; Argyriadis 1978;
Altmer 1983). On the other hand, Permian
fusulinid assemblages from the exotic limestone
blocks in the Hodul Unit are faunistically differ-
ent to those in the Anatolide-Tauride Block,

and are similar to the fusulinid assemblages
found in the northern margin of the eastern
Palaeotethys in Afghanistan, the Pamirs and
China (Leven & Okay 1996).

Assuming that the exotic Permo-Carbonifer-
ous limestone blocks in the Hodul Unit were
deposited in the northern outer shelf of the
Anatolide-Tauride Block, then a narrow sliver
of this outer shelf must have rifted, possibly
during the Early Triassic mafic magmatism,
from the bulk of the Anatolide-Tauride Block.
This Cimmerian continental sliver must have
been translated northward and must have
eventually been incorporated into the Upper
Triassic olistostromes (Okay et al. 1996). How-
ever, a major problem with this tectonic scen-
ario is that nowhere in the Sakarya Zone is there
evidence for a Gondwanan continental base-
ment, which must have underlain the Permo-
Carboniferous limestones.

A model for the Cimmeride orogeny in
Turkey
A basic tenet of the model presented here is that
the Cimmeride deformation in Turkey is caused
by the collision and partial accretion of an
oceanic plateau with the Laurasian active con-
tinental margin during the Late Triassic. Accre-
tion of an oceanic plateau to the Laurasian
margin would imply a northward dipping sub-
duction zone during the Late Triassic, as sug-
gested by Robertson & Dixon (1984), Ricou
(1994) and Stampfli et al (1991) and others.
The evidence in favour for the oceanic plateau
origin of the Nilufer Unit has been cited above.
The alternative model for the Cimmeride defor-
mation, involving the collision of a Cimmerian
continent with the Laurasian margin (§engor
1979; §engor et al. 1984), is difficult to maintain
as no coherent Cimmerian continent can be
defined in northern Turkey. The pre-Jurassic
rocks in the Sakarya Zone are either subduc-
tion-accretion complexes or fragments of a
Hercynian continental sequence belonging to
Laurasia. Furthermore, the comparatively short
period of deformation and metamorphism in
northern Turkey (< 15 Ma) would be incompat-
ible with a continent-continent collision but
would be explicable through the docking and
partial accretion of a oceanic plateau to the
Laurasian margin. It is also striking that neither
the Late Triassic deformation nor the presence
of the Nilufer Unit have been documented from
mainland Greece or from the Lesser Caucasus,
illustrating a causal relation between the two.

Figure 5 shows two schematic cross-sections
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Fig. 5. Schematic cross-sections illustrating the tectonic evolution of the southern margin of Laurasia during: (a)
Middle Triassic; and (b) Late Triassic.

illustrating the tectonic evolution of the Nilufer
oceanic Plateau. During the Early-Middle
Triassic, the Nilufer oceanic Plateau was gener-
ated during a voluminous intraplate mafic mag-
matism. This appears to have been part of a
large Triassic mafic magmatic pulse in the
Tethyan region. Triassic mafic tuffs, > 1000 m
in thickness, are described from the allochthons
in the Taurides (Huglu Unit; Monod 1977;
Gokdeniz 1981; Ozgiil 1997) and they are also
widespread in the Triassic sections in Greece.
The geochemistry of some Triassic mafic vol-
canic rocks in the eastern Mediterranean have a
plume signature (Dixon & Robertson 1999)
suggesting that the Triassic mafic magmatism
was plume related. It is also possible, especially
if a southerly origin is assumed for the exotic
Permo-Carboniferous limestone blocks, that
part of the outer shelf of the Anatolide-Tauride
Block was also rifted during the Early Triassic
magmatism.

In the Late Triassic, the northward movement
of the Palaeotethyan plate brought the Nilufer
oceanic plateau near the Laurasian active
margin. At this time the Laurasian margin was
characterized by a Hercynian granitic and meta-
morphic basement with isolated molassic basins
of Late Carboniferous-Permian age, and a thin
cover of Triassic continental to shallow-marine
sediments, e.g. as observed in Bulgaria or in the
Istanbul Zone (e.g. Ganev 1974; Chatalov 1991).
Subduction-accretion units of the Karakaya

Complex, such as the Orhanlar Greywacke or
the Qal Unit, were probably already part of the
accretionary complex at the southern margin of
the Laurasia (Fig. 5a). The collision of the
Nilufer oceanic Plateau with the active margin
occurred during the Late Triassic (Norian), as
indicated by the age of the syncollisional clastic
sequences and the age of the HP-LT meta-
morphism. The volcanic edifice of the oceanic
plateau was detached from its plutonic sub-
stratum and formed a thick accretionary wedge
at the southern margin of Laurasia, represented
by the Nilufer Unit (Fig. 5b). The attempted
subduction of a major oceanic plateau resulted
in uplift and severe compressive deformation of
the overlying active continental margin (e.g.
Ben-Avraham et al 1981; Cloos 1993). The arc
and forearc sequences were probably largely
eroded during the latest Triassic, and the Hercy-
nian crystalline basement was internally sliced.
A thick clastic wedge fed from the south vergent
Hercynian thrust slices engulfed the subduction
zone (Fig. 5b). This part of the model explains
the unusual position of the arkosic sandstones of
the Hodul Unit overlying the Nilufer Unit, as
well as the Carboniferous granites. The pres-
ence of Hercynian basement units both above
and below the Nilufer Unit suggests interdigita-
tion of the two during the Late Triassic.
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Conclusions

It is here proposed that the Late Triassic
Cimmeride deformation and metamorphism in
northern Turkey was caused by the collision and
accretion of an Early-Middle Triassic oceanic
plateau to the southern margin of Laurasia. The
upper volcanic edifice of the oceanic plateau is
preserved in northern Turkey as a very thick
and extensive metabasite-marble-phyllite unit.
Oceanic plateaux are common in the present-
day Pacific Ocean and former examples have
been described from Japan, western North
America and the Caribbean region. This is
apparently the first possible example of an
ancient oceanic plateau from the Tethys Ocean.

An implication of the model presented here is
that the Izmir-Ankara-Erzincan Suture repre-
sents both the Palaeo- and Neotethyan sutures.
A suture can be defined as the site of a former
ocean basin separating two continental plates
(e.g. Moores 1981). It is expressed as a major
tectonic line that forms a profound strati-
graphic, structural, metamorphic and magmatic
divide. The Araso Schuppen Zone, parts of the
Insubric Line in the Western Alps (Triimpy
1975) and the Indus-Tsangpo Fault Zone in the
Himalaya (e.g. Le Fort 1989) are examples of
major sutures. The Izmir-Ankara-Erzincan
Suture in Turkey is another example of a latest
Cretaceous-Palaeocene suture across which
stratigraphic, structural and metamorphic cor-
relations are not possible (§engor & Yilmaz
1981; Okay & Tuysiiz 1999). However, as the
Cimmeride Orogeny in Turkey was an ac-
cretionary rather than collisional orogeny, a
Palaeotethyan suture as distinct from the Neo-
tethyan suture does not exist. The Palaeo-
tethyan suture shown on the maps (e.g. §engor
et al 1984) does not correspond to a mappable
tectonic line in the field, and does not form any
stratigraphic, structural, metamorphic or mag-
matic boundary. Palaeotethyan subduction-
accretion complexes, as well as the Hercynian
continental units, occur on both sides of the
supposed 'Palaeotethyan' suture line.

An important problem is the spatial and
temporal relation between the Palaeo- and
Neotethys. Accretionary complexes, consisting
mainly of basalt, radiolarian chert, pelagic shale
and serpentinite, occur widely to the south of
the Izmir-Ankara Suture (Figs 2 and 3). Dating
of radiolarian cherts from these accretionary
complexes have yielded only Norian and
younger ages, giving the duration of the Izmir-
Ankara Neotethyan Ocean (Bragin & Tekin
1996; Bozkurt et al. 1997). The absence of
Palaeozoic pelagic sedimentary rocks in the

Neotethyan accretionary complexes reinforces
the generally accepted view that the Neotethys
opened as a separate ocean during the Triassic.
It is possible that the narrow continental
sliver with the Permo-Carboniferous limestone
carapace, which may have rifted off from the
northern margin of the Anatolide-Tauride
Block during the Early Triassic, was responsible
for the opening of the Neotethys and the closing
of the Palaeotethys during its northward drift
(Okay etal. 1996).
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Abstract: Similar Palaeozoic-Lower Tertiary units in the northern Karaburun Peninsula
(western Turkey) and the adjacent island of Chios (Greece) provide insights into the
tectonic evolution of the Tethyan Ocean near the junction between the Taurides/
Anatolides and Hellenides. The northwest Karaburun Peninsula is dominated by a highly
sheared melange (c. > 2 km thick) with Silurian-Carboniferous blocks (up to hundreds of
metres in size) of neritic and pelagic limestone, black ribbon chert, shale, extrusives and
volcanogenic sediments. The blocks are set in a matrix of siliciclastic turbidites, pelagic
carbonates and channelized conglomerates. Northern Chios is similarly composed of
melange (c. 3-4 km thick) with limestone blocks dated as Silurian-Carboniferous, black
ribbon chert, shale and volcanics within predominantly siliciclastic sediments, including
local conglomerates.

Both melanges are unconformably overlain by Lower Triassic basinal successions (with
sheared basal contacts), including terrigenous elastics, pelagic carbonate, radiolarite, lava
and volcanogenic sediments, interpreted as rift successions. In both areas, successions
shallow upwards into extensive Mesozoic carbonate platform facies, similar to those widely
developed in the Taurides and Hellenides. On the Karaburun Peninsula, deposition was
punctuated by emergence and localized deltaic siliciclastic deposition in latest Triassic-
earliest Jurassic time. The Karaburun carbonate platform later emerged, eroded, then
subsided in Campanian-Maastrichtian time; it then collapsed in the Maastrichtian-earliest
Tertiary and was overlain by another melange (Bornova Melange), with blocks of both
local platform-derived and accreted Mesozoic oceanic lithologies, and was finally thrust
imbricated during continental collision. On Chios, a Lower Jurassic carbonate platform
succession is overthrust by an exotic Carboniferous-Lower Jurassic mixed shallow-water
carbonate and siliciclastic unit.

Most tectonic hypotheses for the melange are problematic. They include formation as
Palaeozoic basinal 'olistostromes', as an ideal Late Palaeozoic subduction-accretion
complex basin, as an Early Triassic rift, or as entirely tectonic melange. The melange are
seen here as the end-product of a combination of Late Palaeozoic southward(?) subduc-
tion-accretion (culminating in trench-microcontinent collision?), Early Triassic rifting and
latest Cretaceous-Early Tertiary subduction/collision. Regional comparisons suggest that
initial melange formation took place in Late Carboniferous-Early Permian time. Subse-
quent Early Triassic rifting was associated with siliciclastic, calcareous and radiolarian
deposition, and andesitic volcanism. The Triassic rift was overlain by a subsiding passive
margin adjacent to a northerly Neotethyan oceanic basin from Middle Triassic-Late
Cretaceous. This ocean closed in the Late Cretaceous-Early Tertiary, resulting in collapse
of the passive margin, subduction-accretion and further melange formation in a foredeep.
Continental collision resulted in further deformation of the Palaeozoic melange, thrust
imbrication of the Mesozoic platform and shearing at its base.

The Tethys erogenic belt in the eastern Mediter- there was only one (early) Mesozoic Tethyan
ranean is a superb natural laboratory for the ocean (Neotethys) in the eastern Mediterranean
study of tectonic processes and orogenic as- region (Dercourt et al 1986) and that tectonic
sembly, in part because of its diversity and the variety mainly resulted from long-distance
fact that it is still an active collisional area. The thrusting over the North African foreland to
last decade and a half have seen immense strides the south [e.g. Ricou et al. (1984) for
in understanding this complex region. Prior to Turkey; Papanikolaou (19840) for Greece],
this, a widespread, if not universal, view was that Today, it is generally accepted that the eastern

From: BOZKURT, E., WINCHESTER, J. A. & PIPER, J. D. A. (eds) Tectonics and Magmatism in Turkey and the
Surrounding Area. Geological Society, London, Special Publications, 173, 43-82. l-86239-064-9/00/$15.00
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Mediterranean region developed as a suite of
microcontinental fragments and intervening
small ocean basins (§engor et al. 1984; Robert-
son & Dixon 1984; Dercourt et al 1992), with
each area requiring study in its own right.
Formerly, a strongly argued view was that the
eastern Mediterranean Sea is underlain by the
North African foreland (Hirsch 1984), whereas
today most workers see the eastern Mediter-
ranean as an oceanic basin dating from the
Triassic (Robertson & Woodcock 1980; Garfun-
kel & Derin 1984; Garfunkel 1998; Robertson
1998), or Late Permian (Stampfli et al 1991,
2000; Stampfli 2000). Then, the main, Palaeozoic
Tethys (Palaeotethys) was viewed as being
located to the north of Turkey in the Pontide
mountain range and beyond (§engor et al 1984;
Tiiysiiz 1990), whereas today it is widely believed
to lie further south, within Anatolia (Dercourt et
al 1992; Ustaomer & Robertson 1993,1997).

There is currently a renewed interest in the
Late Palaeozoic-Early Mesozoic geology and
tectonics of central western Turkey, since this
area includes evidence of both Palaeozoic and
Mesozoic oceanic units. An initial problem
concerns current terminology of Tethyan
basins. §engor et al (1984) defines 'Palaeo-
tethys' as a discrete oceanic basin whose rem-
nants are located in the north, near the Eurasian
continental margin (in the Pontides). 'Neo-
tethyan' oceanic basins opened as back-arc
basins above a south dipping Palaeotethyan
subduction zone. By contrast, Stampfli et al
(2000) define 'Palaeotethys' as an ocean basin
further south, that subducted northwards open-
ing marginal basins to the north (i.e. Vardar or
Meliata ocean). 'Neotethys', in turn, opened
further south by rifting of 'Cimmerian' frag-
ments from Gondwana. In the east (Oman,
Himalayas), this oceanic basin opened in Late
Permian time, but evidence from the eastern
Mediterranean region (e.g. Levant, southern
Turkey) favours Triassic-Early Jurassic opening
(Garfunkel 1998; Robertson 1998).

A third alternative is that 'Palaeotethys' re-
mained partly open and evolved into 'Neotethys'
comparable to, for example, the modern south-
west Pacific region (Robertson & Dixon 1984).
Currently, there is a need to test alternative
Tethyan tectonic models, using well-constrained
data from critical areas. It is, therefore, a mistake
to adopt a genetic terminology inherent in any
particular tectonic model. To avoid this danger,
Palaeotethys is defined here as simply an essen-
tially Palaeozoic-Early Mesozoic ocean and
Neotethys as an essentially Mesozoic-Early
Tertiary ocean, wherever located and however
formed (Robertson et al. 1996).

Within the Turkish region, it has been argued
that Palaeotethys was mainly subducted north-
wards beneath Eurasia (Ustaomer & Robertson
1993,1997; Robinson et al 1995). Alternatively,
Palaeotethys was subducted southwards be-
neath the then leading edge of North Africa,
represented by the Antolide-Tauride Platform
(Okay et al 1996). Within the intervening area,
evidence of apparent Early Mesozoic southward
subduction was reported within the Permo-
Triassic Karakaya Complex (Okay et al 1996;
Pickett & Robertson 1996), but it remains
unclear where this unit was then located relative
to North Africa or Eurasia. Recently, Okay
(2000) suggests that Triassic subduction involv-
ing the Karakaya Complex was northwards, as
proposed for the Central Pontide region (Ustao-
mer & Robertson 1993,1997).

The focus here is on the evolution of Palaeo-
tethys and its relationship to Neotethys as
defined above. Evidence will be considered for
the evolution of Palaeotethyan and Neotethyan
units located in the vicinity of the northern
margin of the Mesozoic Anatolide-Tauride
Platform, based on evidence from two critical
areas of western Turkey and Greece where,
exceptionally, unmetamorphosed units are well
exposed. In contrast, further east, the northern
margin of Anatolide-Tauride Platform is
mainly metamorphic, including blueschists
related to closure of the northerly Neotethyan
basin in Late Mesozoic-Early Tertiary time
(Okay et al 1996) and, therefore, the nature of
any underlying Palaeotethyan units remains
largely obscure.

Within the Karaburun Peninsula (western
Turkey) and on the adjacent Greek island of
Chios (Fig. 1), unmetamorphosed and relatively
well-dated Palaeotethyan and Neotethyan units
are well exposed and accessible for study. These
two areas include important melange units that
have, in the past, been interpreted in very
different ways, in terms of either subduction-
accretion or rift processes. (The term 'melange'
is used here as a purely descriptive, non-genetic
field term for a pervasively mixed unit.) In
addition, Mesozoic carbonate platform units
and a separate unit of Late Mesozoic melange
are also present.

Presented here are new results for Palaeo-
zoic-Lower Tertiary lithologies exposed on the
Karaburun Peninsula and Chios in the light of
existing data, especially recent biostratigraphic
results. Despite their proximity, the two areas
have largely been studied separately over the
last half century, but taken together they
provide important insights into the tectonic
evolution of a critical area linking the Taurides
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Fig. 1. Regional tectonic map showing the setting of the Karaburun Peninsula (Turkey) and Chips (Greece).
Note also the location of the Palaeotethyan Karakaya Complex to the north, and the Neotethyan Izmir-Ankara-
Erzincan (Suture) Zone and the Menderes Metamorphic Massif to the south.

and Hellenides. It will be concluded that the
Karaburun-Chios melanges represent the best
known unmetamorphosed Palaeotethyan sub-
duction-accretion complex in the eastern
Mediterranean region, overlain by a rifted
Mesozoic continental margin related to opening
of a northerly Neotethyan oceanic basin.

Regional geological setting

The island of Chios and the Karaburun Penin-
sula lie at the western end of the Mesozoic-
Early Tertiary (i.e. Neotethyan) tzmir-
Ankara-Erzincan Suture Zone (IAESZ) that
separates the metamorphic Menderes Massif to
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the south and related units further east from
Upper Palaeozoic-Lower Mesozoic units to the
north, notably the Karakaya Complex (Fig. 1).
A zone of ophiolites and ophiolitic melanges
(forming the IAESZ) trending across northern
Turkey was formed by closure of a Mesozoic
ocean basin ('Northern Neotethys') during
latest Mesozoic-Early Tertiary time (§engor &
Yilmaz 1981). To the north, the Karakaya Com-
plex is interpreted as an accretionary wedge
formed by subduction of Palaeotethyan oceanic
lithosphere (e.g. Tekeli 1981; Okay et al 1991;
Pickett & Robertson 1996). Further south, the
Menderes Massif and related units are inter-
preted as continental fragments rifted from
North Africa (Gondwana) during Early Meso-
zoic time (Robertson et al. 1991), or Late
Permian time (Stampfli et al. 1991; Stampfli
2000), to open a Neotethyan oceanic basin to
the south.

The sequences on Karaburun and Chios begin
with kilometres thick melange units, including
blocks and dismembered thrust sheets of
Palaeozoic age and matrix sediments. In both
areas the melange is overlain by Lower Triassic
basinal successions, including volcanogenic
units, followed by thick Mesozoic carbonate
platform units. In addition, on Chios, the above
stratigraphy is structurally overlain by a large
thrust sheet of Upper Palaeozoic-Lower Meso-
zoic (predominantly Permian) basinal to shal-
low-marine sediments.

The Karaburun Peninsula

Previous work

Classical work is summarized by Erdogan et al.
(1990) for Karaburun and Besenecker et al
(1968) for Chios. Early workers treated both
the Karaburun and Chios units as entirely strati-
form successions (e.g. Ktenas 1925) in which, for
Karaburun (Fig. 2), Ordovician-Silurian (Holl
1966) and Devonian (Sozen 1973) corals and
brachiopods, and Carboniferous fusulinids
(Philippson 1911; Brinkmann et al. 1972) were
recognized. 'Olistoliths' associated with lenses
of Triassic limestone were reported in Kara-
burun by Konuk (1977).

Within what is termed here the Karaburun
Melange (new name), Erdogan et al. (1990)
recognized the Denizgiren Group [name intro-
duced by Ktenas (1925)] which comprises two
units of inferred Early Triassic age, the Karareis
Formation [name introduced by Konuk (1977)]
and the Gerence Formation, which Konuk
(1977) regarded as laterally equivalent and

intergradational. He interpreted the 'Karareis
Formation' as a > 2 km thick Lower Triassic
succession of mudstones and sandstones, mafic
volcanics, black cherts and limestones, including
'olistoliths' of Carboniferous-Lower Triassic
limestones. Erdogan et al. (1990) reported the
presence of deformed lenses of thinly bedded
limestones and thin-shelled bivalves, associated
with Triassic foraminifera, interbedded with
green and black chert, and turbiditic sandstone.
'Olistostromal horizons', 5-10 m thick, set in a
sandy or muddy matrix, with subrounded to
rounded clasts yielded Silurian-Early Devonian
to Late Carboniferous ages (Erdogan, pers.
comm.). Erdogan et al.'s (1990) mapping also
confirmed the presence of a laterally discon-
tinuous sheet of Middle Carboniferous lime-
stone (Ktenas 1925; Brinkmann et al 1972)
beneath a Mesozoic platform succession in the
southwest (Alandere Formation). Erdogan et al.
(1990) interpreted what is termed here the
Karaburun Melange as a Lower Triassic rift-
related succession in an unstable 'trench-type'
setting adjacent to a developing Triassic carbon-
ate platform.

Kozur (1995, 1997) gave an exhaustive cri-
tique of earlier work and went on to report new
radiolarian, conodont, ostracod and Mueller-
phaerid (Incertae sedis) age data that confirm
the presence of Silurian, Devonian and Carbon-
iferous units. Lower units, including black
cherts, contain Silurian-Upper Devonian radio-
larians. A widespread and structurally higher
'turbidite-olistostrome' unit contains black
radiolarites of Silurian-Devonian age and lime-
stone 'olistoliths' with conodonts of Early
Silurian (Wenlockian) and Late Devonian age.
Silurian limestone olistoliths locally contain
'inclusions' of 'keratophyric tuff associated
with fragmental volcaniclastics (< 100 m thick
near Ildir; Fig. 2). Kozur (1995,1997) assumed a
Silurian age for the volcaniclastics, although
Erdogan (pers. comm.) interprets these as inclu-
sions within Lower Triassic 'olistostromes';
Middle Devonian is apparently absent. Kozur
(1995,1997) confirmed a Middle Carboniferous
(Bashkirian) age for limestones in the upper
part of the melange in the southwest (Alandere
Formation) and, elsewhere, he extracted Lower
Visean radiolarians from black chert. Kozur
(1995, 1997) supports Erdogan et a/.'s (1990)
view that the Carboniferous is unconformably
overlain by Lower Triassic basinal facies. Litho-
logical contrasts and changes in vitrinite reflec-
tance reported by Kozur (1995, 1997) suggest
that Palaeozoic [conodont alteration index
(CAI 4-5)] and Triassic (CAI 1.5) units are
locally intersliced, especially in the east close to
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Fig. 2. Geological map and cross-sections of the northern part of the Karaburun Peninsula, showing the main
tectonostratigraphic units and large-scale structure. Places mentioned in the text are numbered. Modified after
Erdoganetal. (1990).

the overlying Mesozoic platform succession, in
contrast to the depositional interfingering in-
ferred by Erdogan et al (1990).

Stratigraphy

Kozur's (1995, 1997) palaeontological results
indicate that the northwestern Karaburun

Peninsula cannot be considered entirely as a
Lower Triassic stratiform succession (with sedi-
mentary olistoliths), as envisaged by Erdogan et
al (1990). Therefore, use of the terms Karareis
Formation and Denizgiren Group are discon-
tinued here and the term Karaburun Melange is
introduced. However, the term Gerence For-
mation remains valid for the overlying Lower
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Fig. 3. Composite log of the Karaburun Peninsula succession. Data sources specified in the text.

Triassic succession at the base of the Mesozoic
platform succession in the south, and this is
correlated with intact volcanic-sedimentary
units further north [uppermost part of the
Karareis Formation of Erdogan et al. 1990)].
Above the Karaburun Melange, a thick, rela-
tively intact, Mesozoic (Triassic-Upper Cre-
taceous) succession has long been recognized
(Philippson 1911; Ktenas 1925; Kalafatcioglu
1961; Brinkmann et al 1972). The Lower Trias-

sic part of the succession was divided into seven
formations by Brinkmann et al. (1972) but these
are now best regarded as facies variants within a
single Lower Triassic unit, i.e. the Gerence
Formation (150-500 m thick). Therefore, Erdo-
gan et al.'s (1990) stratigraphy for the overlying
Mesozoic platform succession (Fig. 3) and ad-
jacent uppermost Cretaceous-Lower Tertiary
melange (i.e. the Bornova Melange; Fig. 4) is
retained.
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Fig. 4. Summary of tectonostratigraphy of Karaburun and Chios showing proposed correlations.

The Karaburun Melange

The reconnaissance mapping from this study
confirms that, beneath local Neogene volcanic-
related units, the whole of the northwestern
Karaburun Peninsula beneath the Mesozoic
platform (Fig. 6a) is a melange, with little or no
lateral or vertical stratal continuity. The
melange is divisible into two units, based on
lithology and state of metamorphism (Fig. 4).

Lower unit. A structurally lower, undated,
schistose shale-sandstone unit of greenschist
facies metamorphic grade is exposed in the
northwestern coastal area (Fig. 2), extending
up to c. 5 km inland (e.g. Fig. 2, 1 and 2). This
unit, estimated as up to 500 m thick, is equiva-
lent to the Ordovician(?) sericite schist of Kozur
(1995, 1997; his Kiiciikbar^e Formation). The

sediments strike nearly north-south and are
mainly inclined to the east at 40-60°, although
dips are locally variable. Lithologies are mainly
sheared sandstone turbidites and shales, with
little chert or exotic blocks. The unit is cut by
veins and pods of metasomatic quartz up to tens
of centimetres thick, not seen in structurally
overlying units.

Upper unit. This encompasses the remainder of
the outcrop (> 1.5 km thick) beneath the Meso-
zoic platform successions. It is a melange com-
prising two main components: (1) competent
blocks and disrupted thrust sheets of neritic
and pelagic limestone, black ribbon radiolarite
(lydite) and extrusive rocks; and (2) a sheared
matrix of shale-sandstones and rare conglomer-
ate.
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Fig. 5. Measured logs of partial Lower Triassic successions. See Fig. 2 for locations.

Limestone. Limestones mainly form disrupted
sheets and blocks up to 600 m long by several
hundreds of metres thick. The largest disrupted
limestone sheets commonly dip at low to moder-
ate angles (< 30°), discordant to the generally
higher angle local tectonic fabric in the melange.
Smaller limestone blocks (metres to tens of
metres in size) are commonly steeply inclined,
concordant with the fabric of the adjacent
melange. The limestones are commonly intern-
ally sheared and tectonically brecciated with
tension gashes and stylolites (Fig. 2.3 and 4).
The margins of some individual blocks and
sheets degenerate into angular jigsaw puzzle-
type breccias mixed with argillaceous carbonate
(Fig. 2.5). Within this marginal zone, limestone
clasts are veined and brecciated, whereas the

enclosing matrix sediment is undeformed. Else-
where (Fig. 2.6), matrix sediments at the contact
with tectonic inclusions are brecciated, veined
and sheared. Excellent examples of disrupted
blocks and sheets of limestone (up to 500 m long
by 80 m wide), together with smaller, metre size
blocks, are well exposed inland from Tekekara
Dag (e.g. Fig. 2.4, 6-8). Limestones in this area
were dated as Silurian and Devonian by Kozur
(1995), and as Carboniferous and Early Triassic
by Erdogan (1990<z, b). A common facies is well-
bedded, muddy, buff weathering pelagic lime-
stone, locally pinkish and nodular (e.g. Fig. 2.6).
Some blocks are composed of red, thin-bedded
pelagic limestone, with nodules and lenticles of
black replacement chert (e.g. Fig. 2.9).

A peninsula north of Karareis Bay (Tekekara
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Fig. 6. Field photographs of Karaburun units, (a) Triassic carbonate platform (pale upper) overlying the
Karaburun Melange (dark lower), northwest Karaburun Peninsula, (b) Redeposited Middle Carboniferous
limestone; coastal section north of Ildir. (c) Redeposited limestones showing layer-parallel extension; coastal
section north of Ildir. (d) Phacoidal blocks of lava and sandstone in a sheared shaly matrix; coastal section north
end of Karareis Bay. (e) Channelized conglomerate with clasts including black chert; coastal section north end of
Karareis Bay. (f) Limestone breccia at top of Lias platform succession; southwest of Mordogan (Fig. 2.25). Note
angular clasts - probably a tectonic breccia.

Dag; Fig. 2), mapped as Triassic limestone by
Erdogan (19900, b), is composed of numerous
large (tens to hundreds of metres) limestone
blocks, dated as Midddle Carboniferous-Early
Permian(?) by Garrasi & Weitchat (1968), with

poorly exposed matrix sediments between in-
dividual blocks and sheets (e.g. Fig. 2.5). Dis-
rupted thrust sheets and blocks of well-bedded
pink limestone, with shaly intercalations,
contain numerous well-preserved pisoliths,
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oncolites and ooids, with sparry overgrowths.
Some oncolites are fragmented and largely
replaced by dolomite rhombs. Stylolites and
late-stage spar veins are also observed. In ad-
dition, directly north of Tekekara Dag, a dis-
rupted sheet of well-bedded calciturbidites
passes stratigraphically upwards into thinly
bedded dark grey ribbon chert, similar to units
exposed within the Lower Triassic Gerence
Formation (as redefined here; Fig. 2.10). North
of Ildir, a block of Upper Silurian limestone
includes siliceous tuff, and nearby siliceous tuffs
(at Ildir Fatih College) are reported to contain
limestone intercalations with Silurian or
Devonian ostracods (Kozur 1995).

The coastal section between the southern
end of Gerence Bay and Reisdere-Ildir and
south of Ildir (Fig. 2) includes widespread
Lower-Middle Carboniferous limestones,
including the Serpukhovian-Bashkirian aged
Alandere Formation (> 300 m thick) of Erdo-
gan et al (1990). Dating by Kozur (1995, 1997)
suggests that the more basinal facies are Early
Carboniferous, (his D6s,emealti Formation),
whereas shallow-water limestones are Middle
Carboniferous (Serpukhovian and Bashkirian,
i.e. latest Visean) in age. However, no lower
boundary is exposed and the unit is only
patchily exposed in the south. Where well ex-
posed along the coast at the southern end of
Gerence Bay (Fig. 2.11), the succession is
mostly gently inclined but very technically dis-
rupted, locally folded, inverted and cut by
numerous faults and shear zones with spar-
filled tension gashes. In places, the limestones
are broken into tectonic blocks and breccia,
with a buff silty matrix, but with little or no
lateral stratal continuity. Even intact units show
layer-parallel extension (Fig. 6c). Associated
turbiditic sandstone and mudstone are tectoni-
cally juxtaposed with limestone and do not
form part of a single intact succession. Meso-
scale isoclinal folds locally verge northwest or
north-northwest (e.g. Fig. 2.11).

The following Lower Carboniferous litho-
facies are depositionally intercalated where
well exposed in coastal sections, but cannot be
placed in stratigraphic order because of tectonic
disruption. (1) Medium-bedded to massive, dark
grey limestones, locally very fossiliferous
(including crinoids, bivalves, brachiopods,
corals and bioclasts), interbedded with dark
grey to black, finely laminated wackestones
(Fig. 2.11 and Fig. 6b), gastropods with rare
quartzite and calcareous sandstone clasts. The
interbedded laminates contain minor black re-
placement chert and are very bituminous, giving
off a fetid odour when split. (2) Medium- to

thick-bedded massive calcarenite, with minor
replacement chert, locally channelized down
into facies (1) above. (3) Thin- and medium-
bedded calcareous sandstone and quartzose
sandstone showing sedimentary structures (e.g.
grading and micro-cross-lamination) indicative
of turbiditic deposition, and locally with small
dark chert(?) and carbonate fragments (e.g. Fig.
2.11). (4) Buff coloured mudstones (up to 0.6 m
thick; Fig. 2.11) are interbedded with the above
limestones and sandstones.

The redeposited Lower Carboniferous lime-
stones (e.g. calciturbidites; Fig. 2.11) are pack-
stone with recrystallized fragments of shells,
algae, crinoids, echinoderms, gastropods, mol-
luscs, benthic foraminifera, micritic grains,
ooids and scattered quartz grains set in a coarse
spar cement. Interbedded sandstone is com-
posed of angular to subrounded grains of
plutonic quartz, quartzite, limestone bioclasts,
crystalline limestone, folded micaschist (with
strain-slip cleavage), green chlorite, feldspathic
lava, chert, black siltstone, muscovite and
plagioclase. In contrast, non-redeposited mass-
ive limestones (e.g. near Ildir) include pack-
stone with numerous quite well-rounded
oolitically coated grains of quartz, quartzite,
rare schist, reddish recrystallized chert, micac-
eous sandstone and altered volcanics, together
with common benthic foraminifera, pisoliths,
algae and ooids.

Further southwest (c. 1 km southwest of Ildir,
near Reisdere; Fig. 2.12), thick-bedded to mass-
ive neritic crinoidal limestones are rather poorly
exposed beneath Neogene volcanic-related
units. The limestone is locally a breccia with a
buff muddy matrix and is cut by small fissures
filled with pink carbonate.

Black chert. The chert is ribbon radiolarite, with
beds of massive chert (< 20 cm thick), separated
by dark grey shaly partings, from which Kozur
(1995) extracted Silurian-Lower Devonian and
Lower Carboniferous radiolaria. Sandstone, or
other, interbeds were not observed within the
ribbon chert. The chert comprises densely
packed radiolarians, partly replaced and infilled
by chalcedonic quartz, set in a matrix of micro-
crystalline quartz and fine terrigenous silt with
fine quartz and sericite. In the structurally lower
parts of the melange, the black chert is com-
monly very highly sheared and intersliced with
coarse turbiditic sandstone (e.g. Fig. 2.3). In
places, contorted chert passes laterally into
tectonic chert breccia, with angular clasts
< 0.6 m in size (e.g. Fig. 2.3), set in a sandstone
matrix. The chert is also commonly deformed
into medium-scale chevron folds (Fig. 2.13).
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From its brittle, competent style of deformation,
it is clear that the chert was fully lithified before
being technically incorporated into an incom-
petent matrix. The chert becomes more abun-
dant in structurally higher levels of the melange
in the east (e.g. tdecik Qesme; Fig. 2.14), where
it forms sheared, disrupted units up to several
tens of metres thick and is laterally continuous
up to several hundreds of metres.

Volcanic rocks. Volcanic rocks are observed in
two main areas. Along the coast on the northern
side of Karareis Bay (Fig. 2.3 and 13), altered
intermediate-basic extrusives are present as
subrounded elongate blocks of aphyric, or feld-
spar-phyric, massive to locally pillowed lava.
These lithologies are spatially associated with
blocks and lenticles (< 10 m in size) of chevron-
folded black and grey chert, set in a matrix of
very highly sheared shale and turbiditic sand-
stone. Further south, near Ildir (Fig. 2), Kozur
(1995) reported silicic volcaniclastic sediments
(keratophyric tuffs) associated with Silurian
limestone and interpreted the volcanics as Silur-
ian in age, although Erdogan (pers. comm.)
regards these as thrust intercalations of Triassic
volcanics.

Sandstone-shale matrix. Sandstone and shale
form the matrix of the Karaburun Melange.
The sandstones are clearly turbidites, based on
occurrences of grading, cross-lamination, con-
volute lamination, flute casts, shale rip-up clasts,
slumping and synsedimentary deformation (e.g.
Fig. 2.3). Dips are variable but are generally
steeply inclined towards the east. Successions
are mainly the right way up, implying generally
eastward facing, but are locally inverted. Shales
are commonly highly sheared with an 'argile
scagliosa' (i.e. scaly clay) texture (e.g. Fig. 2.13
and Fig. 6d). Medium-grained sandstones con-
tain plutonic quartz, folded mica schist, amyg-
daloidal basalt, muscovite, plagioclase, minor
blue chlorite, black siltstone and common
grains of basic extrusive igneous rock.

Three types of matrix are observed at differ-
ent structural levels of the melange. First, the
metamorphosed sandstone (lower unit) is very
sheared, with a schistosity picked out by musco-
vite. Large quartz grains show incipient fusion
with a fine-grained quartzose matrix. Sand-
stones in the mid part of the melange are
strongly intersheared with black ribbon chert
and local volcanics. Some sandstones in the
higher part of the melange, although sliced, are
more laterally continuous (up to hundreds of
metres) and include rare pelagic limestones and
calciturbidites of Early Triassic age, based on

foraminiferal occurrences (Konuk 1977; Erdo-
gan et al 1990).

There are also occasional thicker beds
(< 3 m) of pebblestones (e.g. Fig. 2.3 and 13)
and rare channelized conglomerates, up to
several tens of metres thick and several hun-
dreds of metres long (e.g. Fig. 2.8 and 10).
Bedding in the conglomerates varies from near
vertical to subhorizontal (e.g. Fig. 2.8). Super-
ficially, these conglomerates appear to be blocks
but on closer inspection are seen to pass later-
ally and vertically into typical siliciclastic turbi-
dites. The clasts within them are mainly
subangular to angular (to locally well rounded),
composed of black chert, or siliceous siltstone,
quartzite and schist (e.g. Fig. 2.3), set in a muddy
matrix (Fig. 6e). One conglomeratic unit (Fig.
2.8) is a debris flow deposit mainly composed of
subrounded black chert clasts, up to 0.25 m in
size, set in a silty matrix. Many of the medium-
bedded, and thinner, sandstones are strongly
sheared and show classic phacoidal textures
(e.g. Fig. 2.3).

Dating of the matrix is problematic for two
reasons: (1) Kozur (1995, 1997) dates the
'matrix' based mainly on intercalations of lydite
(black chert) and pelagic limestone; however, in
this study, the cherts and limestones were seen
to be thrust bounded (layer-parallel shears) and,
thus, do not date the actual melange matrix; (2)
Lower Triassic 'matrix sediments' identified by
Erdogan et al. (1990) may be thrust into the
melange, as suggested by contrasting (lower)
conodont maturity indices in these sediments
(Kozur 1995,1997).

Interpretation of the Karaburun Melange

The Karaburun Peninsula is interpreted as a
melange of Palaeozoic exotic blocks, mainly
limestone, radiolarian chert, extrusives and vol-
canogenic sediments set in a matrix of mainly
siliciclastic turbidites and shale. An original
succession can be inferred by comparison of
individual blocks. Silurian and Devonian lime-
stone blocks record a pelagic, basinal setting,
with input from an adjacent continental margin
made up of mainly quartzo-feldspathic rocks.
The succession included subordinate silicic-
intermediate composition volcanics and vol-
caniclastics dated as Silurian by Kozur (1995,
1997), although some of the volcanics could be
Early Triassic in age and sheared into the
melange.

Lower-Middle Carboniferous limestones are
mainly redeposited facies and comprise calcitur-
bidites and quartzose turbidites within finely
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laminated, deep-water, organic-rich calcareous
muds. Kozur (1995,1997) reported radiolaria in
this Lower Carboniferous succession. The lime-
stone is strongly folded and brecciated, and does
not represent a single intact succession, but is
instead a highly disrupted thrust sheet and as-
sociated blocks within the Karaburun Melange.
The presence of Middle Carboniferous shallow-
water carbonates (Alandere Formation), poss-
ibly locally extending to the Lower Permian
(Garrasi & Weitschat 1968), indicates input
from an adjacent carbonate platform. As depo-
sitional contacts between deep- and shallow-
water facies are rarely preserved, it is possible
that the older basinal and younger neritic car-
bonates represent blocks derived from carbon-
ate platform, slope and basinal facies. In
addition, the black cherts could have been
underlain by oceanic crust that is not preserved.

The siliciclastic matrix sediments are mainly
turbidites, probably deposited in a deep-marine
setting. Some sandstone turbidites (lithic sand-
stones and greywackes) are interbedded with
the Middle Carboniferous basinal succession
and others with Lower Triassic pelagic carbon-
ates, but most units are bound by sheared
contacts and remain undated. The lenticular
conglomerates are interpreted as remnants of
channels, probably in a deep subaqueous set-
ting. The main source of larger clasts was
lithified black chert and black siltstone, similar
to block lithologies within the melange.

Mesozoic platform successions of the
Karaburun Melange

The Karaburun Melange is overlain by a suc-
cession dominated by Mesozoic platform car-
bonates, up to 3 km thick, forming the Akdag
Mountains of the central northern Karaburun
Peninsula (Philippson 1911; Brinkmann et al
1972). The succession, as preserved in the
lowest exposed structural unit and an overlying
thrust sheet, begins with basinal pelagic carbon-
ates, siliceous and volcaniclastic sediments with
local volcanics and Mn deposits (Gerence For-
mation: 150-500 m thick), and passes up into
Middle Triassic (Anisian)-Upper Cretaceous
platform carbonates, albeit with discontinuities
(Fig. 4). Here, the Early Triassic, Late Triassic-
Early Jurassic and Late Cretaceous intervals are
focused on, which are critical to tectonic in-
terpretation of the region.

Lower Triassic basinal facies. The succession in
the Lower Triassic Gerence Formation is well
exposed in the lowest structural unit, seen along

the coast of Gerence Bay (Fig. 2). In the north-
west, Lower Triassic facies beneath the Meso-
zoic carbonate platform, including volcanics,
were placed in the uppermost part of the
'Karareis Formation' by Erdogan et al (1990),
but are here included within the Gerence For-
mation.

Erdogan et al (1990) reported that the Lower
Triassic Gerence Formation unconformably
overlies the Middle Carboniferous Alandere
Formation, 2 km northeast of Ildir (Fig. 2).
Karstic weathering and ferruginous oxidation
beneath the Lower Triassic limestone indicate
subaerial exposure. Elsewhere (east of Reis-
dere), the Alandere Formation is depositionally
overlain by thinly bedded limestones with intra-
formational breccias and chert intercalations
(Erdogan et al 1990). Kozur (1995) reported a
contact on the east side of Gerence Bay (Fig. 2)
where karstified Upper Carboniferous lime-
stones are overlain by a basal conglomerate
with limestone pebbles in an argillaceous
matrix, overlain by dolomite, then Scythian
limestone. North of Gerence Bay, the contact
between Palaeozoic lithologies of the melange
(e.g. black chert) and an overlying intact Lower
Triassic volcano-sedimentary succession was
observed to be strongly sheared and folded
(e.g. Fig. 2.14; tdecik £es,me). In summary, the
contact between the melange and the overlying
Lower Triassic platform succession is inter-
preted as a sheared unconformity.

In contrast to the Karaburun Melange be-
neath, several lines of evidence indicate that
the Gerence Formation is an intact stratigraphi-
cal unit: (1) bedding is mainly gently inclined
parallel to the overlying intact Middle Triassic
platform carbonate succession; (2) exposures
show considerable lateral stratigraphical and
structural continuity, especially in the south; (3)
the unit is less deformed by shearing than the
underlying Karaburun Melange, except near the
contact in the north, where the succession is
strongly folded, faulted and sheared, with local
phacoids; and (4) fossil evidence indicates
upward younging (Erdogan et al 1990).

The Karaburun Melange is locally overlain
(e.g. Fig. 2.16), with a poorly exposed sheared
contact, by lava breccias and hyaloclastite, pass-
ing upwards (after an interval of no exposure)
into a thickening- and coarsening-upward suc-
cession of calciturbidites, then into a Middle
Triassic carbonate platform succession (Fig.
5a). The calciturbidites contain small sub-
rounded, partly recrystallized, fragments of
micrite, shells (including Daonella), echino-
derms and algae in a micritic matrix packed
with calcified radiolarians and scattered pelagic
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bivalve shells. Further south (Fig. 2.17) a
relatively coherent succession begins with
ribbon radiolarite, followed by plagioclase- and
pyroxene-phyric andesite, green 'tuff, andesitic
'tuffaceous' conglomerate, cherty limestone
(grey-buff with replacement chert) and red and
black radiolarite, locally manganiferous (MnO
up to 51.61%; Pickett 1994), overlain by well-
bedded, dark grey, steeply dipping, graded
calciturbidites (in beds up to 1 m thick) and
fissile shale. Alternating laminae of radiolarian-
rich limestone and shelly packstone were
observed in thin section. Folds, with north-
south axes, are locally west facing. Along the
coast of Gerence Bay (Fig. 2.18) the succession
is too technically disrupted to measure. Thin-
bedded limestones and calcareous shales
(< 15 m) locally pass upwards into pink, nodu-
lar, ammonite-bearing pelagic limestones, inter-
bedded with reddish calcareous shales, locally
containing lenticles of replacement chert. There
are also intercalations of medium-thick-bedded
turbiditic sandstones, including fine, medium
and locally coarse facies (limestone conglomer-
ates) with thin-bedded black chert and cherty
limestone. Elsewhere in the vicinity (Fig. 2.20)
the succession is more coherent, with thinly
bedded, nodular, concretionary, pelagic lime-
stone and buff calcareous mudstones (Ladi-
nian?), overlain by thick-bedded Middle
Triassic carbonates. A comparable succession,
including pink pelagic limestone, is seen in the
higher thrust sheet further east (Fig. 2.19).

Correlation of the above local successions
(Fig. 7) indicates the following composite suc-
cession: (1) pelagic limestones (locally of
Hallstatt type) and shales, (2) ribbon radiolar-

ites, lavas and volcanogenic sediments; and (3)
thickening- and coarsening-upward siliceous
calciturbidites (Late Anisian; Brinkmann et al.
1972). There is marked lateral facies variation,
with lavas and radiolarites being more extensive
in the northwest. The succession passes con-
formably upwards into Middle Triassic (Upper
Anisian) platform carbonates [Camibogazi For-
mation: Erdogan et al (1990)]. In addition,
within the higher thrust sheet in the east (4 km
north of Bahkhova; Fig. 2), Erdogan et al. (1990)
reported massive reef limestones, up to 50 m
thick, with coral, bryozoans and algae, again
passing upward into Middle Triassic limestone.

Vesicular volcanics from the upper part of the
Gerence Formation were analysed by X-ray
fluorescence (XRF) (Table la) and found to
range from andesitic to dacitic composition.
The samples are associated with red chert and
are overlain by Lower Triassic nodular dolo-
mite-mudstone and bedded limestone from the
road section north of Ildir. On mid-ocean ridge
basalt (MORB)-normalized diagrams (Fig. 8a),
the extrusives display a distinctive calc-alkaline
pattern, with large-ion lithophile (LIL) element
enrichment and high field strength (HFS)
element depletion relative to MORB. Nb is
depleted relative to Ce but is enriched with
respect to MORB; Ce is very enriched relative
to MORB and Ti is depleted. With the excep-
tion of Cr, the other HFS elements, i.e. P, Zr, Y
and Sc, are near to average MORB composition
(Pickett 1994).

Radiolarian chert horizons within the Lower
Triassic succession in the above area (Fig. 2.16)
locally contain ore-grade material and were
formerly mined for Mn (Erdogan pers. comm.).

Fig. 7. Detailed logs of the top of the latest Triassic-Liassic transition within the platform succession. The
quartzose sandstone intercalations are dated as Rhaetic (Erdogan et al. 1990). For locations see Fig. 2.
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XRF analysis of five samples of manganiferous
chert yielded MnO concentrations of 0.89-
51.61%; samples contained low values of Fe2O3

(< 2.6%), A12O3 (< 6%) and CaO (< 1.7%).
Trace element values are low with the exception
of Ba and Sr, which correlate with high MnO
values (Pickett 1994). The significance of these
results is that they indicate that volcanism was
associated with extensive hydrothermal activity
(see below).

The Middle Triassic carbonate platform unit.
The Lower Triassic Gerence Formation is
conformably overlain by the Middle Triassic
(Ladinian-Carnian) Camibogazi Formation
(500-> 1000 m thick), representing a thick,
competent unit that forms much of the moun-
tainous interior of the Karaburun Peninsula
(Brinkmann et al 1972; Fig. 2). An exposed
transition between the two formations was re-
ported locally in the south by Erdogan et al
(1990), e.g. along the Ildir-Barbaros road (Fig.

2.21). The Camibogazi Formation is dominated
by little deformed, massive to thick-bedded,
shallow-water platform carbonates, with algae,
benthic foraminifera, ostracods, crinoids and
gastropods. Mapping by Erdogan et al (1990)
shows that the succession is repeated within two
discrete thrust sheets above an exposed lower
unit (that could also be allochthonous).

The Upper Triassic-Lower Jurassic disrupted
platform succession. The Middle Triassic
platform passes conformably upwards into
dolomitic shallow-water carbonates of Late
Triassic (Norian-Rhaetic) age (Giivercinlik
Formation), exposed in each of the three tec-
tonic units, especially in the lowermost one,
widely exposed in the south (Erdogan et al.
1990; Fig. 2.22 - the Ildir-Barbaros road). The
carbonates include algal stromatolites, wacke-
stones with megalodonts (large bivalves) and
laminated dolomite. Neritic carbonates of the
Giivercinlik Formation are also intercalated

Table 1. Selected major- and trace-element analyses of extrusive rocks [from Pickett (1994)]

(a) Volcanics from the Karaburun Peninsula

Si02
A12O3
Fe2O3
MgO
CaO
Na20
K2O
Ti02
MnO
P205
LOI
Total

Nb
Zr
Y
Sr
Rb
Th
Pb
Zn
Cu
Ni
Cr
Nd
Ce
La
V
Ba
Sc

06/10/92
2a

61.14
14.62
6.10
0.98
5.27
2.59
2.746
0.786
0.085
0.165
5.68

100.15

10.5
131.8
24.3

164.3
87.3
7.3

10.8
82.2
14.9
7.4

15.7
29.6
61.4
22.9

207.3
400.9
28.2

06/10/92
2d

73.46
13.44
2.72
0.64
2.19
2.97
2.180
0.711
0.016
0.148
2.07

100.55

9.4
115.7
21.2

300.4
67.1
5.5
8.9

85.0
5.2
3.3

12.8
23.4
55.9
22.6

196.4
413.5
26.8

06/10/92
2e

62.93
13.82
7.67
0.85
4.58
1.42
2.828
0.743
0.106
0.143
4.86

99.94

9.3
119.7
22.5

171.3
94.3
7.6

10.2
88.5
16.1
6.8

15.8
22.6
50.4
22.4

224.9
538.7
32.0
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(b) Volcanics from blocks in the Chios Melange

Si02

A1203
Fe2O3
MgO
CaO
Na2O
K20
Ti02

MnO
P205
LOI
Total

Nb
Zr
Y
Sr
Th
Pb
Zn
Cu
Ni
Cr
Nd
Ce
La
V
Ba
Sc

C37

52.58
14.62
8.15
9.05
6.35
4.15
0.160
0.659
0.161
0.137
4.97

100.42

7.3
72.9
19.5
85.3
2.7
9.9

75.2
61.7

220.2
795.6

16.9
36.1
17.5

218.3
115.1
35.4

C40D

58.70
12.74
8.83
4.70
4.33
3.34
0.297
0.650
0.135
0.136
6.47

100.33

4.3
54.7
14.7

253.7
0.6
4.8

78.3
41.7
16.1
60.4
8.5

22.4
13.1

313.1
185.1
46.4

C45C

53.58
15.43
8.26
5.51
3.30
5.02
2.478
2.698
0.098
0.491
3.62

100.48

39.4
284.2
32.5

372.3
65.5
1.5

78.8
58.5
31.6
29.4
42.4
93.8
49.3

195.2
751.3

19.5

Analyses obtained by XRF method of Fitton & Dunlop (1985). LOI, loss on ignition.

with laterally discontinuous terrigenous clastic
sediments of Norian-Rhaetic age, as follows
(Fig. 7).

In the south, within the lowermost tectonic
unit (east of Ildir; Fig. 2.22), local successions
include c. 5 m of red mudstones, fine-medium-
grained quartzose sandstones and limestones,
with intraformational carbonate clasts. Individ-
ual clastic intervals, up to 1.4 m thick, are com-
posed of fine-medium-grained amalgamated
units. Occasional thicker intervals (up to 3 m
thick) are medium-grained, well-sorted, quart-
zose sandstone. These relatively incompetent
intercalations are sheared and folded, with
small-scale duplex structures. To the north
(west of Bahkhova; Fig. 2.23), thick-bedded
Norian limestone is overlain by several metres
of laterite, in turn overlain by sheared mud-
stone, sandstone, pebblestone and phacoids of
limestone, beneath an overriding thrust sheet of
Lower Triassic lithologies (Gerence For-
mation). A thrust plane cuts down-section
towards the north where the Upper Triassic
Glivercinlik Formation is technically removed.

Further south, in the same tectonic unit (near

Barbaros; Fig. 2.24), the Lias is again shallow-
water carbonate. However, the Rhaetic-Liassic
transition is marked by medium-thick-bedded
calcarenites, with subordinate limestone con-
glomerate, up to 2 m thick. Clasts are sub-
rounded to rounded and mainly composed of
limestone, with some black chert (< 2 cm in
size). The calcarenites comprise well-rounded
reworked neritic carbonate, quartz, schist and
chert, set in a micritic matrix, partly recrystal-
lized to dolomite.

In the northeast (Fig. 2.25), Erdogan et al
(1990) mapped a lower thrust sheet in which the
succession terminates in the Norian-Rhaetic
Platform carbonates (Gtivercinlik Formation).
Up-section, steeply dipping thick-bedded
Upper Triassic platform carbonates turn pink
and become increasingly brecciated (Fig. 6f).
Interstices between angular clasts are composed
of pink ferruginous oxide sediment that
becomes more abundant upwards. Several
metres of sedimentary limestone breccia
follow, with subangular clasts, then a reddish
palaeosol, 3-5 m thick with caliche followed by
c. 2 m of cross-bedded quartzose sandstone and
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conglomerate. A transition between tectonic
breccia and proximal sedimentary breccia is
seen locally. The sandstones are texturally and
chemically mature lithic sandstone with suban-
gular to subrounded grains of quartz, quartzite,
radiolarian chert (variably recrystallized), to-
gether with subordinate mica schist, dark silt-
stone and aphyric basalt. The overlying lateritic
sandstones include red radiolarite and other
mainly subrounded to well-rounded grains in a
ferruginous, calcareous matrix.

This intermediate-level tectonic unit is
mapped as being directly overlain by the Lower
Triassic (Gerence Formation) of the uppermost
thrust sheet, in turn passing depositionally
upwards into the Norian-Rhaetic Giivercinlik
Formation (west of 26 in Fig. 2 and southwest of
Mordogan). The top of the Upper Triassic suc-

cession passes depositionally upwards into
c. 30 m of soft-weathering calcareous mudstone
and sandstone. Sandstone beds are thin-to
medium-bedded (locally well cemented), pre-
serving excellent way-up criteria (grading,
channelized base of beds). These sandstones
are composed of detrital bioclasts (e.g. algal
micrite), reworked radiolarian chert, green
(chloritic) altered lava, minor plutonic quartz
and polycrystalline quartz, interbedded with
ferruginous siltstone. The sandstone is deposi-
tionally overlain by several metres of red
laterite, interbedded with thin-bedded sand-
stone. Stratigraphically underlying sandstones
are cut by contemporaneous karstic solution
hollows (several metres in diameter), infilled
with red lateritic sediment. Above this, the
Lower Jurassic carbonate platform succession

Fig. 8. MORE-normalized multi-element plots, (a)
Lower Triassic andesites from the Karaburun
Peninsula; (b) Palaeozoic(?) andesites from the hillside
of Kipouries, on Chios (Fig. 12.A); normalizing values
from Pearce (1982,1983). See Table 1 for representative
geochemical analyses.
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is initially rubbly and pinkish, and then passes
upwards into white, nearly massive, thick-
bedded carbonates.

The continuation of this Lower Jurassic suc-
cession is very well exposed along the coast
further southeast (Erdogan et al 1990; Fig.
2.27). This succession is dominated by classic
peritidal stromatolitic carbonates (largely dolo-
mitic), with excellent bird's-eye structure, well-
preserved megalodonts and cryptalgal lamina-
tion. Minor reddish rubbly zones indicate
periodical emergence. Towards the top of the
succession, the limestone contains megalodonts
and red stylolitic seams. A conformable Norian-
Early Jurassic transition is well exposed. The
lower part of the Lower Jurassic succession
contains prominent siliciclastic intervals.
Traced upwards, neritic carbonates become
rubbly, then pass into red laterite, sandstone,
mudstone, buff-brown coarse sandstone with
large-scale cross-bedding, conglomeratic trac-
tion deposits, FeO concretions, abundant
carbonized woody material and ferruginous
mudstone intraclasts. The conglomeratic layers
contain angular clasts of black chert and white
quartz up to 3 cm in size. The sandstones consist
mainly of highly strained, subrounded to angu-
lar quartz grains, displaying strong undulose
extinction. Rare schist and devitrified volcanic
grains are also present. The succession passes
upwards into poorly exposed sandstone and
mudstone, followed by a return to neritic car-
bonates, initially with thin (1 m thick) rubbly,
red lateritic intercalations, marking the base of
the 'Cladocoropsis limestones' of Brinkmann et
al (1972).

Jurassic-Cretaceous platform deposition. During
the Lower Jurassic-Lower Cretaceous, carbon-
ate platform deposition resumed (Nohutalan
Formation) but successions are relatively thin
(several hundred metres). As seen in a southerly
exposure (Fig. 2.26), the Liassic-Lower Cre-
taceous succession (Nohutalan Formation;
> 500 m) comprises monotonous thick-bedded
limestones, with local cherty nodules and reef
limestones in the upper part of the succession,
together with a hiatus in the Late Jurassic and
lateritic horizons in the Albian (Erdogan et al
1990).

Late Cretaceous demise of carbonate platform.
Detailed mapping by Erdogan et al (1990)
demonstrated the existence of an low-angle
unconformity at the base of an Upper Cre-
taceous succession in the east (Bahkhova area;
Fig. 2.29). In places, the Upper Cretaceous is
mapped as resting directly on the Lower Triassic

(Gerence Formation). A comparable uncon-
formity is reported within a large block forming
part of the Bornova Melange on the mainland
further east (Okay & Siyako 1993). Obser-
vations during this study revealed that the
Upper Cretaceous succession is very disrupted
and partly forms detached blocks within Maas-
trichtian turbidites. One outcrop of Upper Cre-
taceous neritic limestone, exposed directly west
of Bahkhova old village (Fig. 2.30), shows a
transition from well-bedded Upper Cretaceous
limestone, with pinkish calcarenitic and pebbly
intercalations, to 35 m of pinkish nodular
pelagic limestones with Globotruncana, of Cam-
panian-Maastrichtian age (Bahkhova For-
mation). These limestones, in turn, pass into
mudstones and medium-bedded siliciclastic tur-
bidites, dated as Maastrichtian-Danian (up to
300 m). On the mainland, further east (Savas-
tepe area), onset of pelagic carbonate depo-
sition apparently occurred earlier, suggesting
progressive collapse of the platform from east
to west (Okay & Siyako 1993).

The Bornova Melange. In the northeastern
Karaburun Peninsula (near Kalecik; Fig. 2.31-
33 and 35), the Mesozoic Karaburun Platform
has disintegrated into blocks up to several kilo-
metres in size, mainly composed of Lower
Triassic limestone. These are set within sheared,
medium-thin-bedded, partly lithified, litho-
clastic sandstone turbidites and mudstones, lo-
cally interbedded with thin-bedded chalky
pelagic limestones, with Campanian planktonic
foraminifera and laminated chalky calciturbi-
dites. Near their edges, blocks of competent
Karaburun Platform rocks are sheared, veined
and brecciated. For example, in quarries west of
Bahkhova (Fig. 2.19), Upper Cretaceous neritic
limestone is fragmented into blocks, tens of
metres in size, embedded in calcareous turbi-
dites. Quartzose sandstone beds, up to 0.45 m
thick, are interbedded with reddish and brown-
ish calcareous mudstone. Turbiditic sandstones
locally abut directly against disrupted Upper
Cretaceous limestone.

The melange matrix includes numerous poly-
mict debris flows, with clasts of red radiolarite,
quartzite, pink pelagic limestone, basic extru-
sives (up to 5 m in size), serpentinite and other
ophiolite-derived rocks (e.g. Fig. 2.34). Most
clasts are < 30 m in size and commonly highly
sheared. Where unoxidized in new road cut-
tings, the mudstone matrix is black and rich in
fine plant material. The sandstones are grey and
often phacoidally deformed. Shear fabrics in the
matrix are commonly relatively gently inclined.
The sandstones comprise angular to subangular
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clasts of plutonic quartz, metamorphic quartz,
quartzite, radiolarian chert (in various states of
recrystallization), mica schist, quartzose and
micaceous siltstone, rare chloritized lava, biotite
and muscovite set in a calcite spar matrix. In the
northwest, the basal thrust of the Bornova
Melange cuts downwards into the Karaburun
Melange (Fig. 2.34) and blocks of black chert
and Upper Palaeozoic (Lower Devonian)-
Lower Triassic limestone (Erdogan et al 1990)
are incorporated into the melange.

Interpretation ofMesozoic Karaburun
carbonate platform and overlying
melange

In the southwest, the Karaburun Melange is
unconformably overlain by a Lower Triassic
basinal succession (Gerence Formation). The
Middle Carboniferous succession, dismem-
bered as a thrust sheet (Alandere Formation)
within the melange, was emergent and karsti-
fied before being overlain by Lower Triassic
facies. Elsewhere, the contact between the
melange and the overlying (parautochthonous)
Lower Triassic succession is strongly sheared.
Above this, an upward passage over a short
interval (tens of metres) into pelagic lime-
stones, red radiolarian cherts and andesitic
volcanics, suggestive of rapid deepening during
the Scythian, is followed by overall shallowing
upwards. The relative abundance of volcanics
and radiolarian cherts increases northwards,
suggesting the existence of deeper water and
more distal conditions in this direction. Else-
where, reef carbonates in the easterly (higher)
thrust might represent a carbonate build-up on
a horst. Localized manganiferous cherts are
indicative of hydrothermal activity in a bathyal
environment, probably associated with submar-
ine volcanism (e.g. Robertson & Degnan
1998). A similar origin was also proposed for
Mn-rich deposits above Triassic lavas in the
Antalya Complex in southwest Turkey and for
other Neotethyan Mn-cherts (Robertson
1981).

The implied subduction-influenced character
of the volcanics must be treated with caution, as
inferred Silurian volcanics from the Chios Mel-
ange (see below) show a similar subduction
influence and might thus reflect magmatism
influenced by subduction in the Palaeozoic or
even earlier, rather than coeval with Early
Triassic subduction.

The overlying Middle Triassic (Ladinian-
Carnian) platform limestones record tectonic
subsidence (Camibogazi Formation). The

overlying Norian-Rhaetic interval (Giivercinlik
Formation) displays characteristic features of
intertidal-supratidal flats (e.g. birds-eyes, cryp-
talgal laminae) and back-reef lagoons, typical of
the fenestral, dolomitic limestones of the Alpine
Triassic 'Loferites' (Fischer 1964). Dolomitic
micrite layers could represent tidal-channel
levee deposits, with the dolomite probably
being penecontemporaneous. Reef carbonates
are absent in the successions studied.

The platform periodically became emergent,
leading to development of laterite, palaeosols
and karst. The local lenses of red sandstone may
represent channel fills in a fluvio-deltaic setting.
An abundance of woody plant material indi-
cates that the emergent source landmass was
densely vegetated. The high textural and chemi-
cal maturity of the sands is suggestive of
recycling of quartzose metamorphic rocks,
cherts and siltstone, presumably from the sub-
jacent Karaburun Melange, but input was solely
from the underlying Triassic succession in one
area studied (Fig. 2.25). The fact that platform
carbonate beneath laterite and sandstone at one
locality (Fig. 2.25) is brecciated, with clasts
being reworked in an overlying conglomerate,
suggests that the emergence was related to
contemporaneous faulting. At this locality, sedi-
mentary structures are suggestive of gravity
deposition within a small tectonically controlled
basin.

Two alternative explanations for the earliest
Jurassic emergence and clastic deposition are:
(1) rejuvenated crust al extension causing block
uplift and erosion; and (2) compression (or
transpression) inverting older basement rift
faults. Similar uppermost Triassic-lowest Juras-
sic elastics occur throughout the northern
margin of the Tauride-Anatolide Platform (e.g.
Anamas Dag) and have been related to a
'Cimmerian' compressional event with reported
evidence of thrusting (Monod & Akay 1984).
This latest Triassic-earliest Jurassic event was
approximately coeval with deformation of the
Karakaya Complex further north and the elas-
tics of Karaburun (and Chios, see below); it
could therefore represent a far-field echo of
tectonic emplacement of the Karakaya Com-
plex.

Shallow-water platform conditions resumed
in the Early Jurassic-Early Cretaceous (Nohu-
talan Formation), with dolomites, patch reefs
and hiatuses related to relative sea-level change.
The mapped unconformity beneath the Upper
Cretaceous (Campanian-Maastrichtian) suc-
cession (Balikhova Formation) is then inter-
preted as the result of uplift and erosion related
to transition from a passive margin to a thrust
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belt. A similar transition to a foredeep occurred,
e.g. in Oman prior to overthrusting by nappes in
the Late Cretaceous (Robertson 1987). In
Oman, the erosional unconformity locally
reached the Permian of the platform succession.
A similar deepening-upward transition from
neritic to pelagic carbonate is seen in Kara-
burun.

During the Maastrichtian-Danian, the Kara-
burun carbonate platform broke into blocks
incorporated into the Bornova Melange. The
Bornova Melange represents a sedimentary
melange of Maastrichtian-Danian age, with
blocks of mainly Mesozoic Neotethyan litholo-
gies, including abundant radiolarian chert, set in
a basinal siliciclastic turbiditic matrix. The
radiolarian chert and basalt clasts are assumed
to have been accreted during subduction of
oceanic crust before being incorporated into
the Bornova Melange. There are also exten-
sively studied blocks of Upper Silurian-Lower
Devonian limestones with coral near Kalecik
(Gusic et al 1984). These blocks may be re-
cycled from the Palaeozoic Karaburun Mel-
ange.

Erdogan et al (1990) mapped the Karaburun
carbonate Platform as two main, tectonically
repeated, thrust sheets above a lower unit (that
could itself be allochthonous). Large-scale cut-
ting downwards in the stratigraphy towards the
west, combined with mainly west and northwest
vergent folding, especially within the incompe-
tent Rhaetic sandstones and mudstones, suggest
that tectonic transport was towards the west
with respect to present geographical coordi-
nates. This thrusting was coeval with, or post-
dated, formation of the Bornova Melange in
latest Cretaceous-Palaeocene time. In places,
thrusting exploited lithological contrasts at the
base of the Lower Triassic coherent succession
(Gerence Formation) and also incompetent
Rhaetic clastic intercalations, in contrast to
very competent neritic limestones above and
below.

The island of Chios

The island of Chios (Fig. 9) consists of an
underlying 'autochthonous' unit and an over-
thrust 'allochthonous' unit (Herget & Roth
1968; Besenecker et al. 1968, 1971). The lower
unit is a deformed Palaeozoic thick unit, > 3-
4 km, with 'olistoliths' of Devonian, Silurian
and Carboniferous limestones up to hundreds
of metres in size (i.e. the Chios Melange', Table
1). During this study, detached blocks, princi-
pally limestone, black chert and volcanics,

were identified within a matrix of siliciclastic
turbidite, occasional carbonate debris flows,
rare calciturbidites and channelized conglomer-
ates. Early workers interpreted this unit as a
Palaeozoic layer-cake succession, with Lower-
Middle Silurian, Lower Devonian and Lower
Carboniferous lithologies (Ktenas 1921, 19230,
b\ Paekelmann 1939; Teller 1980; Besenecker et
al 1968,1971; Kauffmann 1969). The melange is
unconformably overlain (with a locally sheared
contact) by Lower Triassic radiolarian chert,
basinal siliciclastic and volcanogenic rocks
which pass upwards into a Lower Mesozoic
carbonate platform succession. The overthrust
exotic unit in the northeast of the island consists
of Permian shallow-water carbonates, overlain
by Lower Jurassic shallow-water terrigenous
and calcareous sediments (Fig. 10). Permian
lithologies are not known elsewhere on the
island.

The Chios Melange
This is dominated by deformed quartzose sand-
stone and shale, with blocks of limestone, vol-
canic rocks and chert set within a sheared
mainly siliciclastic matrix (Papanikolaou &
Sideris 1983). The melange forms an eastward
dipping stack of folded sandstone and shale,
with four (named) major horizons of large
blocks of Palaeozoic limestone and volcanics
(Fig. 11), interpreted as sedimentary olistoliths
with olistostromes by Papanikolaou & Sideris
(1983). Well-preserved sedimentary way-up
structures within the clastic sequence allow the
recognition of predominantly west verging
folds, locally displaying overturned limbs.
Folded shales interbedded with the sandstone
also display asymmetry towards the west. In-
tense shearing is also commonly observed,
giving rise to classic phacoidal fabrics seen in
tectonic melange and slice complexes.

Blocks within the melange. Limestone blocks
(metres to kilometres in size) within the mel-
ange range in age from Silurian to Early Car-
boniferous, with a predominance of older
(i.e. Silurian-Devonian) limestone blocks in the
uppermost melange unit (e.g. at Agrelopos)
and younger (i.e. Carboniferous) blocks in the
lowest unit (e.g. at Melanios; Papanikolaou
& Sideris 1983; Fig. 12). The uppermost mel-
ange unit is well exposed near Kipouries
(Fig. 12.A), where it contains numerous lime-
stone blocks many tens of metres across, in a
quartzitic conglomerate matrix. Further north
(near Kampia; Figs 12.B and C and Fig. 13),
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limestone up to 500 m thick forms numerous
blocks for several kilometres along-strike, to-
gether with numerous additional blocks (e.g.
volcanics), set in a sheared siliciclastic matrix
(Agrelopos Limestone and Kefala Volcanics;
Fig. 16a).

Lithologies within the limestone blocks in-
clude limestone breccia (Fig. 16e) with fine-
grained, marly matrix material, grey and pink
micrite, marly limestone and limestone con-
glomerates. One block from the Agrelopos unit
(2 km southwest of Kipouries; Fig. 12.A), con-
sists of crinoidal, coralline and oolitic fragments
with laminated micrite interstices, possibly rep-

resenting lithified reef talus. Limestone blocks
are commonly mantled by up to 10 m of lime-
stone breccia. Laterite-filled fissures, up to 3 m
wide, cut the limestone and surrounding lime-
stone breccias, but not adjacent quartzitic con-
glomerates. Seams and patches of fine-grained
marly material cut across laterite fissures, but
terminate against the quartzitic conglomerate.
The contact between quartzitic and limestone
conglomerate is marked by a ferruginous crust.

A large limestone block c. 1 km southwest of
Kampia (Fig. 12.C), dated as Silurian-Early
Devonian (Papanikolaou & Sideris 1983), is
locally karstified and cut by laterite-filled

Fig. 9. Geological map of Chios modified after Besenecker et al. (1968). Note the location of the Chios Melange
in the northwest of the island; also the occurrence of klippen of Carboniferous-Liassic shallow-water
sedimentary rocks (allochthon). Locations mentioned in the text are indicated.
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Fig. 10. Schematic stratigraphical successions through the relatively autochthonous lower unit and the
allochthonous upper unit on Chios. Modified after Papanikolaou & Sideris (1992).

fissures (Figs 14 and 15). A laterite layer up to
10 m thick marks the base of the limestone
block and is the site of an old galena and
sphalerite mine (Papanikolaou & Sideris 1992).
Grading and load structures within interbedded
sandstones and shales beneath this limestone-
laterite block indicate that the sequence is over-
turned. Thin-bedded redeposited carbonate
horizons and smaller limestone blocks (up to
10 m across), also containing laterite fissures,
occur within conglomerates surrounding this
large limestone block. Elsewhere (e.g. near
Agrelopos), palaeokarst and galena-sphalerite

mineralization is associated with large limestone
blocks.

Volcanogenic blocks, some > 50 m in size, are
present in each of the four zones of exotic blocks
and are especially well exposed in the structur-
ally higher part of the melange, near Kipouries
(Fig. 12. A and Fig. 14). Successions within such
blocks are commonly volcaniclastics, with dark
green angular clasts up to 10 cm in size, rich in
clinopyroxene phenocrysts (up to 3 mm across)
and vesicles (0.5-6 mm across). A lithologically
similar, but a larger, volcanic block west of
Kampia (Fig. 12.C and Fig. 13) preserves a
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Fig. 11. Cross-sections through the Chios Melange. Redrawn after Papanikolaou & Sideris (1992). Note the
presence of four main zones with numerous blocks of Palaeozoic limestone and associated volcanics.

Fig. 12. Geological map of the Chios Melange and the overlying Lower Mesozoic platform succession, showing
the ages determined for the exotic blocks and locations mentioned in the text. Map modified after Besenecker et
al (1971) and Papanikolaou & Sideris (1992).

> 200 m thick pyroclastic succession, including observed in the lowermost melange horizon,
volcaniclastics and a massive flow or sills. Blocks c. 1 km southeast of Melanios village (Fig.
of lava breccia ('agglomerate') are also 12.D).
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Fig. 13. Sketch section through the upper part of the melange (Agrelopos unit, southwest of Kampia; Fig. 12, C).
The Silurian limestones form a large block. Note that the associated sandstone and shale are inverted, suggesting
the presence of large-scale folding within the Chios Melange.

Eleven samples from three large volcanic
blocks from the hillside near Kipouries (Fig.
12.A) were analysed by XRF and shown to be
predominantly basaltic andesite to andesitic in
composition (Table Ib; Pickett 1994). The data
from one block, when plotted on MORB-
normalized trace element plots, exhibit
'humped' traces, showing considerable enrich-
ment in LIL elements and a gradual slope down
to Y and Sc (Fig. 8b, samples C45A-D). By
contrast, the samples from a neighbouring block
display a sharp trough in Nb and depletion of
Zr, Ti, Y and Cr relative to MORB (samples
C40B-D). Samples from a third block also
display relatively low Nb with depletion of
several (HFS) elements relative to MORB
(samples C37-C39).

Chert. Blocks of sheared black chert up to many
metres across (Fig. 16b), without associated
terrigenous sediment, are exposed within the
Chios Melange, mainly, in northeast Chios,
near Nagos Bay (Fig. 9.E). The chert is typically
in tectonic contact with sheared turbiditic sand-
stone and shale. Bedded chert is boudinaged,
chevron folded and highly sheared.

Terrigenous matrix. Many of the limestone,
chert and volcanic blocks are enveloped within
sheared turbiditic sandstone and shale, although
contact relations are rarely well exposed (Fig.
16d). Sedimentary structures observed in the
clastic sediment include normal grading, lami-
nation, cross-lamination, load casts, grooves,
prods, flute casts and plant fragments. Matrix

sandstone from the vicinity of large blocks of
limestone and lava in the upper melange unit
(Agrelopos unit, southwest of Kipouries; Fig.
9.A) is very poorly sorted lithic sandstone with
mainly subrounded to, locally, well-rounded
grains of quartz, polycrystalline quartz, basic-
silicic volcanics with rare micaschist, quartzose
sandstone and siltstone, cut by a spaced fracture
cleavage but without recrystallization.

Quartzitic conglomerates appear to form a
matrix to the large limestone and volcanic
blocks in some areas (e.g. Siderounta area; Figs
9 and 17), although it is possible that some of the
conglomerate outcrops may also represent
blocks. The quartzitic conglomerates are clast
supported and comprise rounded cobbles, up to
15 cm across, composed of arkosic sandstone,
acidic volcanic rocks, grey quartzite, white vein
quartz and micaceous quartzites (Fig. 16c). The
contacts between the limestone blocks and the
conglomeratic matrix are relatively diffuse, with
intervening zones of brecciated limestone and
calcareous conglomerate (up to several metres
wide). Polymict conglomerates containing sand-
stone, chert, limestone, green volcanic rocks and
reworked laterite are also well exposed near
Kampia (Fig. 12.B and C). Rounded cobbles of
quartzite, volcanics and chert there are identical
to those near Kipouries, and clearly appear to
form a matrix of large limestone and volcanic
blocks. The coarse quartzitic conglomerate
melange matrix appears to be confined to
horizons with large limestone and volcanic
blocks. Between the horizons of large limestone
and volcanic blocks, the succession is
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predominantly bedded sandstone and shale with
well-preserved sedimentary structures. Chro-
mite grains were identified within these sedi-
ments (Stattegger 1984), suggesting derivation
from ultramafic ophiolitic rocks not exposed in
the area. Predominantly southward palaeoflow
is indicated by flute casts near Potamia (Fig. 12),
supported by evidence of north-south groove
marks. In contrast, ripples and grooves from low
levels of the melange near Volissos (Fig. 12)
indicate east-west (bimodal) palaeocurrents
(Pickett 1994).

Fig. 14. (a) Logs through the upper part of melange
(Agrelopos unit, southwest of Kampia; Fig. 12.C);
overall succession through mainly volcaniclastic unit,
(b) Detailed log through an interval of heterogeneous
blocks. See Fig. 13 for location of logs.

Interpretation of Chios units

The Chios Melange comprises blocks of lime-
stone, extrusives, possible intrusives (sills), vol-
caniclastics and black chert set in a turbiditic
siliciclastic matrix (Papanikolaou & Sideris
1983). The dominance of Carboniferous lime-
stone blocks in the lower part of the melange
but Silurian blocks higher in the unit, show that
the melange cannot simply be a tectonically
disrupted stratigraphic succession. Instead,
many features typical of subduction-accretion
complexes are exhibited, including layer-paral-
lel extension competent blocks and radiolarian
cherts within a mainly pelagic turbiditic incom-
petent clastic matrix. The limestone blocks
originated in a shallow-water setting, including
coralgal reefs, whereas others are pelagic.

For the blocks near Kipouries (Fig. 12.A), the
following sequence of events is inferred. Firstly,
reef talus was lithified and subaerially exposed,
resulting in karstification, brecciation and
laterite formation. Later, this entire unit was
detached as a coherent block. Break-up of the
edges of the block led to fracturing and infilling
by marly material. The block was finally
emplaced in the melange, together with volcanic
blocks and quartzitic conglomerate. The thick
clast-supported conglomerates with well-
rounded clasts reflect deposition in a shallow-
marine, or fluvial, setting - possibly within a
major channel - without evidence of inter-
bedded gravity deposits. The conglomerates
are, therefore, likely to have become incorpo-
rated during initial detachment and subsidence
of blocks from a parent carbonate platform. The
limestone and volcanic blocks were detached
and mixed with conglomerate during formation
of the melange. A problem is the timing of
formation, as the matrix remains undated.

Pe-Piper & Kotopouli (1994) suggested that
the volcanics represent a relatively intact
Palaeozoic sequence that they correlated with
pre-Middle Permian extrusives on the island of
Lesbos (Hecht 1972; Katsikatsos et al 1982),
where sparse volcanics are exposed. The rela-
tive Nb depletion in two of the blocks analysed
during this study is suggestive of a subduction
component (Fig. 8b), but whether this is con-
temporaneous is unknown. In contrast, a sample
from one block displays a typical 'humped'
pattern of within-plate basalt (Pearce 1982,
1983). The volcanics might thus have originated
in more than one tectonic setting, a view sup-
ported by Pe-Piper & Kotopouli (1994) who
analysed a larger number of volcanic rocks
from the structural upper part of the melange
in which they also identified both subduction
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and within-plate components. In summary, the
Chios Melange represents a once intact
Silurian-Carboniferous carbonate platform suc-
cession with Silurian volcanics that was accreted
as blocks within a melange that includes
(undated) radiolarite and a terrigenous matrix,
locally with detrital chromite grains.

The Mesozoic carbonate platform of Chios

Northern Chios is dominated by Mount
Pelineon, which represents a north-south trend-
ing Triassic-Lower Jurassic carbonate platform
at its thickest extent. Successions were de-
scribed in detail by Fryssalakis (1985) and only
a brief summary is given here to allow compari-
son with Karaburun.

Clastic rocks at the base of the platform are
represented by a Scythian-Anisian basinal suc-
cession in the Mesorachi area (Figs 9 and 10).
The melange grades upwards through sheared
dark grey-green mudstone into intraformational
conglomerate, with chert fragments within
green-grey and red cherty mudstone. This con-
glomerate is interbedded with fine-grained
sandstone and mudstone, and then passes into
massive and thick-bedded clast-supported
conglomerates containing abundant rounded
white quartz clasts (1 mm to 3 cm across).
Other clast lithologies include sandstone, black
chert, green volcanic rocks, green mudstone and

conglomerate, up to 12 cm across. The con-
glomerate is also interbedded with red and
green mudstone and medium-coarse-grained
sandstone with traces of cross-bedding. The
conglomerates are laterally discontinuous and
grade into sandstone over a few metres. A
sandstone from within conglomerate near the
base of the platform succession (at Mesorachi;
Fig. 9.F) is poorly sorted lithic sandstone com-
posed of moderately well-rounded to well-
rounded grains of metamorphic quartzite, to-
gether with subordinate veined microcrystalline
chert, micaschist, rare quartzose siltstone and
sandstone, and scattered folded muscovite laths.

The conglomerates become matrix supported
upwards and pass into medium-grained sand-
stone, then into sheared green mudstone with
grey calcarenite lenses. The calcarenite then
turns pinkish and dolomitic, with red mudstone
partings, locally nodular (Lower Anisian Hall-
statt Fades: Besenecker et al 1968; Asserto et al.
1979; Fryssalakis 1985). This then locally passes
into intraformational conglomerate ('Bunte
Series'), dated as Early Anisian on the basis of
conodonts (Kauffmann 1969). The conglomer-
ate is reddish and contains angular dolomite
fragments in a muddy matrix. It is overlain by
red shales and cherts with bands of silicic con-
glomerate and pale tuff which, in turn, pass into
nodular limestone containing gastropods.

Elsewhere, Triassic silicic conglomerates,
very similar to those of the Mesorachi region,

Fig. 15. Field sketch (oblique view of hillside) of the upper melange unit (Agrelopos unit) southwest of
Kipouries (Fig. 12.A). Note the blocks of limestone and volcanics up to several hundred metres in size, in a
matrix of mainly quartzitic conglomerate.



Fig. 16. (a) Phacoidal block of limestone in a sheared shaly matrix (Agrelopos unit), Sgourou Nero area, (b)
Duplex structure is black ribbon chert ('lydite'). (c) Quartzose conglomerate, north of Siderounta. (d) Chacoidal
structure within sandstone and shale; road north of Volissos. (e) Limestone breccia associated with limestone
exotic; Sgourou Nero area, (f) Folded turbidites ('wildflysch') west of Delphini. Carboniferous-Upper Permian,
upper nappe.

are also exposed near Kipouries (Fig. 12.A).
Conglomerates containing fining-upwards
sequences and sharp bases are interbedded
with purple-grey sandstone. The conglomerate
is predominantly made up of clasts of opaque
white quartz (forming c. 80% of clasts) with
minor amounts of limestone, laterite and black

chert clasts. At the top of the logged section, the
conglomerate contains coarser bands. Thin-
section study reveals the presence of abundant
lithic grains, including devitrified porphyritic
andesite-dacite, glassy basalt, fine-grained sand-
stone, quartzite, mica schist and granodiorite.
The grains are surrounded by dark red to
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Fig. 17. Log of quartzose conglomerates north of
Siderounta (Fig. 9.G). Note also the clast types. These
conglomerates are interpreted as large channels
within the matrix of the Chios Melange.

opaque ferruginous material which also appears
as seams within some of the grains.

The Anisian, mixed 'Bunte unit' is overlain
by massive dolomites and algal limestones of
Ladinian age, marking the establishment of a
carbonate platform, > 1000 m thick. The over-
lying Carnian interval includes clastic deposits
(Fryssalakis 1985). The earliest Jurassic is
marked by emergence and non-marine clastic
deposition. Above, the Early Jurassic interval
includes at least three emersion horizons,
characterized by intercalations of conglomerate
and sandstone, together with bauxitic horizons
(Papanikolaou & Sideris 1992). Upper Jurassic
limestones are restricted to an isolated outcrop
of Cladocoropsis limestone (Besenecker et al
1968). Unconformably overlying Palaeogene
conglomerates are seen locally in southeastern
Chios.

The upper nappe ('Chios Allochthon') is
made up of mixed siliciclastic-carbonate sedi-
ments of Carboniferous-Early Permian age
(Kauffmann 1969; Fig. 16f), passing up into a
Middle Permian neritic succession with fusu-
lines, algae, corals and brachiopods (Baud et al
1991; Migiros & Sideris 1992). In turn, overlying
transgressive Lower Liassic elastics (conglomer-
ates, sandstones and siltstones), pass up into
Jurassic neritic limestones and dolomites
c. 300 m thick. South of the Mesorachi suc-
cession, in the east, near Delphini (Fig. 9),
Triassic limestone of the lower units is tectoni-
cally overlain by highly folded lithologies of the
overlying thrust sheet. Fold geometry in the
Carboniferous 'flysch' and overall thrust ge-
ometry is reported to indicate compression
from the northeast-southwest (Papanikalaou &
Sideris 1983), whereas local structural measure-
ments during this study, near Nagos (Fig. 9.E)
and west of Delphini (Fig. 9.H), indicate empla-
cement from the southeast to the northwest.
The Triassic limestone near the basal contact is
very folded and appears to be locally over-
turned. Box folds in the limestone are common
and may have been caused by back-thrusting
and pop-up as the limestone was detached along
the contact with the underlying melange.

Interpretation of the Chios Platform and
overthrust unit

The Triassic platform of Chios displays a well-
preserved basal section which indicates that
shallow-water carbonates became established
above a terrigenous clastic basement (Fryssala-
kis 1985). Although sheared, the basal elastics
appear to be a transitional unit between the
Chios Melange below and the overlying Triassic
succession (e.g. at Mesorachi; Fig. 9.F). The
probable explanation is that clastic sediment
was eroded from the melange during subaerial
exposure (Late Permian-basal Triassic?) and
that this was later sheared (during Early Ter-
tiary collision?) beneath the more competent
Mesozoic platform succession. After initial
marine transgression, pronounced deepening
upwards is suggested by the presence of over-
lying Lower Triassic cherts and red mudstones.
The presence of intraformational chert breccia
indicates reworking of previously lithified chert.
Also, fining-upward sequences within ter-
rigenous elastics are interpreted as coarse-
grained, relatively proximal turbidites (e.g.
near Kipouries). The clasts within the conglom-
erates and sandstones reflect both sedimentary
and volcanic sources. Common opaque white
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quartz may have originated as vein quartz.
Sedimentary structures are abundant and, at
Mesorachi (Fig. 9.F) and north of Siderounta
(Fig. 9.G), indicate southward directed flow in
present day coordinates, parallel to the trend of
the platform. However, more detailed studies
suggest an intricate local palaeogeography
(Fryssalakis 1985). Dolomites and algal lime-
stones at the base of the overlying Ladinian
carbonate platform succession indicate estab-
lishment of very shallow-marine conditions, fol-
lowed by emergence in the latest Carnian.
During Carnian-Norian time a relatively stable
carbonate platform developed, followed by im-
portant emergence and clastic deposition in
earliest Jurassic time. Summarizing, the Trias-
sic-Early Jurassic was marked by overall sub-
sidence, punctuated by emergence that was
probably tectonically controlled. In contrast,
the upper nappe records a Carboniferous-
Lower Permian succession that shows sedimen-
tary features suggestive of deposition from
turbidity or storm-influenced currents. The
succession then shallowed up into a Middle
Permian shallow-water carbonate platform.
This is unconformably overlain by Lower Jur-
assic clastic sequences passing into a Jurassic
carbonate platform.

The lower ('autochthonous') and upper 'al-
lochthonous' units of Chios differ strongly in
their Palaeozoic history. For example, the exotic
blocks in the Chios Melange were clearly not
derived from the upper unit platform, as Per-
mian blocks are absent; Triassic is absent from
the upper unit. The Permian of the upper
nappes is comparable with the Permian of the
Karakaya Complex further north (Fig. 2). How-
ever, no lower flysch succession is known there
and the Lower Jurassic cover is pelagic (Bilecik
Limestone) rather than neritic as in the upper
nappe (Okay et al 1991; Pickett & Robertson
1996). The upper nappe can also be compared
with the autochthonous basement of Lesbos
Island to the north, which includes Carbonifer-
ous siliciclastics and Permian neritic carbonates,
although Triassic lithologies are absent from the
upper Lesbos nappe.

Correlation of the Chios and Karaburun
units

The Karaburun and Chios Melanges are very
similar and can be correlated (Table 1);
Silurian-Carboniferous limestone blocks are
abundant in both melanges. Tectonically dis-
membered thrust sheets, or broken formation,
rather than isolated melange blocks are present

in both areas. Scattered exposures of the Alan-
dere Formation, south of Ildir, may mark a
horizon of Carboniferous limestone blocks, as
observed on Chios (e.g. at Agrelopos). Both
melange units contain similar siliciclastic sedi-
ments, black chert, black siltstone, limestone
and intermediate basic composition volcanics.
The lower schistose unit of Karaburun is not
exposed on Chios but is apparently similar to
metamorphics on the intervening island of
Oinoussai (Ktenas 1925; Fig. 9).

Taken together, the exotic blocks of Kara-
burun and Chios can be restored as Silurian,
Devonian-Upper Carboniferous (Lower Per-
mian?) successions. Terrigenous intercalations
(e.g. Lower Carboniferous of Karaburun)
suggest derivation from a metamorphic ^Pan-
African) basement. A Silurian age for at least
some volcanism is suggested by the close spatial
association of volcanics with large Silurian
blocks in the Agrelopos unit near Kampia (Fig.
12). Also, a Silurian age is inferred in Kara-
burun, where tuffs are associated with dated
Silurian limestone (e.g. Ildir, Fig. 2; Kozur
1995, 1997). The mainly subduction-influenced
chemical signature might then signify Silurian
subduction-related volcanism that was either
contemporaneous or inherited from some even
earlier (?Pan-African) magmatic event. The
presence of within-plate-type extrusives in both
Karaburun and Chios could relate to accretion
of seamounts, removed from the chemical influ-
ence of subduction. The possible Silurian setting
was a Palaeotethyan rift, followed by establish-
ment of a subsiding carbonate margin, passing
laterally into slope (calciturbites) and basinal
(radiolarian) facies, presumably overlying
Palaeotethyan oceanic crust. The presence of
laterites and karstic weathering (e.g. some Chios
blocks) points to periodical emergence and
weathering in a warm, humid climate. In gen-
eral, the Palaeozoic units could record a Palaeo-
tethyan passive margin succession, e.g. related
to a microcontinent within the Palaeotethyan
ocean, if not the main continental margin.

The structural style of both the Chios and
Karaburun melanges is similar; fold emergence
was mainly towards the west in both. Blocks
were possibly detached along zones of weakness
represented by the laterites. A relatively prox-
imal setting for break-up with respect to a
terrigenous source area is suggested by the
coarse siliciclastic conglomerates in the upper
part of the Chios Melange (Agrelopos unit, near
Kipouries). The Karaburun Melange was
strongly deformed after deposition of the Meso-
zoic platform succession, presumably in Early
Tertiary time. The platform was imbricated,



KARABURUN-CHIOS MELANGE 71

Triassic cover rocks were sliced into the mel-
ange, and the contact between the melange and
Mesozoic platform was strongly sheared. In-
ferred Tertiary deformation was less intense on
Chios where the Triassic platform cover on the
melange, although sheared, is more intact. The
upper nappe was presumably emplaced in the
Early Tertiary, after loss (?erosion) of the upper
part of a Mesozoic platform succession equiva-
lent to the complete Mesozoic platform suc-
cession of Karaburun.

Both the Karaburun and Chios Melanges are
overlain by Lower Triassic basinal successions,
including mudstones, radiolarites and volcano-
genie lithologies, whereas mainly tuffaceous
intercalations are exposed on Chios. Volcanics
are exposed in northwestern Karaburun. The
greater abundance of quartzose conglomerates,
sandstones and intraformational conglomerates
on Chios, compared to more pelagic Daonella

limestones and Ammonitico Rosso in western
Karaburun, suggests a relatively proximal set-
ting for the former area. The Late Triassic-
Early Jurassic intervals are similar in both
areas, with platform carbonate subsidence punc-
tuated by emergence and siliciclastic deposition.
On Chios, shallow-water carbonates are pre-
served only until the Early Jurassic, but in
Karaburun they extend to the latest Cretaceous.
Both areas underwent west vergent folding and
thrusting, which is dated as post-Maastrichtian
in Karaburun.

Alternative tectonic models for Chios
and Karaburun

The origin of the Karaburun and Chios Mel-
anges is clearly complex and a number of
alternative tectonic scenarios can be considered.

Fig. 18. Some alternative tectonic interpretations of the Karaburun and Chios Melanges: (a) as a layer-cake
succession of Ordovician(?)-Lower Permian(?) olistostromes (Kozur 1995); (b) as a highly deformed Triassic
rift unit; (c) as a Palaeotethyan (i.e. Permo-Triassic) accretionary complex; (d) as an accretionary complex
involving collision of a trench with a platform (microcontinent?) - favoured model.
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Olistostromes within a long-lived
deep-water basin (Fig. 18a)

Kozur (1995) interpreted the northwest Kara-
burun Peninsula as an intact, but deformed,
layer-cake succession of basinal siliciclastics,
extrusives and black cherts (lydites), together
with olistoliths of Silurian-Devonian age.
The blocks were periodically emplaced by grav-
ity sliding throughout this immense time
period. The relatively deformed and thermally
mature nature of the Palaeozoic lithologies
relates to 'Caledonian' or 'Hercynian' meta-
morphism in Kozur's view, and correlates with
the metamorphic succession of the Menderes
Massif (Diirr et al 1978, 1995; Akkok 1983;
Erdogan & Giingor 1992,1993). More recently,
Kozur (1997) envisaged an origin of the mel-
ange as an accretionary complex related to
southward subduction of an ocean between
Gondwana and Eurasia. He recognizes subduc-
tion-related olistostromes of numerous ages
and, thus, infers persistence of subduction be-
tween Late Silurian and Early Carboniferous
(punctuated by Early Devonian 'collision' to
explain the apparent absence of Middle
Devonian). On the other hand, slope facies,
including debris-flow deposits, could relate to a
passive carbonate margin slope, unrelated to
subduction in this model.

There are a number of problems with the
above olistostromal origin: (1) there is little
evidence that blocks were emplaced into con-
temporaneous Palaeozoic deep-sea sediments;
e.g. the Silurian-Devonian radiolarian cherts
(basinal) are not interbedded with olistoliths
(margin derived); (2) black cherts on both
Chios and Karaburun commonly exhibit
sheared contacts with associated siliciclastic
turbidites, suggesting the cherts were first lithi-
fied and only later tectonically juxtaposed; (3)
some matrix sediments on Chios were reported
to be Triassic in age (Papanikolaou 19845),
although this remains to be confirmed, and, in
Karaburun, matrix sandstones are locally inter-
bedded with Early Triassic deep-water lime-
stone (Erdogan, pers. comm.); (4) on Chios,
Carboniferous limestone blocks mainly occur
structurally lower in the unit than Silurian lime-
stone blocks (Papanikolaou & Sideris 1983),
ruling out a simple layer-cake-type succession
in which block lithologies were formed and
successively emplaced as olistoliths; (5) detailed
logging by the present authors shows that
successions within Palaeozoic units are more
deformed than suggested by Kozur (1995,
1997). Persistence of an unstable slope setting,

in a single tectonic regime, for > 150 Ma is
unlikely.

Rift setting (Fig. 18b)

The melange and the overlying basinal succes-
sions, including the volcanics of Karaburun,
were interpreted as a Triassic rift sequence
(Erdogan et al. 1990). In this model, Upper
Palaeozoic limestone and chert blocks slid from
the marginal to axial zones of a rift. The general
absence of Permian blocks might suggest that
related rift-shoulder uplift and erosion took
place at this time. The siliciclastic turbidites
would represent synrift, continentally derived
turbidites, together with local channelized con-
glomerates. The Lower Triassic basinal cover
sediments would then record the upper levels of
the rift succession, explaining why no basal
conglomerate is widely exposed and why
Lower Triassic deep-sea radiolarian sediments
occur directly above this melange.

The main problems with this model are: (1)
the thickness, estimated as 3-4 km on Chios and
> 2 km on Karaburun, is high for a synrift
sequence with no exposed footwall; (2) large
(up to hundreds of metres) blocks are present at
various levels in the melange and there is no
coherent overall stratigraphy (e.g. fining-
upwards succession); (3) a rift origin alone does
not explain the common evidence of intense
shearing, folding and thrusting of the melange,
in contrast to the overlying Mesozoic platform
succession of both Chios and Karaburun; (4) the
contact between the melange and the Lower
Triassic successions varies locally from a
sheared sedimentary gradation on Chios to a
shear zone, or unconformity, in Karaburun, thus
complicating an interpretation of these two as
parts of a contiguous rift-related unit. The pres-
ence of a sheared unconformity, seen on Chios
and Karaburun at the base of the Mesozoic
successions, suggests that the underlying mel-
ange is pre-Triassic in age; (5) comparable rift-
related successions of Late Permian-Middle
Triassic age, including siliciclastic turbidites,
calciturbidites, radiolarian cherts, pelagic lime-
stones and volcanics, occur widely elsewhere in
southwestern Turkey; e.g. in the Lycian Nappes
(Graciansky 1972; Collins & Robertson 1998,
2000) and the Antalya Complex (Gutnic et al.
1979; Robertson 1993). However, these rift
successions are all coherent lithostratigraphical
units with, at most, only minor detached and
related debris flow units, suggesting that rifting
alone is not a viable process to form the Chios
and Karaburun Melanges.
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Subduction-accretion setting
(Fig. 18c and d)

The melanges could be interpreted as preserved
remnants of an accretionary complex, devel-
oped in response to steady-state subduction of
Palaeotethyan oceanic crust beneath an active
continental margin, as previously suggested for
Chios by Baud et al (1991). Stampfli et al (1991)
interpreted the melange as the imbricated outer
slope of a Palaeotethyan accretionary complex.
Pe-Piper & Kotopouli (1994) also interpreted
the Chios Melange sequence as an accretionary
wedge and proposed that, along with Lesbos, it
represents the southwestern extent of the Kara-
kaya Complex, in pre-Middle Permian age. The
presence of two magma types (i.e. a low-Ti type
and a high-Ti-high-Nb type) were taken to
indicate formation in a Palaeotethyan back-arc
basin which Pe-Piper & Kotopouli (1994) corre-
lated with the Karakaya Complex.

In the subduction-accretion model (Fig. 18c),
the radiolarian cherts would represent accreted
oceanic sediments, whereas the volcanics and
limestone blocks might represent fragments of
oceanic crust, or oceanic seamounts overlain by
carbonate platforms; the terrigenous turbidites
would be trench-fill, or trench-slope, basin sedi-
ments derived from the adjacent continental
margin.

This above subduction model is also problem-
atic. (1) There is little evidence of oceanic-
derived material within the Karaburun or
Chios Melanges (e.g. MORB-type extrusives
and related cherts), although occurrence of
chromite grains of possible ultramafic ophiolitic
origin has been reported from the matrix of the
Chios Melange (Stattegger 1984). (2) Typical
accretionary successions are not observed (i.e.
MORB lavas, overlain by cherts, then trench-
type turbidites). (3) The successions within
limestone blocks locally include intercalations
of siliciclastic sediments (e.g. in Lower Carbon-
iferous of Karaburun), suggesting a continental
margin rather than oceanic origin. According to
Pe-Piper & Kotopouli (1994), some of the
igneous units on Chios intrude terrigenous
sediments and contain rare quartzitic xenoliths,
again suggesting continental affinities. Recent
work supports an origin of the Karakaya Com-
plex as an accretionary melange; however, the
extrusives present are of within-plate or MORB
type and are of Triassic age (Pickett & Robert-
son 1996), unlike the volcanics of inferred Late
Palaeozoic age in the Chios Melange.

Subduction complexes can, however, show
great structural and lithological variation in
different areas and settings. One alternative

subduction-related origin might involve deri-
vation of blocks from the landward trench
margin; i.e. from an adjacent continental
margin with a subduction decollement located
beneath the present erosion level for Chios and
Karaburun. In this case, oceanic crust was
subducted and not preserved, other than for
derived chromite grains. However, it is unlikely
that the entire kilometres thick melange could
form in this way.

A more plausible alternative is that steady-
state subduction took place beneath a Palaeo-
tethyan continental margin, accreting radio-
larian chert from above the floor of Palaeozoic
ocean crust that was subducted. This process
continued until a continental margin unit, or
microcontinent, collided with the trench, dis-
rupting the succession into blocks and broken
formation set within a matrix of contempora-
neous deep-water siliciclastic sediments (Fig.
18d). The four main melange bands on Chios,
rich in exotic blocks, could be interpreted as
accretion of individual slices which underwent
intense layer-parallel extension (boudinage)
within a subduction-trench setting (during
underplating to the landward wall of the
trench?). A similar process was inferred in the
Central Pontides, where the leading edge of a
Permian carbonate platform broke up as it
collided with a trench (Ustaomer & Robertson
1997); other comparable Tethyan examples (e.g.
in Greece and Yugoslavia) were summarized by
Robertson (1994). A modern eastern Mediter-
ranean example of this process is the collision of
the Eratosthenes Seamount, a microcontinental
fragment capped by a carbonate platform, with
the Cyprus active margin to the north (Robert-
son 1998).

Origin as tectonic melange

The melange could also be interpreted as
entirely tectonic melange, created, e.g., during
collisional tectonics. In this model, a Palaeo-
zoic-Lower Triassic layer-cake succession of
competent limestones and cherts, and incompe-
tent sandstones and shales, was later strongly
sheared to produce tectonic blocks ('phacoids')
of limestone, chert and volcanics in a sheared
sandstone-shale matrix. Such shearing might, in
principle, have taken place prior to, or follow-
ing, deposition of the overlying Mesozoic plat-
form succession, i.e. pre-Early Triassic or post-
latest Cretaceous. The presence of relatively
unaltered (CAI 1-1.5) pelagic sediments within
more metamorphosed Karaburun Melange is
evidence of pervasive tectonic slicing (Kozur
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1995, 1997), as also indicated by the sheared
contacts between the melange and the overlying
Mesozoic platform succession.

Problems with a purely tectonic origin are: (1)
how matrix sediments were introduced; (2) the
fact that some of the limestone blocks on Chios
preserve relations compatible with superficial
gravity emplacement (i.e. marginal sedimentary
breccias); (3) the very deformed state of the
melange relative to the overlying Mesozoic plat-
form successions.

Comparison with adjacent areas

The possibility of a pre-Triassic origin for the
melange is also suggested by comparison with
similar, but more metamorphosed, melange
located along the northern margin of the Taur-
ide-Anatolide Platform in the Kiihtahya-
Bolkardag region, > 200 km east of the study
area. Here, Silurian-Devonian limestones are
cut by diabase dykes and were reported to be
unconformably overlain by a melange composed
of limestone, also volcanics and volcanogenic
rocks of intermediate-acidic composition
(Ozcan et al 1988). Blocks include siltstone,
sandstone, black chert, recrystallized limestone,
crinoidal limestone and coralline limestone. The
melange is unconformably overlain by Lower
Triassic red elastics, marking the base of a
Mesozoic carbonate platform succession; ophio-
litic rocks are absent. Recent biostratigraphical
studies indicate the presence of Upper Silurian-
Lower Ordovician limestones (similar to the
Kalecik Limestone of northeast Karaburun)
and Lower Permian limestones (comparable
with the Tekekara Dag Limestone of northwest
Karaburun). The melange in the Kuhtahya-
Bolkardag region is unconformably overlain by
shallow-marine Scythian sediments at the base
of a Mesozoic Anatolide carbonate platform
succession (Kozur 1997). It is, therefore, poss-
ible that Palaeotethyan melange underlies the
northern margin of the Anatolide-Tauride Plat-
form (and equivalent preserved in the Lycian
Nappes) for hundreds of kilometres along-
strike. Gonciioglu et al. (2000) report that, in
their view, in places, metamorphosed carbonate
platform units correlated with the Anatolides
(i.e. southerly origin) are underlain (with a
normal contact) by conglomerates cut by acid
and basic dykes related to a Late Palaeozoic
magmatic arc. Furthermore, comparable
Palaeotethyan-related melange may be present
further west on the island of Evvia (Greece) and
in Attica on the mainland (Baud & Papanika-
laou 1981; Baud et al. 1991; Stampfli, pers.
comm.).

Working hypothesis: Upper Palaeozoic
subduction complex reworked by
Triassic rifting and Early Tertiary
collisional deformation

The interpretation that best fits the available
evidence is that the Chios and Karaburun
Melange's are the end-products of a multistage
history that involved Early Permian(?) subduc-
tion-accretion, Triassic rifting and Early Ter-
tiary collisional processes.

The subduction-accretion phase

A period of subduction within Palaeotethys
culminated in collision of a continental margin
or microcontinent with a trench, resulting in
accretion of a Silurian-Carboniferous (to
Lower Permian?) platform and marginal units
as blocks and thrust slices within a matrix of
deep-water, trench-type siliciclastic deposits.
Since the youngest confirmed blocks in the
melange are Gzhelian (Kozur 1997), the age of
the melange accretion could range from Late
Carboniferous to Early Permian.

Where was this accretionary prism located
within Tethys? One alternative is that it might
relate to a subduction zone dipping southwards
beneath, what later became, the Mesozoic
Anatolide-Tauride Platform. Southward sub-
duction of Palaeotethys is inherent in regional
tectonic models of, e.g. §engor et al. (1984),
Okay et al. (1996), Pickett & Robertson (1996)
and Gonciioglu et al. (2000). Alternatively,
the melange might relate to northward subduc-
tion beneath the southern margin of Eurasia,
as inferred from studies of the Central Pontides
(Ustaomer & Robertson 1993, 1997, 1999;
Stampfli 2000; Stampfli et al. 2000). The main
point is that the melanges are associated with
the Anatolide-Tauride Platform, suggesting a
south Tethyan (Gondwanian) rather than
north Tethyan (Eurasian) affinity. During the
Late Palaeozoic, the Anatolide-Tauride block
was attached to Gondwana in most tectonic
reconstructions [e.g. see Stampfli 2000)]. Thus,
for the melanges to relate to northward subduc-
tion-accretion beneath Eurasia, the entire
Palaeotethyan Ocean would have to be sub-
ducted, juxtaposing Eurasian and Gondwanian
units prior to Early Triassic time. One other
possibility is that the melanges relate to
northward Palaeotethyan subduction close to
the Gondwana margin, e.g. beneath an intra-
oceanic unit (oceanic arc or microcontinent).
However, the simplest hypothesis is that the
melanges relate to southward subduction of
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Palaeotethys beneath the Gondwanian The Early Mesozoic rift phase (Fig. 19)
margin during Late Carboniferous-Early
Permian? time. In this model, northward sub- Where exactly was the Early Triassic Kara-
duction was, however, in progress beneath burun-Chios Rift located? The intact Triassic-
Eurasia during Triassic time (Robertson et al Jurassic Karaburun-Chios succession escaped
1999). the major latest Triassic ('Cimmerian')

Fig. 19. Sketch sections showing the proposed Mesozoic-Early Tertiary tectonic evolution of Karaburun and
Chios related to Triassic rifting and development of a subsiding passive margin (Jurassic-Cretaceous) emplaced
in stages related to later collisional deformation (Late Cretaceous-Early Tertiary).
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deformation that affected the Pontides (e.g.
Karakaya Complex), favouring a southerly
(near Gondwana) setting. The Karaburun Plat-
form records an Early Triassic rifting, followed
by continuous passive margin conditions until
Late Cretaceous, briefly interrupted in the latest
Triassic-earliest Jurassic. The Middle-Late
Triassic subsiding carbonate platform is as-
sumed to have bordered a developing Neo-
tethyan oceanic basin, located to the north of
the Anatolide-Tauride Platform (northerly
Neotethys). This contrasts with Erdogan et al
(1990), who believed that spreading was delayed
until the Late Cretaceous.

During the Maastrichtian-Danian the plat-
form strongly subsided as a foredeep ahead of
an advancing thrust load (Bornova Melange).
The edge of the Karaburun carbonate Platform
disintegrated, forming blocks within melange.
In the north, the underlying Karaburun units
were locally reworked as blocks. In addition,
oceanic material (radiolarian chert, basic extru-
sives and serpentinite) were emplaced from the
leading edge of the overthrusting load into a
foredeep. This load is assumed to have been
oceanic crust, emplaced during suturing of the
northerly Neotethyan oceanic basin. The
oceanic-derived clasts were first accreted, then
reworked into the foredeep, mainly by gravity
processes. Subsequently, thrusting in the direc-
tion of tectonic transport (present west) de-
tached the carbonate platform along zones of
rheological weakness, namely the base of the
well-bedded Lower Triassic basinal succession
(Gerence Formation) and the overlying Rhaetic
sandstones and shales, to form several large

thrust sheets in Karaburun. An Upper Palaeo-
zoic-Lower Mesozoic thrust sheet was also
emplaced on Chios and may represent the
leading edge of an allochthonous slab that
includes Lesbos Island to the north. As con-
tinental collision intensified, the thrusting con-
tinued to propagate downwards into underlying
Triassic rift units, shearing and dislocating the
contact with the Lower Triassic basinal succes-
sions.

One apparent problem is the inferred west-
ward or northwestward directions of thrusting
and folding in Karaburun and Chios. However,
palaeomagnetic studies show that this region
was later tectonically rotated. In Karaburun,
data from eight sites indicate consistently clock-
wise rotations of c. 44° post-11 Ma (Kissel et al.
1989). Restoring such rotations indicates that
pre-Neogene thrust directions were more
towards the southwest. Any westward com-
ponent of emplacement might relate to trans-
pressional deformation in this area. A smaller,
more variable, data set from Chios (15 Ma
andesites and 16 Ma rhyolites) suggests mean
anticlockwise rotations of 25° although results
vary locally and more data are needed (Kondo-
poulou et al. 1993,1998). Also, the possibility of
any pre-11 Ma rotations is unknown.

Accepting a southerly (i.e. Gondwana-
related) origin of Karaburun-Chios in the
Mesozoic, two local alternatives (Fig. 20) can
be proposed. Firstly, Mesozoic Chios and Kar-
aburun formed part of the northern margin of
the Anatolide-Tauride Platform. However,
these units escaped pervasive metamorphism,
including high-pressure metamorphism (Harris

Fig. 20. Plate tectonic sketch maps showing alternative possible settings of the Karaburun-Chios unit: (a) as an
embayment to the west of a promontory of the Anatolide-Tauride Platform, including the Menderes Massif; (b)
as a separate small microcontinent located within Neotethys further north, (a) Is favoured - see text for
explanation.
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et al 1994; Okay & Kelley 1994) during Late
Cretaceous (Turonian-Coniacian) subduction,
as observed in the Anatolide Platform units
further east (c. 30° longitude; Fig. 1). A possible
explanation for this difference is that the area to
the east formed a north facing promontory that
absorbed collision, whereas the Karaburun-
Chios area to the west was in the 'lee' of this
collision and escaped metamorphism (Okay &
Siyako 1993). This also provides an explanation
for the presence of Lower Carboniferous basi-
nal facies (Kozur et al 2000) at the base of the
most proximally derived Lycian Nappe (e.g.
Karadere; Collins & Robertson 1999). Okay et
al (1996) further suggest that the area to the
west, including Karaburun-Chios, was bordered
by a transform margin and thus shielded from
collision. A transform fault also figures in plate
tectonic reconstructions of Stampfli et al (2000)
for this region of Tethys.

A second alternative is that Karaburun-Chios
represents a small crustal fragment (microconti-
nent) that was rifted from the Anatolide-Taur-
ide Platform in the Early Triassic and was then
located near the southern margin of the Meso-
zoic oceanic basin (Fig. 20b). Such a setting
would explain the presently high structural (i.e.
northerly) position of Karaburun-Chios within
the IAESZ (Fig. 2). Such a fragment would have
been located > 350 km north of the Anatolide-
Tauride Platform to accommodate the restored
minimum width of the Lycian Nappes that root
along the northern margin of the platform
(Okay 1989; Collins & Robertson 1999). One
problem with this model is that there is no
record of the expected passive margins border-
ing a Karaburun-Chios microcontinent, either
to the north or south.

On balance, the present authors prefer the
Anatolide-Tauride margin model (Fig. 20a). In
this, the Lycian Nappes root to the north of the
Karaburun-Chios Platform. The Lycian Nappes
were overthrust southwards over this platform
in the Late Cretaceous as a transitory load
which finally came to rest further south. During
initial collision in the latest Cretaceous, the
distal passive margin of the Karaburun-Chios
Platform and ophiolites (Lycian Peridotite)
were detached and thrust southwards over the
Menderes continental margin (Anatolide-Taur-
ide Platform). As collision intensified in the
Early Tertiary, the basal thrust cut downwards
into the foreland, slicing off the leading edge of
the Mesozoic platform that then disintegrated
into blocks within the Maastrichtian-Palaeo-
cene Bornova Melange, leaving intact platform
units only in the west, in Karaburun and
Chios. The Karaburun and Chios Melange

units beneath the Mesozoic platforms were
extensively resheared during this collisional
phase. Emplacement over the Menderes Massif
was complete by Early Eocene time according
to Okay & Siyako (1993) or, in an alternative
view, only after Late Eocene time according to
Erdoganeffl/. (1990).

Conclusions

• The melange units of the Karaburun Penin-
sula (Turkey) and the island of Chios
(Greece) are interpreted as an Upper Palaeo-
zoic (Upper Carboniferous-Lower Permian?)
subduction-accretion complex, developed
near the south margin of a Palaeotethyan
oceanic basin. This was followed by rifting
and passive margin evolution of a northerly
Neotethyan oceanic basin that was sutured in
Early Tertiary time.

• Conclusions for Karaburun are:
• The Karaburun Peninsula exposes two

related tectonostratigraphic units. The
lower of these, the Karaburun Melange, is
dominated by Silurian-Upper Carbonifer-
ous exotic blocks of neritic and pelagic
carbonate, black chert and subordinate
volcanogenic units. The blocks are set in a
sheared matrix of incompetent siliciclastic
turbidites, including localized channelized
conglomerates.

• Silurian-Upper Carboniferous carbonates
accumulated in platforms, slope and basi-
nal settings, floored, or bordered by con-
tinental crust in view of associated
(interbedded) terrigenous sediments.

• An overlying Lower Triassic succession,
composed of interbedded pelagic carbon-
ates, turbiditic sandstones, red ribbon
radiolarites, pink Ammonitico Rosso,
basic volcanics and volcanogenic sedi-
ments, is interpreted as a rift basin related
to the opening of a younger, Neotethyan
oceanic basin.

• Overlying Middle-Upper Triassic succes-
sions of Karaburun record a subsiding
shallow-water platform bordering a north-
erly Neotethyan oceanic basin.

• During latest Triassic-earliest Jurassic, the
carbonate platform emerged and was over-
lain by thin, deltaic deposits, locally
derived from underlying Triassic rift units
and basement. The possible driving mech-
anism was far-field stresses related to a
collisional event within Tethys further
north (possibly 'Cimmerian' emplacement
of the Karakaya Complex).
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• During the Late Cretaceous (Campanian-
Maastrichtian) the Karaburun Platform
underwent flexural uplift, followed by
thrust loading related to the initial stages
of convergence and continental collision.

• During the Maastrichtian-Danian, blocks
were detached from an advancing thrust
load and spalled into a foredeep (Bornova
Melange), together with previously
accreted 'Neotethyan' oceanic lithologies
(e.g. radiolarian chert, pelagic limestone,
basalt, serpentinite).

• The Mesozoic carbonate platform was
deformed into two thrust slices above a
lower unit (also allochthonous?) by south-
west vergent compression (restored co-
ordinates) after Maastrichtian time.

• An original depositional contact between
the Karaburun Melange and overlying
Lower Triassic rift-related succession was
sheared, with local thrust intercalation of
melange during latest Cretaceous-Early
Tertiary convergence or collision.

• Conclusions for Chios are:
• Two main tectonostratigraphic units are

present; the lower Chios Melange, overlain
with a sheared, but locally unconformable,
contact by a Lower Triassic basinal suc-
cession, then by an Upper Triassic-Lower
Jurassic carbonate platform. An upper
exotic thrust sheet of Permian-Jurassic
mixed shallow-water carbonate-siliciclas-
tic unit was emplaced locally northwest-
wards (present coordinates) over a
Mesozoic carbonate platform unit. The
platform may correlate with the Permian
of Lesbos Island.

• The Chios Melange comprises a c. 5 km
thick unit of terrigenous shale, sandstone
and conglomerate with blocks of limestones
(Silurian-Carboniferous), black chert, lava
and volcanogenic sediments. Local units
restore as a carbonate platform (with later-
ites) that disintegrated into blocks mantled
by coarse siliciclastic sediments.

• The Chios and Karaburun Melanges and
overlying platform successions can be corre-
lated, with the Triassic units of Chios record-
ing a more rift proximal setting than
Karaburun.

• >The Pre-Triassic melange is the end-product
of a series of tectonic-sedimentary events.
These began with initial subduction-accretion
in the Late Palaeozoic (Late Carboniferous-
Early Permian?), culminating in collision of a
passive margin, or microcontinent with a
trench. Secondly, in Early Triassic time, the
resulting suture rifted giving rise to siliceous

sediments, minor calcareous gravity deposits
and basic-intermediate composition vol-
canics. The rift was then overstepped by a
subsiding passive margin adjacent to a Neo-
tethyan oceanic basin. A hiatus and siliciclas-
tic deposition in the latest Triassic-earliest
Jurassic may reflect a 'Cimmerian' collision
further north. During the Late Cretaceous
plate convergence, the Karaburun Platform
underwent flexural uplift and erosion, then
collapsed to form a foredeep (Bornova
Melange) in Maastrichtian-Danian time.
Finally, the Palaeozoic melange was inter-
sliced with formerly overlying Triassic rift-
related units during Early Tertiary continen-
tal collision. The original depositional contact
between the Karaburun and Chios Melanges
and overlying Mesozoic platform units was
strongly sheared during this time.

• Taking account of the regional tectonic set-
ting and Neogene to present-day tectonic
rotations, the Karaburun-Chios Mesozoic
Platform is interpreted as part of the south-
erly margin of a Mesozoic, northerly Neoteth-
yan, oceanic basin bordering the Tauride-
Anatolide Platform and the Menderes Meta-
morphic Massif to the south.
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palaeogeographic and tectonic implications
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Abstract: Upper Permian marine carbonates are distinguished in two contrasting biofacies
belts in Turkey. The Southern Biofacies Belt, represented by low-energy inner platform
deposits of the Tauride Belt and the Arabian Platform, is rich in algae and smaller
foraminifera but poor in fusulines. The Kubergandian and Murgabian stages are missing,
although the rest of the Upper Permian consists of monotonous, shallow-marine carbonate
deposits. The extremely tectonised and fragmented Northern Biofacies Belt includes the
Upper Permian of the Karakaya Orogen and outer platform or platform margin deposits of
the Tauride Belt. These deposits are rich in parachomata-bearing fusulines comprising
Cancelling Verbeekina, Afghanella, Sumatrina, Neoschwagerina and Yabeina. The recon-
structed biostratigraphic scheme indicates that all Upper Permian stages (Kubergandian-
Dorashamian) are present.

The lateral continuity of the two biofacies belts is detected by the presence of tongues of
the Northern Biofacies Belt pinching out in the Southern Biofacies Belt. Upper Permian
blocks in the Karakaya Orogen display similar palaeontologic and biofacies characteristics,
with the outer platform or platform margin deposits of the Taurides constituting the
northernmost extension of the carbonate platform. This platform was probably facing a
basin or a trough to the north. The lack of any transgressive Upper Permian deposits resting
unconformably on the pre-Permian basement of the Sakarya Continent strongly suggests
that such a basin was located between the Late Permian carbonate platform in the south
and the basement rocks of the future Sakarya Continent in the north.

As in the case of many regional studies, the Late reconstructed by assembling the Upper Permian
Permian palaeogeographic and tectonic evol- outcrops distributed in different tectonic units
ution of Turkey can be understood if the con- of Triassic and Cretaceous to Tertiary age. In
figuration of carbonate platforms, troughs and conclusion, a possible Late Permian configur-
basins, and areas of non-deposition, erosion or ation for this important part of Turkey is
continental deposition are clearly defined. Since speculated on.
the 1980s models have been proposed to explain
the geological events within this critical time
interval (§engor & Yilmaz 1981; §engor et al Late Permian foraminiferal biofacies
1984; Robertson & Dixon 1984; Stampfli et al belts in Turkey
1991; Dercourt et al 1993; Okay et al 1996).
These models have assumed a wedge-shaped 
Palaeotethys embayment in the eastern J

Mediterranean and discussed the position of In Turkey there are undifferentiated meta-
the Karakaya Basin with respect to the Palaeo- morphic rock belts including the Upper Permian
tethys. They have also discussed early rifting of and many outcrops which are not yet properly
a southerly Neotethys and depicted areas of studied. However, the known Upper Permian
continental and marine deposition. Reconstruc- platform carbonates are mainly present in two
tions were highly simplified and mainly based on biofacies belts, namely the Southern and North-
regional tectonic interpretations rather on local ern Biofacies Belts (Fig. 1). The Southern Bio-
stratigraphic and facies data. facies Belt, characterized by low-energy inner

The Late Permian palaeogeography and tec- platform deposits, is recognized both in the
tonics are contributed to in this study by analys- Taurides and the Arabian Platform. The suc-
ing the biofacies characteristics of the Late cession is dominated by carbonates with inter-
Permian carbonate platform. This platform is calations of quartz arenitic sandstones and it

From: BOZKURT, E., WINCHESTER, J. A. & PIPER, J. D. A. (eds) Tectonics and Magmatism in Turkey and the
Surrounding Area. Geological Society, London, Special Publications, 173, 83-96. l-86239-064-9/00/$15.00
(D The Geological Society of London 2000.

The Southern Biofacies Belt
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Fig. 1. Southern and Northern Foraminiferal Biofacies Belts in Turkey. Neotethyan sutures are modified from
$engor (1984).

Fig. 2. Simplified columnar section of the Upper Permian displaying palaeontological characteristics of the
Southern Biofacies Belt.
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Fig. 3. Foraminiferal biostratigraphy in the Northern
and Southern Biofacies Belts. Tethys scale is after
Leven (1992).

includes local bauxite occurrences (Fig. 2). It
overlies older Palaeozoic units unconformably
and is overlain paraconformably by Lower
Triassic rock units (Ozgiil 1976, 1984, 1997;
Monod 1977; Argyriadis 1978; Lys & Marcoux
1978; Altmer 1981, 1984, 1997; Koyluoglu &
Altiner 1989).

The belt is rich in gymnocodiacean and
dasycladacean algae. Bellerophontid gastro-
pods, productid brachiopods and Bryozoa are
abundant, but ammonoids are not recorded.
Smaller foraminifera, particularly hemigordiop-
sids, are abundant. Among fusulines, schwager-
inids are sporadic, and verbeekinid and
neoschwagerinid forms are practically absent
(Altiner 1984, 1997; Koyluoglu & Altiner
1989). The Kubergandian and Murgabian
stages are missing in the successions of the
Southern Biofacies Belt (Fig. 3), although the
rest of the Upper Permian, including the
Midian, Djulfian and Dorashamian stages, is
represented by monotonous shallow-marine
and micritic carbonate deposits.

The palaeogeographic distribution of the
important Late Permian foraminiferal taxon,
Paradagmarita, is confined to this belt and
helps to depict the belt in the western Tethys
(Fig. 4). This genus extends over southern
Turkey, including the Taurides and the Arabian
Platform (Monod 1977; Lys & Marcoux 1978;
Altiner 1981, 1984, 1997; Zaninetti et al 1981;
§engor et al. 1988; Koyluoglu & Altiner 1989),
south Iran (Argyriadis & Lys 1977; Argyriadis
1978), Saudi Arabia (Okla 1994) and Oman
(Montenat et al 1976). This belt is also recog-
nized in eastern Asia. The genus Shanita, typi-
cally confined to the Southern Biofacies Belt in
Turkey (Altiner & Zaninetti 1977; Altiner 1981,
1984; Zaninetti et al 1982), south Iran (Bagh-
bani 1988) and Oman (Montenat et al 1976),
also occurs in western Yunnan (Sheng & He
1983), Burma and Thailand (Bronnimann et al
1978; Whittaker et al 1979; Zaninetti et al 1979;
§engor et al 1988). It corresponds to the
Sibumasu Terrane of Metcalfe (1988) whose
position was interpreted to be marginal to
Gondwanaland in the Late Palaeozoic. West of
Turkey, the Southern Biofacies Belt is probably
present in Greece but not yet documented.
Further west, the Upper Permian outcrops of
western Serbia (Pantic 1969), the southern Alps
(Neri & Pasini 1985; Noe 1987) and north
Hungary (Haas et al 1986; Berczi-Makk 1992)
display palaeontological characters similar to
the Southern Biofacies Belt.

The Northern Biofacies Belt

The extremely tectonised and fragmented
Northern Biofacies Belt consists of detached
Upper Permian carbonate blocks floating in the
Triassic Karakaya Orogen in north Turkey
(§engor & Yilmaz 1981; §engor et al 1984;
Kocyigit 1987) and the Upper Permian outer
platform or platform margin deposits of the
allochthonous Bolkar Dagi unit of Ozgiil
(1976) in the Taurides (Fig. 1). The tectonic
slices, including the Upper Permian in the
Lycian Nappes [De Graciansky 1972; see also
Collins & Robertson (1998)], are also inter-
preted to be equivalent to the Bolkar Dagi
Unit of Ozgiil (1976).

The biologic evidence used to group the
Upper Permian exposures in the Karakaya
Orogen and the Bolkar Dagi Unit under one
uniform biofacies belt are well defined and
numerous (Table 1). Verbeekinid and neo-
schwagerinid populations, practically absent in
the Southern Biofacies Belt, are well diversified
and abundant in both the Karakaya Orogen and
the Bolkar Dagi Unit (Skinner 1969; Demirtas^li
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Fig. 4. Highly schematic Late Permian reconstruction displaying the foraminiferal biofacies belts. The base map
has been modified and redrawn from Sengor et al (1988). Note that the position of the Sakarya basement has
been left in the Turkish blocks (T) side, as in the original publication, although this paper rejects the Gondwana
origin of the future Sakarya Continent in its conclusions. A, Afghan block; Af, Africa; Ar, Arabia; Aust,
Australia; C, Cyprus; CA, Calcareous Alps; cl, central Iran; ES, Emei Shan; eQ, east Qangtang block; G, Greece;
I, Italy; Ic, Indo-China; nH, north Hungary; P-wQ, Pamir-west Qangtang block; SA, South America; SC, South
China; sGi, southern Greece islands; Si, Sicily; T, Turkish blocks; Tu, Tunisia; wM, western Malaya; wT, western
Thailand; wY, western Yunnan.

et al 1984; Leven & Okay 1996; Ozgul 1997;
Altmer 1997). Schwagerinids, ozawainellids and
schubertellids are highly diversified in contrast
to their sporadic occurrences in the Southern
Biofacies Belt. Among smaller foraminifera,
Lasiodiscidae, Colaniellidae, Endotebidae and
Abadehellidae occur typically (Table 1), and in
some families, like Biseriamminidae, different
steps in evolution seem to be confined either to
the northern or southern belt (Altmer 1997).
The genera Paradagmarita and Louisettita are
confined to the southern belt, Globivalvulina sp.
A and Genus A described recently by Altmer
(1997), occur characteristically in the northern
belt (Table 1). The most characteristic porcel-
aneous foraminifera in the northern belt is the

rock-forming Hemigordiopsis and in the
southern belt the presence of the pillared genus
Shanita. The reconstructed biostratigraphic
scheme indicates that all Upper Permian stages
(Kubergandian-Dorashamian) are present in
the Northern Biofacies Belt (Fig. 3).

The Northern Biofacies Belt, with its typical
foraminiferal provinces (Neoschwagerina,
Yabeina, Lepidolina, Palaeofusulina, Colaniella,
etc.; §engor et al. 1988), extends from Turkey
through the Crimea, Transcaucasia, central and
northern Iran, Afghanistan, the Pamirs to east-
ern Asia, including Indo-China, South China,
North China and Japan (Fig. 4). West of Turkey,
the equivalents are found also in Yugoslavia
(Dinarides) and in the northern Calcareous
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Table 1. Comparisons of the diagnostic foraminiferal taxa of the Northern and Southern Bio fades Belts

Northern Biofacies Belt Southern Biofacies Belt

Verbeekinid and neoschwagerinid foraminifera
Schwagerinids, ozawainellids and schubertellids

highly diversified
Lasiodiscidae (Lasiodiscus)
Colaniellidae (Colaniella)
Biseriamminidae (Globivalvulina sp. A, Genus A)
Endotebidae (Endotebd)
Abadehellidae (Abadehelld)
Hemigordiopsidae (Hemigordiopsis in rock-forming

abundance)

Schwagerinids, ozawainellids and schubertellids

Biseriamminidae (Paradagmarita, Louisettita)

Hemigordiopsidae (Shanita)

Alps (§engor et al 1988). This belt, character-
ized by outer platform to platform margin
deposits, lies north of the Southern Biofacies
Belt with inner platform deposits extending
from north Hungary through south Turkey and
Oman to Thailand. One broad conclusion that
can be arrived at here is that the Late Permian
carbonate platform extended as a linear belt
from central Europe through Turkey to the Far
East, and consisted of two laterally changing
biofacies belts. This vast platform was therefore
facing an ocean to the north and, in the light of
other studies (§engor & Yilmaz 1981; §engor et
al 1984; Robertson & Dixon 1984), this ocean is
identified as the wedge-shaped embayment of
Palaeotethys.

In the western Tethys, further to the south of
the Southern Biofacies Belt, there occurs
another realm whose biologic characteristics
are similar to those of the Northern Biofacies
Belt. This belt extends from Tunisia (Glintz-
boeckel & Rabate 1964; Skinnner & Wilde
1967; Gargouri & Vachard 1988; Vachard &
Razgallah 1993) through Sicily (Skinner &
Wilde 1966; Fltigel et al 1991), South Italy
(Lagonegro, Monte Facito; Ciarapica et al
1986; Panzanelli-Fratoni et al 1987; Vachard &
Miconnet 1989), southern Greece and the
southern Greek islands (Nakazawa et al 1975;
Papanikolau & Baud 1982; Baud et al 1991;
Grant et al 1991; Vachard et al 1993, 1995;
Altmer & Ozkan-Altmer 1998), and finally to
Cyprus (Reichel 1946; Nestell & Pronina 1997).
Although it is not within the scope of this
paper, this domain is provisionally named the
'North African Biofacies Belt'. Its spatial distri-
bution is remarkable because it coincides, at
least partially, with the Permian rift basin of
Robertson et al (1991) and areas of early rifting
of the southern Neotethys (Stampfli et al 1991;
Dercourt et al 1993).

Stratigraphic evidence for the assembly
of Late Permian biofacies belts

Upper Permian blocks in the Karakaya
Orogen

Controversial interpretations and observations
made on the Triassic Orogen include a subduc-
tion-accretion complex (Tekeli 1981; Okay et
al 1991, 1996; Pickett & Robertson 1996), a
deformed rock sequence from the back-arc
basin of the Palaeotethys Ocean (§engor &
Yilmaz 1981; §engor et al 1984; Yilmaz 1990;
Gene. & Yilmaz 1995), and a Triassic rift-basin
succession (Kosyigit 1987; Altmer & Kocyigit
1993) in northern Turkey. One of the most
intriguing subjects is the provenance of Upper
Permian, as well as other Upper Palaeozoic,
blocks floating in the Karakaya Belt. Since Erk
(1942), who was not aware of the tectonic
setting of the Upper Permian units in the Bursa
region, many authors have reported the blocky
nature of the Upper Permian in northern
Turkey (Bingol et al 1975; §engor & Yilmaz
1981; Yilmaz 1981, 1990; §engor et al 1984;
Kocyigit 1987; Okay et al 1991,1996; Altmer &
Kocyigit 1993; Gene & Yilmaz 1995). However,
opinions about the provenance of the blocks
differ. Some authors, based on Altinli (1975),
who proposed that the Derbent Limestone was
a transgressive unit over the basement rocks of
the Sakarya region, suggested that the Kara-
kaya Basin opened in the Upper Permian car-
bonate platform and interpreted the carbonate
blocks as rock fall or mass-flow deposits orig-
inating from the basement (§engor & Yilmaz
1981; Yilmaz 1981, 1990; Gen? & Yilmaz
1995). Others, however, proposed a southerly
Gondwana origin for the Upper Permian
blocks (Kocyigit 1987; Altmer & Kocyigit 1993;



Fig. 5. Upper Triassic siliciclastic and blocky sequences of the Karakaya Orogen in the Bahkesir and Bursa regions.
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Leven & Okay 1996; Okay et al 1996).
Among these authors, Okay et al (1996) as-
sumed a southward subduction of Palaeotethys
which resulted in back-arc rifting in the Anato-
lide-Tauride Platform, where carbonate sedi-
mentation prevailed during the Late Permian.
The back-arc rift apparently developed into
the Neotethyan Vardar Ocean in the Middle
Triassic. The Anatolide-Tauride continental
sliver, with its cap of Upper Permian carbon-
ates, was obducted in the Late Triassic onto
the Sakarya basement, shedding Upper Per-
mian blocks into the siliciclastic deposits laid
down contemporaneously on the Sakarya
zone.

In order to test the Upper Permian strati-
graphic interpretations and conclusions about
the provenance of the carbonate blocks in the
Karakaya units, the present authors recently
studied the Bursa and Bahkesir regions in
northwestern Anatolia, comprising the type
locality of the Derbent Limestone of Altinh
(1975) and the more recently recognized Upper
Permian Qamoba Formation in the Bahkesir
region (Akyiirek & Soysal 1983) (Fig. 5). Silici-
clastic unmetamorphosed rock successions in
the Bursa and Bahkesir regions are basically
characterized by five lithologic entities, each of
which could be named as a formal rock-strati-
graphic unit.

Unit A. This unit is mainly composed of a
microconglomeratic litharenite, litharenite
(greywacke), mudstone and shale assemblage,
including a variety of carbonate blocks ranging
in age from Carboniferous (Visean) to Middle
Triassic (Ladinian) and volcanogenic olistos-
tromes (Fig. 5). Below the regional Liassic
transgression, which has been dated as Hettan-
gian at the earliest (Altiner et al 1991), this rock
assemblage transgressively overlies the pre-Late
Triassic metabasite-phyllite rock association in
the Avdancik-Igdir-GoTciik-Kestel section in
the Bursa region. The presence of the pelagic
lamellibranch Halobia has previously been re-
ported by Erk (1942) and Kaya (1991) from the
same region, and blocks of Ladinian age in the
studied sections suggest a Late Triassic age for
the unit.

Unit B. This succession is transgressive over the
pre-Triassic metabasite-phyllite rock associ-
ation which was intruded by a granitoid body,
most probably belonging to Boziiyiik Granitoid
of pre-Late Triassic age (Orta Sakarya Granite;
Yilmaz 1981). This lithologic entity consists of
conglomerates with pebbles derived from the
underlying rock assemblage and a lithic arkose

to arkosic sandstone and mudstone assemblage.
The successions also include tongues of a black
shale-mudstone assemblage (C-type lithologic
entity; Fig. 5), as in the Ada-Halilaga area
(Bahkesir region), and completely detached
carbonate blocks of Permian and Triassic age.
As this unit underlies the red palaeosol level of
the Liassic Bayirkoy Formation in the
Orhaniye-Dereyoruk area (Altiner et al 1991),
and because it contains carbonate blocks of
Ladino-Carnian age and tongues of a black
shale-mudstone unit of Norian age, a Late
Triassic age is assigned to it.

Unit C. This succession recognized in the Balya
area has been previously reported by Altiner et
al (1991) from the Edremit-Hahlar area as the
Bagcagiz Formation of the Hahlar Group
(Krushensky et al 1980) and by Okay et al
(1991, 1996) as a distinct succession in their
Hodul Unit. Essentially represented by a thin-
shelled, bivalve-bearing, black shale-mudstone
succession, including thin siltstone intercala-
tions, this unit does not contain any carbonate
blocks or olistostromes in its matrix and has
been attributed to the Norian, based on fossils
identified in the Balya area (Leven & Okay
1996).

Unit D. This unit is principally composed of
polygenetic conglomerates containing abundant
limestone and subordinate radiolarian chert,
granite and sandstone pebbles and a few lime-
stone blocks. Its presence above a sharp contact
with the black shale-mudstone rock assemblage
indicates an abrupt relief change in the Kara-
kaya Orogen in the Norian, at least in the Balya
area.

Unit E. This lithologic entity, probably reflect-
ing the youngest depositional period within the
Karakaya Orogen, is characterized by conglom-
erates composed mostly of granite pebbles,
arkosic sandstones and a variety of carbonate
blocks, sometimes attaining sizes in the order of
kilometres. The unit overlies the Boziiyiik
Granitoid unconformably in the Derbent
(Iznik) area of the Bursa region, although its
stratigraphic position above the greywacke-
dominated Banishment section [Orhanlar Grey-
wacke of Brinkmann (1971, 1976); also see
Okay et al (1991)] is doubtful. This rock assem-
blage is widely distributed and corresponds to
the Hodul Unit of Okay et al (1991,1996). It lies
below the regional Liassic unconformity and is
older than the Hettangian. Although a certain
diachronism could be expected in regional
studies, a Norian-Rhaetian age can be assigned

89
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Fig. 6. Chronostratigraphic distributions of Carboniferous and Permian carbonate blocks in the Balikesir and
Bursa regions (northwestern Turkey).

to it, since it overlies the fossiliferous black
shale-mudstone association of Norian age in
the Balya area. Two of the study localities
comprise the type areas of the £amoba For-
mation (Akyiirek & Soysal 1983) and Derbent
Limestone (Altmh 1975) (Fig. 5), both of which
are considered as transgressive Upper Permian
units over the basement rocks. This group's field
observations show that the limestone outcrops
of Late Permian age are totally chaotic and set
in a siliciclastic matrix of arkosic sandstones in
both sections. The limestone outcrops along the
sections never have Chronostratigraphic conti-
nuity, disappear laterally in short distances and
are sometimes found juxtaposed with blocks of
older ages.

In summary, Upper Palaeozoic (Carboniferous
and Permian) carbonate exposures in un-
metamorphosed siliciclastic rock assemblages
of the Karakaya Orogen are chaotic and are
blocks (olistoliths), olistostromes or tectonic
slice complexes, transported into the sedimenta-
tion area during the Late Triassic. A northerly
provenance, including the Moesia, Istanbul and
Strand]a Zones, is unlikely because these
regions were above sea level and did not ac-
cumulate any marine carbonate deposits (Okay
et al 1996). Hence, the likely provenance is
from the south. The northern margin of a car-
bonate platform of Gondwana origin is a poss-
ible depositional site for the Upper Permian

blocks which complete the configuration of the
platform to the north.

Further evidence for the southern origin of
these chaotic blocks in the Karakaya units is the
wide range of the ages of carbonate blocks from
Visean to the latest Permian (Fig. 6). It is
considered here that the time of accumulation
of the various Carboniferous and Permian car-
bonate blocks is rather short, since they are
identified only in Upper Triassic Karakaya
units. This suggests a single source for carbonate
blocks, including those of Late Permian age.
The intense Hercynian deformation present in
the Sakarya basement rocks is dated as Bashkir-
ian-Moscovian (Okay et al 1996) and almost
excludes the possibility of derivation of Carbon-
iferous (Visean-Moscovian) limestone blocks
from the Sakarya basement. Hence, the most
probable provenance of the Carboniferous and
Permian blocks remains the Gondwana side
because the Chronostratigraphic order of blocks
shows the best fit with the Carboniferous and
Permian stratigraphy of the Taurus carbonate
platform (Monod 1977; Altmer 1981, 1984;
Ozglil 1997).

Lateral continuity of biofacies belts in
the Taurides

A difficult task in reconstructing the palaeo-
geography of the Taurides is to correlate
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Fig. 7. Correlation and interpretation of the Jurassic-Lower Cretaceous and the Upper Permian facies in the
Geyik Dagi, Aladag and Bolkar Dagi Units (Bozkir-Hadim-Tas,kent region, central Taurides). This figure is
based on the present authors' palaeontological analyses of stratigraphic sections described in Ozgiil (1997).

carbonate facies exposed in different, but juxta-
posed, tectonic units. Although the relative
positions of tectonic units and their facies types
are more or less understood following studies of
tectonic polarity of nappes (Ricou et al. 1975;
§engor & Yilmaz 1981; Ozgiil 1984), direct
physical evidence proving the lateral continuity
of units is absent or poorly known.

In three of the juxtaposed tectonic units, the
Geyik Dagi, Aladag and Bolkar Dagi Units
(Ozgiil 1976), two fundamental carbonate depo-
sitional episodes spanning the Late Permian and
Jurassic-Early Cretaceous intervals are corre-
lated and interpreted in Fig. 7, using chrono-
stratigraphic and biofacies data from Ozgiil
(1997), who investigated the stratigraphy of the
Bozkir-Hadim-Tas^kent region in the central
Taurides. On these sections the Mesozoic and
Upper Permian carbonates are reconstructed
from south to north, depending on their facies
characteristics and relative tectonic positions in
the outcrop belts. The best fit occurs in the
Geyik Dagi-Aladag-Bolkar Dagi organization
in both intervals. The Mesozoic reconstruction
is provided by analysis of three distinct facies

belts, algal and foraminiferal micritic limestones
(inner platform), bioclastic limestones of high-
energy type (platform margin) and calciturbidi-
tic limestones with pelagic organisms (slope).
Two distinct tongues pinching out in the Dogger
of the Aladag Unit are direct stratigraphic evi-
dence for lateral continuity of facies and the
tectonic units which contain them. More or less
the same configuration is depicted for the Upper
Permian facies (Fig. 7). Although to the south
the Geyik Dagi Unit is characterized by a large
stratigraphic gap corresponding to the Late
Permian, to the north the Upper Permian of
the Aladag and Bolkar Dagi Units, represented
by Southern and Northern Biofacies Belts, re-
spectively, occurs in laterally changing inner
platform and platform margin deposits. Two
tongues of the Northern Biofacies Belt contain
neoschwagerinid fusulines and pinch out in the
Midian strata of the Southern Biofacies Belt.
These tongues link the two biofacies belts and
indicate times of maximum transgression during
the Late Permian and the maximum aerial
distribution of the Midian sediments in the
Northern Biofacies Belt.
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Fig. 8. Reconstruction of the Late Permian carbonate platform and its palaeogeographic position with respect to
the basement of the future Sakarya Continent.

Reconstruction of the carbonate
platform and conclusions on the Late
Permian palaeogeography and tectonics
of Turkey

The similarity of the biofacies characteristics of
Upper Permian blocks in the Karakaya Orogen
in north Turkey to those of Late Permian age in
various tectonic units of the Taurides, combined
with clear stratigraphic evidence proving the
lateral continuity of the Southern and Northern
Biofacies Belts in the Taurides, leads to recon-
struction of one single carbonate platform
model, comprising nearly all Upper Permian
marine sedimentary rocks exposed in Turkey
(Fig. 8). The lack of any transgressive Upper
Permian deposits resting unconformably on the
pre-Permian basement of northern Turkey [the
basement of the future Sakarya Continent of
§engor & Yilmaz (1981)] is undoubtedly very
significant. The presence of pelagic Permian
blocks (Kozur & Kaya 1994; Okay & Mostler
1994) in the Karakaya units, in addition to this
group's observations of blocks of Midian age
displaying the character of a calciturbiditic slope
deposit in the Bursa region, indicates that this
platform was facing a trough or basin to the
north. Such a basin must have been located
between the carbonate platform in the south
and the pre-Late Permian Sakarya basement
rocks in the north. This conclusion would reject
a Gondwana origin for the Sakarya Continent as
claimed by §engor & Yilmaz (1981), who
denned it as a continental fragment of the
Cimmerian Continent rifted from Gondwana
during Permo-Triassic times and rotated antic-
lockwise northwards to close the Palaeotethys
Ocean.

The marine deposition of the Late Permian
carbonate platform is bounded to the south by a

structural high that is here termed the Beys.ehir-
Akseki-Hadim High. This high formed during
pre-Late Permian time, has been a linear emer-
gent belt during most of the Late Palaeozoic
(Monod 1977; Ozgiil 1997) and extended from
the western Taurides through the Amonos
Mountains into the southeast Anatolian
Mardin High (Sungurlu 1974). Bordered to the
north and south by incomplete Upper Palaeo-
zoic successions of the Geyik Dagi (Ozgiil et al
1973,1991; Zaninetti et al 1981) and Antalya or
Alanya Units (Marcoux 1979; Lys & Marcoux
1978), respectively (Fig. 8), the Beysehir-
Akseki-Hadim High, made up mainly of Lower
Palaeozoic (mostly Cambro-Ordovician) rocks,
was not submerged during the remainder of the
Palaeozoic, even during the vast Midian trans-
gression in the Late Permian.

Successions belonging to the Southern Bio-
facies Belt are exposed in two main localities
(Hazro and Hakkari) of the Arabian Platform
(southeast Anatolia; Koyliioglu & Altiner
1989). In both localities deposits were laid
down bordering the Mardin High. The spatial
distribution of the Southern Biofacies Belt from
the Tauride belt to the Arabian Platform, con-
firmed by several faunal provinces (e.g. Para-
dagmaritd), questions the validity of existing
models (e.g. Stampfli et al 1991; Dercourt et al
1993) which generally favour separation to the
north of the Arabian Platform and opening of a
southerly Neotethys ocean during the Late
Permian.

As shown by the Devonian-Permian stra-
tigraphy of the Tauride units (Ozgtil 1976,
1984; Altiner 1984), the reconstructed Late
Permian carbonate platform rests on a tec-
tonically disturbed basement, most probably
activated in Devonian and Carboniferous
times and possibly extending into, or reacti-
vated during, the Early Permian (Fig. 8). The
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presence of a non-depositional area represented
by a structural high, probably reactivated during
the Late Palaeozoic, and areas of incomplete Late
Palaeozoic sedimentation (transgressive Upper
Permian over either Devonian or Lower Car-
boniferous; Ozgtil etal 1973,1991; Monod 1977;
Zaninetti et al 1981; Altmer 1984; Demirta^h
1984; Ozgiil 1997) in the Geyik Dagi Unit, nearly
complete sedimentation from Upper Devonian
through Carboniferous to Asselo-Sakmarian
(Lower Permian) in the Aladag Unit (Monod
1977; Argyriadis 1978; Altmer 1981,1984) and the
outer platform Upper Permian successions over
Devonian and Carboniferous units of the Bolkar
Dagi Unit (Demirtash et al. 1984; Ozgul 1984,
1997) all suggest that this basement was probably
rifted to give rise to differing stratigraphic
sequences arranged in linear belts in southern
Turkey. Relatively more complete successions,
such as the Aladag Unit, were laid down in fault-
bounded, shallow-marine environments (Fig. 8).
This basement configuration, preceding the Late
Permian transgression, strongly implies the
presence of a basin or trough to the north by
Carboniferous time. If so, it might even suggest
that some continental pieces rifted away from the
Gondwana margin and drifted northwards to
collide with the continuously growing orogenic
belt in the north. In this model two important
points emerge: the definition of the allochthonous
terrane that drifted northwards (e.g. the Upper
Permian of the Central Pontides, known as the
Akta§ Unit, could be one of these drifted off
fragments; Ustaomer & Robertson 1997) and the
basin or trough left behind to the south of the
orogen bounded by the Late Permian carbonate
platform. The nature of the trough and related
rock sequences connecting the Sakarya basement
and the northernmost Taurides need to be
determined by additional studies focusing on
the Bolkar Dagi-Konya and Kiitahya zones.
These are still poorly defined because of the
effects of metamorphism, the presence of a thick
sedimentary cover and the lack of detailed
stratigraphic and palaeontologic data.
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Abstract: This paper focuses on the Mesozoic-Tertiary tectonic evolution of southern
Turkey and offshore areas of the easternmost Mediterranean. The area is discussed and
interpreted utilizing three segments from west to east. In the far west, the Lycian Nappes
represent emplaced remnants of mainly Mesozoic rift, passive margin and oceanic units that
formed within a northerly strand of the Mesozoic (i.e. Neotethyan) ocean. Further east, the
Hoyran-Bey§ehir-Hadim Nappes, likewise encompass sedimentary and igneous units that
formed within a northerly Neotethyan oceanic basin, although lithologies, structure and
timing of emplacement differ from the Lycian Nappes. Further east (Adana region),
ophiolites and ophiolitic melange also formed in a northerly oceanic basin and were thrust
southwards over the regionally extensive Tauride carbonate platform initially in latest
Cretaceous time (e.g. Pozanti-Karsanti Ophiolite).

By contrast, further south the regionally important Antalya Complex records northerly
areas of a separate, contrasting southerly Neotethyan oceanic basin. This comprised a
mosaic of carbonate platforms and interconnecting seaways, similar to the Caribbean
region today. In particular, an ocean strand separated Tauride carbonate platforms to the
west (Bey Daglan) and east (e.g. Akseki Platform) within the Isparta Angle area. In the
centre of southern coastal Turkey, the metamorphic Alanya Massif is interpreted as a
Triassic rift basin bordered by two small platform units that was located along the northern
margin of the southerly Neotethys which collapsed in latest Cretaceous and was finally
emplaced in Early Tertiary time. Remnants of the southerly Neotethyan oceanic basin
remain today in the non-emplaced continental margin of the Levant and North Africa, and
neighbouring seafloor areas (e.g. Levant and Herodotus Basins).

In southern Turkey, emplaced Neotethyan units are unconformably overlain by a complex
of mainly Miocene basins. These largely reflect the effects of southward directed crustal
loading as convergence of Africa and Eurasia continued, although the basins were also
influenced by an inferred more southerly subduction zone (near Cyprus). Further east, in
southeastern Turkey, ophiolites, ophiolitic melange and continental margin units were
emplaced southwards onto the Arabian Margin, a promontory of North Africa in latest
Cretaceous time. The south Neotethyan basin's north margin experienced northward
subduction, accretion, arc volcanism and ophiolite emplacement in Late Cretaceous time.
The intervening southerly Neotethyan oceanic basin remained partly open in the Early
Tertiary, finally closing by diachronous collision in Eocene-Oligocene time, followed by
further convergence and overthrusting in the Miocene. The Eocene later stages of
convergence were marked by renewed arc volcanism and extensive subduction accretion
(e.g. Maden Complex). In the west, subduction remained active in Late Oligocene-Early
Miocene time giving rise to sedimentary melanges (olistostromes) of the Misis-Andmn
Mountains (Adana region) as an accretionary wedge. By the Miocene the subduction zone
accommodating Africa-Eurasia convergence had been relocated to its present position south
of Cyprus. Areas behind this subduction experienced crustal extension (e.g. Antalya and
Adana-Cilicia Basins) from the Late Miocene onwards. After onset of westward 'tectonic
escape' of the Turkish Plate in the Early Pliocene, southeastern Turkey was transected by the
South Anatolian Transform Fault. Strike-slip was dissipated though the Kyrenia-Misis
Lineament into Cyprus. Today, southeastern Turkey records a post-collisional setting,
whereas areas to the west experience incipient collision of the African and Turkish Plates.

The hypothesis that the eastern Mediterranean and more recently confirmed, mainly by seismic
(Fig. 1) originated as a small Neotethyan evidence (Kempler & Ben-Avraham 1987; Ana-
oceanic basin rests on three main lines of evi- stasakis & Kelling 1991). The location of the
dence. First, the present-day plate boundary of plate boundary south of Cyprus is now clarified
the African and Eurasian Plates runs through by results obtained by drilling during Leg 160
the eastern Mediterranean. This was long in- (Emeis et al 1996; Robertson et al. 1998). Sec-
ferred (McKenzie 1978; Dewey & §engor 1979) ondly, seismic refraction studies, combined with

From: BOZKURT, E., WINCHESTER, J. A. & PIPER, J. D. A. (eds) Tectonics and Magmatism in Turkey and the
Surrounding Area. Geological Society, London, Special Publications, 173, 97-138. l-86239-064-9/00/$15.00
© The Geological Society of London 2000.



Fig. 1. Outline tectonic map of the easternmost Mediterranean showing the main tectonic features discussed in this paper. The discussion focuses in the area east of
latitude 27°E and south of 40°N. More details of submarine features are shown in Figs 5 and 6.
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regional gravity and magnetic anomaly patterns
(Woodside 1977), strongly suggest that the east-
ern Mediterranean seafloor between North
Africa and the Levant onshore is composed of
Mesozoic oceanic crust (Makris et al 1983; Ben-
Avraham 1986; Ben-Avraham & Tibor 1994).
The present-day Levant coast corresponds to a
Mesozoic passive continental margin that passes
oceanward into oceanic crust within the eastern-
most Mediterranean area (Garfunkel & Derin
1984). A continuum of geological processes
exists within the easternmost Mediterranean
area, beginning with rifting and continental
break-up in the Permian-Triassic, followed by
passive margin subsidence and then incipient
continental collision of the African and Eur-
asian Plates along the Cyprus active margin.
Thirdly, detailed field-based sedimentary and
structural studies of northern Cyprus (Robert-
son & Woodcock 1979) and southwestern
Turkey (Hayward & Robertson 1982; Wood-
cock & Robertson 1982; Robertson 1993)
demonstrate that many of the Mesozoic ophio-
lites and related allochthonous units in these
areas record emplaced remnants of a southerly
Neotethyan ocean basin. Neotethys in the
Mediterranean region was palaeogeographi-
cally varied and can be compared with the
Caribbean or the southwestern Pacific regions
in complexity. Indeed, some of the ophiolites
and related units in the area considered were
derived from a separate Neotethyan oceanic
basin located to the north of an east-west belt
of Mesozoic carbonate platform rocks that from
the substratum of all of the allochthonous units
in the region.

The aim here is to discuss the main geological
information available for southern Turkey,
extending from the easternmost Mediterranean
(east of 28°E longitude) through southeastern
Turkey (Fig. 1). Much of the information and
interpretation presented here was previously
published as chapter 54 (Synthesis section) of
the Scientific Results of Ocean Drilling Program
Leg 160, which included drilling on the Era-
tosthenes Seamount south of Cyprus (Robert-
son 1998). This contribution comprises a
summary and synthesis of a wide area, including
the easternmost Mediterranean Sea, Cyprus and
the Levant region. In addition, a companion
paper focusing on Cyprus, onshore and offshore,
was recently published by the Geological Survey
Department, Cyprus (Robertson 2000). Here,
the focus is on the onshore geology and tec-
tonics of southern Turkey that includes the
deformed remnants of a southerly Mesozoic
oceanic basin.

In general, the easternmost Mediterranean

area includes important remnants of a southerly
Neotethyan (mainly Mesozoic) oceanic basin
which formed part of a larger Tethyan ocean
(Le Pichon 1982). From Late Cretaceous to
Holocene time, the eastern Mediterranean has
been in a state of diachronous collision,
whereas, areas to the east, in southeastern
Turkey, are now in a post-collisional phase
(§engor & Yilmaz 1981; Dewey et al 1986;
Pearce et al 1990), whereas areas to the west
are still in an early collisional phase (south of
Cyprus), or locally still in a pre-collisional phase
(e.g. off southwest Cyprus) (Robertson &
Grasso 1995). Thus, the present easternmost
Mediterranean basin is a direct successor to a
pre-existing Mesozoic Neotethyan oceanic
basin.

Field evidence from southern Turkey shows
that two separate Neotethyan oceanic basins
developed in this region (southerly and north-
erly). The southerly oceanic basin system
includes the present easternmost Mediter-
ranean region. The northerly margins of this
basin experienced deformation and ophiolite
emplacement in the Late Cretaceous, whereas
the southerly, North Africa-Levant Margin re-
mained passive. By contrast, southern Turkey
also includes far-travelled remnants of another,
separate Neotethyan oceanic basin, represented
by the Lycian Nappes in the west and the
Bey^ehir-Hoyran-Hadim Nappes further east.
There is also evidence for southerly and north-
erly derived Neotethyan oceanic basins in
southeastern Turkey, which will be briefly sum-
marized.

This paper focuses on areas to the south of the
drainage divide of the Taurus Mountains in
southern Turkey. This region has seen much
internationally based work over many years
and is consequently the best documented and
understood region of Turkey. A more complete
database for the easternmost Mediterranean
region as a whole, including Cyprus and the
Levant, is published elsewhere (Robertson
1998).

In the Turkish literature, the Taurus Moun-
tains are traditionally divided into western,
central and eastern segments, based mainly on
geography. The western segment is located west
of the Isparta Angle, the central segment lies
north of Cyprus, whereas the eastern segment is
located east of the longitude of the Levant
Margin. In this paper, for purposes of descrip-
tion and interpretation, the area is divided into
three slightly different segments (Fig. 2). From
west to east, these are: the Western segment
from the Bozburun Peninsula in the west to
near Anamur; the Central segment from
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Fig. 2. Sketch map showing the three main segments discussed in this paper. Segment 1, the Western segment;
segment 2, the Central segment; segment 3, the Eastern segment.

Anamur to near Kahraman Maras; and the
Eastern segment extending beyond this to the
border with Iran. The main advantage of this
informal classification is that it allows geologi-
cally similar units (e.g. Antalya region) to be
treated together rather than splitting them
based mainly on geography.

Before beginning the discussion of individual
areas it should be noted that several substan-
tially different interpretations exist for the
southerly Neotethyan units in southern Turkey.
The first is that all these units are substantially
allochthonous and were thrust from a single
Mesozoic ocean basin located far to the north
in the Black Sea area ('internal hypothesis')
(Ricou et al 1984; Marcoux et al 1989). If valid,
the Neotethyan units of southern Turkey would
have no connection with the tectonic evolution
of the present-day eastern Mediterranean Sea
area. A full discussion of why the 'internal
hypothesis' is unlikely to be valid has been
published elsewhere, especially focusing on the
evidence of unbroken sedimentary successions
overlying Mesozoic carbonate platforms in the
west (Bey Daglan and Isparta areas) and the
existence of structural evidence supporting an
origin of continental margin and ophiolitic units
within a southerly Neotethyan oceanic basin

(Robertson & Woodcock 1980; §engor &
Yilmaz 1981; Robertson 1993; Robertson et al
1996). The second alternative view accepts that
the southern Turkish Neotethyan allochthonous
units are southerly derived, but suggests that
spreading in this basin did not take place until
the Cretaceous, following successive rift phases
in the Late Permian and Triassic (Dercourt et al
1986; Dilek & Rowland 1993). A number of
lines of evidence oppose this interpretation,
including the presence of Triassic mid-ocean
ridge basalt (MORB)-type lavas in the Antalya
area, the existence of unbroken Triassic-Upper
Cretaceous deep-water passive margin succes-
sions around the margins of the Tauride micro-
continental units, without any identifiable
Cretaceous break-up unconformity, and subsi-
dence histories of the north Gondwana margin
(e.g. the Levant), which do not indicate any
major rift event after Permo-Triassic time (Gar-
funkel 1989). Indeed, recently, Stampfli et al
(2000) have proposed an even earlier, Late
Permian time of initial spreading of a southerly
Neotethys, although geological evidence for this
is yet to be forthcoming. For the purposes of the
following discussion it will be assumed that
many (but not all) of the allochthonous units of
southern Turkey represent part of a Neotethyan
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Fig. 3. Rock relations diagram for the Lycian Nappes; see text for explanation [after Collins & Robertson
(1998)].

oceanic basin that opened in the Triassic fol-
lowed by complete closure in Early Tertiary
time.

The Western segment

The Western segment comprises the Lycian
Nappes (northerly derived), the Antalya Com-
plex (southerly derived), the metamorphic
Alanya Massif and overlying Neogene sedimen-
tary basins, both onshore and offshore.

The Lycian Nappes

In general, the Lycian Nappes are a composite
unit dominated by ophiolites, accretionary

prism-type volcanic-sedimentary units and
sedimentary thrust sheets of Carboniferous-
Permian to Late Cretaceous age (De Gra-
ciansky 1966; Poisson 1977, 1984; Okay 1990;
Robertson et al 1996; Collins & Robertson
1997,1998,1999).

As shown in Fig. 4, four major tectonostrati-
graphic units are present within the outcrop
area of the Lycian Nappes as a whole from the
structural base upwards: the Yavuz Thrust
Sheet (lowest), the Karadag Thrust Sheet, the
Teke Dere Thrust Sheet and the Koycegiz
Thrust Sheet (highest), followed by melanges
(Lycian Melange) and then an ophiolite
(Lycian Peridotite). The coastal exposures
are dominated by the higher parts of the

Fig. 4. Tectonostratigraphy of the Lycian Nappes, including the major thrust sheets making up the Lycian
Allochthon. The Koycegiz Thrust Sheet, the Lycian Melange and the Lycian Peridotite are the main units
exposed in southern coastal Turkey. After Collins & Robertson (1998, 2000).
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Fig. 5. Outline tectonic map of the easternmost Mediterranean area extending from southwestern Cyprus to
southern Turkey. Data sources are specified in the text.

tectonostratigraphy, mainly the Koycegiz
Thrust Sheet, the Lycian Melange and the
Lycian Peridotite. The Koycegiz Thrust Sheet
begins with pillow basalts of chemically tran-
sitional type, interpreted as being formed
along a Triassic rifted margin (northerly Neo-
tethys), overlain by a Lower Jurassic shallow-
water carbonate succession that then subsided
to form a continental slope that survived until
the Late Cretaceous. The Lycian Melange,
comprising both sediment-dominated and
ophiolite-dominated units (Layered Tectonic

Melange and Ophiolitic Melange, respectively),
is interpreted as an accretionary prism related
to subduction in latest Cretaceous (Campa-
nian-Maastrichtian) time. The Lycian Perido-
tite is interpreted, based on geochemical
evidence, as an Upper Cretaceous ophiolite
formed by spreading above a subduction zone
in the northerly branch of Neotethys (Collins
& Robertson 1998). The crustal sequence of
the Lycian ophiolite (sheeted dykes, lavas) is
not preserved, presumably owing to erosion.
However, the missing ophiolitic lithologies are
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present as inclusions within the underlying
Lycian Melange.

The Lycian Nappes are thrust over a Mio-
cene, mainly terrigenous, turbiditic succession
(Ka§ Basin; Fig. 5; Hayward 1984). These
Miocene sediments in turn overlie a Mesozoic
carbonate platform, the Susuz Dag, and its
northward extension into the regional Bey
Daglan-Menderes Unit, interpreted as a micro-
continental unit (Collins & Robertson 1998). In
addition, inland, the Lycian Nappes are trans-
gressively overlain by Neogene sedimentary
basins, contemporaneous with the later stages
of emplacement of the Lycian Nappes (e.g.
Tavas Basin), and postdating emplacement
(e.g. Qameli Basin).

The Lycian Nappes are restored as a north
facing Mesozoic rift and passive margin (De
Graciansky 1966; Collins & Robertson 1998).
Mainly deep-water sediments of Triassic-Late
Cretaceous age, preserved as blocks within
melange units above the Lycian thrust sheets,
are interpreted as deep-water sediments over-
lying Mesozoic Neotethyan oceanic crust.
Northward subduction of the Neotethyan
ocean basin began with accretion of oceanic-
derived melange and disrupted thrust sheets.
Debris was shed into a continent ward migrating
flexural foredeep, initially located along the
distal edge of the continental margin in the
Campanian-Maastrichtian (represented by the
highest stratigraphic levels of the Koycegiz
Thrust Sheet); the foredeep then propagated
southwards over more proximal continental
crust during Palaeocene time and, in turn, this
was detached as the Teke Dere Thrust Sheet
and the Karadag Thrust Sheet (best exposed
near the Aegean coast). The Lycian Allochthon
was finally emplaced over the most proximal
(southeasterly) foredeep (Kas Basin) in Late
Miocene time (Hayward 1984; Collins &
Robertson 1997,1998,1999).

The Hoyran-Bey$ehir-Hadim Nappes
To the east, the Lycian Nappes are replaced by a
separate series of allochthonous units that
extend from north of Lake Egridir, through the
Bolkar Mountains to near the Mediterranean
coast between Anamur and Silifke. The lith-
ology and timing of emplacement of these
latter nappes differ markedly from that of the
Lycian Nappes, discussed above. Based on
regional mapping, much of the fundamental
lithostratigraphy was established by Ozgiil
(1984) and Monod (1977). These nappes region-
ally overlie a basement of Tauride platform
units, locally the Mesozoic Akseki Platform in

the west. Further east, the relatively autoch-
thonous 'basement' includes successions of
Cambrian-Permian platformal lithologies, un-
conformably overlain by Triassic and younger
Mesozoic shelf units (Demirta^h 1984). Struc-
turally above, the Bey^ehir-Hoyran-Hadim
Nappes comprise a number of contrasting
tectonostratigraphic units of Late Palaeozoic-
Mesozoic age. The structurally lowest thrust
sheet in the west extends down as far as a
succession of Permian platform carbonates.
Structurally higher, Triassic-Upper Cretaceous
units include volcanic rocks and volcaniclastic
sediments, shallow-water to deeper water car-
bonates, radiolarian sediments, ophiolites,
Upper Cretaceous ophiolitic melange and
Lower Tertiary flysch-type sediments related to
emplacement (Monod 1977; Okay & Ozgiil
1984). Further east, smaller exposures near the
coast are known as the Hadim Nappe (i.e.
Aladag Unit, Demirta^h et al. 1984). In contrast
to the Lycian Nappes, there have been no
extensive modern studies of these units,
although such work is now beginning.

The Hoyran-Bey^ehir-Hadim Nappes are
restored to a position within a northerly, 'Inner
Taurus ocean' (Goriir etal 1984), separate from
the southerly Neotethyan oceanic basin (§engor
& Yilmaz 1981; Robertson & Dixon 1984;
§engor et al. 1984). The Hoyran-Bey§ehir-
Hadim Nappes are thus counterparts of the
Lycian Nappes, which were also rooted in a
northerly Neotethyan oceanic basin. However,
the Hoyran-Beys^ehir-Hadim Nappes differ in
many ways lithologically and were finally
emplaced in the Late Eocene, whereas the
Lycian Nappes were only finally emplaced in
Late Miocene time [see Ozgul (1984) for a
detailed discussion].

The Antalya Complex
The Antalya Complex is a regionally important
allochthonous unit of mainly Mesozoic rocks
exposed within the Isparta Angle area (Figs 6
and 7). This unit has close affinities with the
Mamonia Complex of western Cyprus (Robert-
son & Woodcock 1980) and represents a critical
part of the evidence of a southerly Neotethyan
oceanic basin in the easternmost Mediterranean
region. The Antalya Complex differs markedly
in structure, lithology and timing of emplace-
ment from the Lycian Nappes, described above.
In particular, especially in the southwest of the
area (southwest of Antalya city), high-angle
structures dominate (Fig. 7b), in contrast to the
regionally low-angle thrust sheets of the Lycian
Nappes. This high-angle structure is interpreted



Fig. 6. Outline bathymetric and geologic map of part of the easternmost Mediterranean area. Detail of the area is shown in Fig. 5. More detailed bathymetric data for the
Anaximander Mountain area are included [from Ivanov et al (1992)].
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Fig. 7. Antalya Complex of southwestern Turkey, (a) Outline tectonic map of the Antalya area, showing
particularly the large extent of relatively autochthonous Mesozoic carbonate platforms (e.g. Bey Daglan) and
the Mesozoic Antalya Complex. Other units highlighted in the text are the Lycian Nappes, the Akseki Platform
and the Alanya Massif [modified after Robertson & Woodcock (1984)]. Note: the internal structure of the
Antalya Complex is not differentiated, (b) Cross-section of the Antalya Complex. This is interpreted as a
transition from a carbonate platform in the west, across a continent-ocean transition zone, marked by ophiolitic
rocks and carbonate build-ups on rifted blocks of Palaeozoic crust. The Antalya Complex (the southwestern
area) was technically emplaced in the latest Cretaceous-Early Tertiary by a combination of westward thrusting
and strike slip.
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as evidence of a dominantly strike-slip mode of
emplacement (Woodcock & Robertson 1982)
and thus the earlier term of the Antalya Nappes
(Delaune-Mayere et al. 1976) is not favoured.
The Antalya Complex is exposed in segments
around the periphery of the liparta Angle.
Exposures in the southwest (southwest of Anta-
lya) constitute the type area, as all the main
units are well exposed. High-angle structures
dominate there and also along the southeastern
outcrop of the Antalya Complex (near Serik).
By contrast, exposures further north towards
the apex of the Isparta Angle (e.g. Isparta-
Egridir area, not discussed here) are dominated
by lower angle structures (Waldron 1984;
Robertson 1993; Fig. 7).

In the west, the (relatively) autochthonous
basement of the Antalya Complex, represented
by the carbonate platform, is dominated by
Jurassic-Lower Cretaceous shallow-water car-
bonates, overlain by Upper Cretaceous-Palaeo-
gene pelagic carbonates (Poisson 1977). A
transition to Upper Cretaceous deeper water
carbonates is locally associated with sedimen-
tary breccias (Robertson 1993), indicative of a
possible control by coeval extensional faulting.
Widespread shallow-water carbonate depo-
sition ended in the Cenomanian, followed by
onset of pelagic carbonate deposition in the
Turonian, continuing until the Early Palaeocene
when final emplacement of the allochthonous
units (the Antalya Complex) took place (Pois-
son 1977, 1984; Robertson 1993). By contrast,
synrift and pre-rift units of pre-Late Triassic age
are exposed along the eastern limb of the
Isparta Angle (Gutnic et al. 1979; Waldron
1984; e.g. Siitciiler Unit; Fig. 7).

The following main units are present in the
classic southwestern segment of the Antalya
Complex, from west to east (Robertson &
Woodcock 1982; Fig. 7a and b). Firstly, the
relatively autochthonous Mesozoic Bey Daglan
carbonate Platform is overlain by Miocene fore-
land basin clastic sediments. Secondly, there is
the Kumluca Zone, composed of thrust-imbri-
cated deep-water passive margin sediments of
Late Triassic-Late Cretaceous age. Thirdly,
there is the Godene Zone, composed of sheared
ophiolitic rocks (commonly serpentinite), deep-
sea sediments and large masses of shallow-water
limestone, together ranging in age from Late
Triassic to Late Cretaceous. Fourthly, further
east, is the Kemer Zone, dominated by steeply
dipping slices of Palaeozoic (Ordovician-
Permian) sedimentary rocks overlain by Meso-
zoic shallow-water carbonates (Tahtah Dag;
Fig. 7). Finally, there is the coastal Tekirova
Zone (Fig. 7b), dominated by the deeper levels

of an Upper Cretaceous ophiolite (Tekirova
Ophiolite), which, however, lacks extrusives
(Juteau 1970; Yilmaz 1984).

The Kumluca Zone is interpreted as the
deformed deep-water, southeasterly passive
margin of the Bey Daglan carbonate Platform
to the west [the Menderes-Bey Daglan Unit of
Collins & Robertson (1998)]. Lithologies in-
clude Upper Triassic turbiditic sandstones and
pelagic Halobia limestones, Jurassic-Lower
Cretaceous non-calcareous radiolarian sedi-
ments and silicified calciturbidites. The Godene
Zone is interpreted as relatively proximal
oceanic crust, with both shallow- and deep-
water sedimentary units. It includes Upper
Triassic subalkaline pillow basalts up to 750 m
thick (Juteau 1970). These lavas are intermedi-
ate in composition, between within-plate-type
basalt and MORB-type basalt (Robertson &
Waldron 1990). The extrusives are locally inter-
bedded with, and overlain by, coarse siliciclastic
turbidites and rare quartzose conglomerates of
Late Triassic age, proving a near-continental
margin origin (Robertson & Woodcock 1984).
The associated shallow-water limestones are
interpreted as carbonate build-ups constructed
on rifted continental blocks located within a
zone of proximal oceanic crust adjacent to a
rifted margin. The Kemer Zone is viewed as
one, or probably several, slivers of continental
crust that were rifted from the larger Bey Daglan
continental fragment in the Triassic. The pre-rift
Ordovician-Carboniferous successions are in-
terpreted as a part of the North African passive
margin (Monod 1977). The Tekirova Zone is
interpreted as oceanic crust and mantle of Late
Cretaceous age formed within an Isparta Angle
oceanic basin. It represents the most westerly
preserved body of a zone of Upper Cretaceous
ophiolites, including the Troodos Ophiolite, and
those in southeastern Turkey and Syria (e.g.
Hatay and Baer-Bassit). These ophiolites
formed in a southerly Neotethyan oceanic
basin, in contrast to the Lycian Nappes and the
Hoyran-Beysehir-Hadim Nappes (see below)
that were derived from a Neotethyan oceanic
basin to the north of the Tauride carbonate
Platform (§engor & Yilmaz 1981; Robertson &
Dixon 1984). The exact tectonic affinities of the
Tekirova Ophiolite are unclear, mainly because
extrusive rocks (used for geochemical finger-
printing of tectonic setting) are not preserved.
However, ductile shear fabrics within the plu-
tonic rocks suggest formation in the vicinity of
an oceanic transform fault (Reuber 1984).

The southwestern area of the Antalya
Complex was initially deformed in the Late
Cretaceous by a combination of wrench faulting
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and thrusting within the southerly Neotethyan
ocean (Woodcock & Robertson 1982). The
Antalya Complex was then emplaced generally
westward over the relatively autochthonous Bey
Daglan carbonate platform (part of the inferred
Menderes-Bey Daglan microcontinent) in Late
Palaeocene-Early Eocene time (Poisson 1977;
Robertson & Woodcock 1982). Westward
thrusting associated with foreland basin de-
velopment carried the allochthonous units still
further westwards in the Late Miocene,
although evidence of this is seen only in the far
southwest of the area (near Kumluca).

The southwest area of the Antalya Complex
is restored as the southeasterly rifted passive
margin of a large microcontinental unit within
Neotethys (the Menderes-Bey Daglan micro-
continent) that was finally emplaced westward
onto a small Miocene foreland basin succession
overlying shallow-water carbonates (Susuz
Dag) in the Late Miocene (Hayward & Robert-
son 1982). However, in the north (near Isparta;
Fig. 7), the Antalya Complex is transgressed by
Lower Miocene limestones and terrigenous
turbidites, and is then overthrust by the leading
edge of the Lycian Nappes, showing that the
Antalya Complex and the Lycian Nappes were
emplaced at different times (Poisson 1977;
Gutnicetal. 1979; Fig. 7).

In addition, unmetamorphosed Mesozoic
rocks of the Antalya Complex are locally ex-
posed further east, adjacent to and beneath the
metamorphic Alanya Massif. The Alanya
Massif is a unique unit forming mountainous
terrain north of the coastal town of Alanya (Fig.
7). A structurally coherent unit correlated with
the Antalya Complex is exposed beneath the
Alanya Massif in an important window (Fig. 7a).
Successions of Palaeozoic age (e.g. Permian
limestones) there pass upwards into Lower
Triassic tuffaceous sediments and Middle-
Upper Triassic radiolarian sediments (U. Ulu,
pers. comm.), that relate to rifting of the south-
erly Neotethys and can be correlated with the
main areas of the Antalya Complex further
west.

Further north, unmetamorphosed units corre-
lated with the Antalya Complex (Gtizelsu Unit)
emerge from beneath the Alanya Massif within
a large east-west topographic depression,
known as the Giizelsu Corridor (Monod 1977;
Fig. 7a). The Gtizelsu Unit includes highly
deformed Mesozoic deep-sea sediments (e.g.
radiolarites), minor volcanics, large masses of
shallow-water limestone and ophiolitic frag-
ments, especially sheared serpentinite. These
Antalya Complex rocks were first deformed in
the latest Cretaceous, but only finally thrust

northward over a large carbonate platform, the
Akseki Platform (Akseki Unit), in Palaeocene-
Early Eocene time. This Akseki Platform and
platform margin facies of Late Permian age
(Altmer 1984; Altmer et al 2000), overlain by
Mesozoic carbonate platform successions, is
interpreted as a Bahama-type carbonate plat-
form located between Neotethyan oceanic
basins to the north and south.

In summary, the Antalya Complex and
related carbonate platform units (including the
Giizelsu Unit in the east) record emplaced
northerly parts of the southern Neotethyan
oceanic basin. The Menderes-Bey Daglan con-
tinental fragment rifted from North Africa in
the Late Permian-Early Triassic (Marcoux
1974, 1995), followed by genesis of oceanic
crust in the easternmost Mediterranean area in
Middle-Late Triassic time (Robertson &
Woodcock 1984; Yilmaz 1984). The southerly
oceanic basin opened in the Middle-Late Trias-
sic to form a mosaic of carbonate platforms and
basins (Fig. 8a), including the Bey Daglan Plat-
form in the west and the Akseki Platform in the
east. This was followed by genesis of additional
oceanic crust in the Late Cretaceous, possibly in
an above-subduction zone setting. Closure,
probably associated with regional northward
subduction, began in the Late Cretaceous
(Maastrichtian) and persisted into Early Ter-
tiary time, resulting in collision and amalgama-
tion of platform units (Fig. 8b). Any remaining
oceanic crust within the Isparta Angle area was
eliminated by Early Palaeocene time, by col-
lision of microcontinental units to the west and
east, whereas the southerly Neotethys still re-
mained open to the south.

The Alanya Massif
The metamorphic Alanya Massif is reported to
be dominated by three thrust sheets, of which
the lower and upper ones are composed of high-
temperature-low-pressure (HT-LP) lithologies,
whereas the middle unit comprises high-
pressure-lpw-temperature (HP-LT) blueschists
(Okay & Ozgiil 1984). The age of the blueschists
is inferred to be pre-Maastrichtian, consistent
with initial thrusting taking place in the Late
Cretaceous. Later, the nappe stack was finally
assembled by northward thrusting in Palaeo-
cene-Eocene time. The high-pressure meta-
morphics of the Alanya Massif were exhumed
prior to the Early Miocene, possibly related to a
crustal extension event.

The Alanya Massif is provisionally restored as
several platforms and basins, as shown in Fig.
8a. The latter is viewed as a small Neotethyan
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Fig. 8. Reconstruction of the palaeogeography and tectonic setting of the Antalya Complex, southwestern
Turkey, in Early Cretaceous time, (a) Early Cretaceous. Large carbonate platforms were built on continental
fragments rifted from Gondwana in the Triassic. In addition, a number of smaller satellite platforms existed. The
reconstruction is based on unravelling the various tectonics units (Robertson 1993), but cannot be accurate in
view of uncertainties, e.g. in the width of oceanic segments, the size and shape of platforms, etc. The diagram
takes account of Neogene palaeomagnetic rotations, as explained in the text. Palaeolatitudes are those inferred
by Dercourt et al (1992) for the Taurus carbonate platform at these times; modified after Robertson (1993).
(b) Early Eocene. Units on either side of the Isparta Angle oceanic basin have collided, resulting in thrusting
both westwards onto the eastern margin and eastwards onto the westward margin. Neotethys still remained open
to the south.

oceanic basin, or deep-rift basin (floored by Massif (Robertson et al. 1991). This restoration
volcanics), located between the Akseki carbon- assumes that large-scale thrusting was essen-
ate Platform to the north and a carbonate tially in-sequence, so that the thrust sheets can
platform that later became part of the Alanya simply be pulled apart to reveal the pre-existing



Fig. 9. Summary of the onshore Miocene successions in southwestern, southern and southeastern Turkey. See text for explanation and data sources. Locations on maps 
in this paper are indicated.
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palaeogeography. The HP-LT rocks of the
Alanya Massif could thus represent another
sutured small Neotethyan basin (rift or small
oceanic) bordered by continental crust to the
north and south (Fig. 8a). This basin would have
closed in the Late Cretaceous, by northwest
directed subduction, associated with initial de-
formation of the Antalya Complex. In the Late
Eocene, the already assembled units of the
Alanya Massif were thrust over the Antalya
Complex and, in turn, finally over the Akseki
carbonate platform to the north (Fig. 8b).

Miocene basins

Throughout the Western segment, from the
front of the Lycian Nappes eastwards, the
Mesozoic-Lower Tertiary Neotethyan units de-
scribed above are unconformably overlain, or
locally overthrust, by Miocene basinal units
(Figs 7a and 9). Overthrusting is seen only in
the west, where the frontal parts of the Lycian
Nappes are thrust over Miocene turbidite suc-
cessions (e.g. Kas, Basin), interpreted as a fore-
land basin (Hayward 1984). Locally, a klippen
of the Lycian Nappes is seen overlying similar
Lower Miocene (Burdigalian) turbidites near
Isparta (Poisson 1977; Flecker 1995). Else-
where, the Miocene basinal units unconform-
ably overlie deformed Neotethyan units, i.e. the
Tauride carbonate platforms, the Alanya Massif
and the Antalya Complex. Within the Isparta
Angle region, the Antalya Complex and
adjacent relatively autochthonous Mesozoic
'basement' units (e.g. Bey Daglan) are uncon-
formably overlain by two related north-south
trending Miocene basins, the Aksu and Koprii
Basins. Further southeast, the Alanya Massif is
unconformably overlain by the Miocene Mana-
vgat Basin (Fig. 7).

The Aksu Basin in the west begins with
Lower Miocene transgressive limestones
(Aquitanian), passing up into Burdigalian tur-
bidites, exposed in the north, in the Isparta
area (Poisson 1977; Hayward 1984; Flecker
1995; Fig. 9). Further south, the succession is
dominated by Middle-Upper Miocene mud-
stones, turbidites and channelized conglomer-
ates. These clastic sediments are interpreted as
erosional debris from the front of the Lycian
Nappes as they neared their final position
(Flecker 1995; Flecker et al. 1995). The floor of
the Miocene Aksu Basin was strongly faulted
during sedimentation, possibly exploiting pre-
existing lineaments within the underlying
Mesozoic Antalya Complex (Flecker 1995).
During the Late Miocene, the Lycian Nappes
were thrust to their final position, deforming

the Lower Miocene part of the foreland basin
exposed in the north (near Isparta). Also in
the Late Miocene, the easterly margin of the
Aksu Basin was deformed by reverse faulting,
thrusting and folding towards the west ([the
'Aksu phase' of Poisson (1977); Akbulut 1977;
Frizon de Lamottte et al. 1995]. This defor-
mation was generally coeval with counter-
clockwise rotation of the western limb of the
Isparta Angle and clockwise rotation of the
eastern limb of the Isparta Angle (Kissel &
Poisson 1986; Kissel et al. 1990; Morris &
Robertson 1993). The Isparta Angle originated
as a Mesozoic oceanic basin (with oceanic
crust) separating several large carbonate plat-
forms during the Mesozoic-Early Tertiary, as
discussed above (Poisson 1984; Waldron 1984;
Robertson 1993). The Isparta Angle was later
tightened to form an 'oroclinal bend' during
the Miocene, related to regional development
of the southward curvature of the Aegean
active margin (Kissel & Laj 1988). It was
influenced by the final emplacement of the
Lycian Nappes towards the southeast, and
possibly also by westward movement of Ana-
tolia caused by collision with the Arabian
margin in southeastern Turkey.

Further east, the elongate Koprii Basin is
divided into a western part, with coarse fan-
delta conglomerates with local patch reefs, and
an eastern part with thinly bedded sandy turbi-
dites. Palaeocurrent data indicate sediment
transport from north to south in the north of
the basin, but southeastward flow in the south-
east, towards the Manavgat Basin (described as
part of the Central segment below) (Flecker et
al. 1995). Recent Sr-isotope dating shows that
the Koprii Basin was initiated in the Early
Miocene (Early-Middle Burdigalian), slightly
earlier than similar facies in the Manavgat
Basin further east. The exact time of initiation
of the Aksu Basin in the west is less well
constrained.

The regional trend in the time of basin
initiation and the subsequent facies are consist-
ent with an origin as a foreland basin that
migrated regionally southeastward with time
related to the final stages of emplacement of
the Lycian Nappes (Flecker et al. 1997). The
Aksu-Koprii Basin System shows evidence of
fault reactivation of old lines of crustal weak-
ness in the Mesozoic 'basement', which helped
divide the regional foredeep into two main
semi-independent depocentres during sedimen-
tation. The regional Aksu-Koprii Foreland
Basin System was uplifted, faulted and eroded
in Late Pliocene-Quaternary time to produce
the present topography of Miocene sedimentary
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outcrops separated by Mesozoic limestone
mountains.

Further east, the Alanya Massif is unconform-
ably overlain by Miocene marine sediments of
the Manavgat Basin (Akay et al 1985; Flecker
1995; Flecker et al 1995; Fig. 9). The succession
in the Manavgat Basin begins with Lower
Miocene shallow-water carbonates, including
patch reefs, that developed along the southern
margins of the Alanya Massif. During the
Middle Miocene, deeper water turbidites and
debris flows (with blocks derived from the
Alanya Massif) accumulated, interbedded with
bathyal hemipelagic carbonates. The Upper
Miocene succession is dominated by relatively
shallow-water muddy and siliciclastic sediments.
Messinian evaporites are not exposed.

The Manavgat Basin reflects a phase of initial,
Early Miocene, northward marine transgression
over the metamorphic Alanya Massif, followed
by abrupt subsidence that ushered in Middle
Miocene deeper water deposition. Accommo-
dation space was gradually filled and the basin
progressively shallowed (Flecker et al 1995).
On a regional scale, the Manavgat Basin could
be interpreted as: (1) an extensional basin
dating from the Early Miocene (or earlier)
behind a subduction trench to the south
(Cyprus area; Fig. 6); (2) a flexural foreland
basin related to generally southward thrusting
of units in the Taurus Mountains to the north; or
(3) part of a flexural foredeep related to south-
eastward thrusting of the Lycian Nappes
(Flecker et al 1997,1998; Fig. 7). The timing of
subsidence of the Manavgat Basin is compatible
with an origin as essentially the distal, easterly
part of a foreland basin that was related to the
final stages of emplacement of the Lycian
Nappes. An origin related to more southward
thrusting from units directly to the north is
unlikely as there is no evidence of (Miocene)
thrusting of the Beysehir-Hoyran-Hadim
Nappes to the north after the Late Eocene
(Monod 1977). An influence of a subduction
zone to the south is also possible in view of
possible evidence of northward subduction near
Cyprus and in southern Turkey (i.e. Kyrenia-
Misis Lineament in the Central segment dis-
cussed below).

Pliocene basins

The onshore Pliocene-Pleistocene successions
of the Aksu Basin rests unconformably on the
older sediments of the Miocene Aksu Basin
(Akay et al 1985; Fig. 9). The Pliocene record
is dominated by a Messinian-Middle Pliocene
extensional basin, infilled with shallow-marine

to deltaic sediments up to several hundred
metres thick (Glover & Robertson 19980, b).
Messinian evaporite is very locally present. The
Pleistocene of the Aksu Basin (Fig. 9) is marked
by extensive tufa deposits ('Antalya travertine',
Burger 1990) that precipitated from cool-water
springs (Glover 1996). The Antalya tufa was
built up on a thin (tens of metres) Upper Plio-
cene-Lower Pleistocene alluvial succession.
Further east, the highest exposed levels of the
Manavgat Basin comprise open-marine muddy
sediments of Early Pliocene age (Glover &
Robertson 19980).

The Pliocene-Pleistocene Aksu Basin is
interpreted in terms of an initial Late Miocene
rift event (transtensional), followed by an
Lower-Middle Pliocene sedimentary infill, then
further rifting extension in the latest Pliocene-
Early Pleistocene (Glover & Robertson 19980,
b) that was associated with uplift of the adjacent
Taurus Mountains, and more generally linked to
regional crustal extension and uplift of western
Anatolia as a whole (Price & Scott 1994).
Further east, the Lower Pliocene muddy sedi-
ments of the Manavgat Basin are interpreted as
a shallow eastward extension of the Aksu Basin.

Offshore areas

The offshore area within the Western segment
comprises, from west to east, the Rhodes Basin,
the Anaximader Mountains and the Antalya
Bay (Fig. 6).

In the far west, the seafloor is dominated by
the Mediterranean Ridge (Fig. 5), now known
to be a mud-dominated accretionary wedge
overlying a northward (or northeastward) sub-
duction zone in which Mesozoic oceanic crust
has been consumed, probably since around Late
Oligocene time (Kastens 1991; Kastens et al
1992; Camerlenghi et al 1995; Chaumillon &
Mascle 1995; Robertson & Kopf 1998). In its
central area, the Mediterranean Ridge is now in
the process of collision with Cyrenaica, a large
promontory of North Africa. However, further
east in the Herodotus Basin area (Fig. 5), and
west in the Ionian Sea, collision has not yet
occurred. Small remnants of Mesozoic oceanic
crust remain, overlain by very thick sediments.
The Hellenic Trench, between the Mediter-
ranean Ridge and Crete, was first postulated to
be the present-day Africa-Eurasia Plate bound-
ary (e.g. Hsu et al 1978), but more recently has
been reinterpreted as a flexural foredeep related
to backthrusting of the Mediterranean Ridge
accretionary complex (Camerlenghi et al 1995).
In the east, the Hellenic forearc zone includes
the discrete Strabo and Pliny Trenches. It is
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Fig. 10. Map of the main tectonic lineaments in the northeasternmost corner of the Mediterranean area.
Onshore data from Karig & Kozlu (1990) and Kelling et al. (1987); offshore data from Aksu et al (19920).

widely believed that these features are domi-
nated by left-lateral strike-slip (e.g. Le Pichon &
Angelier 1979; Angelier et al 1982). The Pliny
Trench extends onshore as the important
Burdur Fault Zone (Fig. 5), whereas the Strabo
Trench extends eastward into the 'cleft' area
south of the western Anaximander Mountains.
The area to the west of the Anaximander
Mountains connects with the Mediterranean
Ridge accretionary complex via a series of fault
lineaments dominated by left-lateral strike-slip.
The southern boundary of the Anaximander
Mountains (Fig. 6) is distinguished by an east-
ward extension of the 'cleft', marked by down-
faulting that is especially marked on the
northern side. The 'cleft lineament' then passes
eastward into a broad fold structure that exhi-
bits sediment deformation on side-scan sonar
images (Ivanov et al 1992; Woodside 1992). The
Mediterranean Ridge to the south is marked by
cobblestone topography (Fig. 6).

The Anaximander Mountains themselves

comprise three main submarine highs, termed
A-l (Anaximander), A-2 (Anaximenes) and A-
3 (Anaxogoras) from west to east (Woodside
1992). Recent results from dredging prove that
the Anaximander Mountains represent an
extension of southern Turkey in the Mesozoic
and Early Tertiary (Woodside & Dumont 1997).
The Anaximander Mountains are thus inter-
preted as a submarine extension of tectonic
units exposed on land in southwestern Turkey,
including lithologies derived from the seaward
extension of the relatively autochthonous Susuz
Dag and the allochthonous Antalya Complex.
The Anaximander Mountains exhibit a complex
structure, including localized reverse faulting in
the northwest, folding in the southeast and fault-
related subsidence in the northeast. In general,
this structure accommodates the intersection of
a zone of left-lateral displacement (i.e. trans-
pression) located within the Strabo Trench and
an inferred northeastward dipping subduction
zone beneath the Florence Rise (Fig. 6). The
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deep Finike and Rhodes Basins (Fig. 7) prob-
ably originated as rifted basins, similar to the
Adana and Cilicia Basins further east (see
below). These basins are now being actively
deformed, in response to left-lateral transpres-
sional deformation along the plate boundary to
the south.

The deep structure of Antalya Bay, the off-
shore extension of the Isparta Angle (Fig. 6),
remains poorly known. Seismic data indicate the
presence of evaporites of presumed Messinian
age and, thus, imply a pre-Messinian age of
formation (Woodside 1977). Earthquake
records suggest the existence of a detached
oceanic slab beneath Antalya Bay (Rotstein &
Kafka 1982; Jackson & McKenzie 1984, 1989),
although the direction and timing of subduction
remain unclear. Shallow-penetration seismic
data indicate that the western margin of Antalya
Bay is marked by a series of steep down-to-the
east normal faults. The northeastern Antalya
Bay area is characterized by more widely spaced
faults that locally define a horst-and-graben
structure (Glover & Robertson 1998a). By
contrast, extensional faulting has produced a
southwards widening rift basin (Antalya Basin)
within the Antalya Bay area (Fig. 6). This basin
is tentatively interpreted as the result of crustal
extension behind a subduction zone linking the
Florence Rise with the southern boundary of
the Anaximander Seamount (Fig. 6).

The Central segment

The Central segment of the area under dis-
cussion includes the Bolkar Mountains (part of
the Taurus Mountains) in the north, and associ-
ated ophiolites and ophiolitic melange, the
Miocene Mut and Adana Basins, in the east,
and further south the Misis Mountains (wes-
terly) and the Andirm Mountains (easterly).
Offshore areas are the Adana-Cilicia Basin
and the submerged Kyrenia-Misis Lineament
connecting northern Cyprus and southern
Turkey (Fig. 5).

The backbone of the Tauride Mountains in
the Central segment is dissected by the promi-
nent left-lateral Ecemis, Fault System that was
active in Plio-Quaternary time and possibly
earlier (Yetis 1984; Fig. 10). The mountains to
the west are the Bolkar Dag and those to the
east the Aladag. Exposed, relatively autoch-
thonous, units begin with a Palaeozoic pre-rift
platformal unit, overlain by Mesozoic plaformal
units, correlated with those of the Tauride
carbonate platform further west (Ozgiil 1984).
This platform unit is technically overlain by
ophiolitic melange and variably dismembered

ophiolites. To the north of the Aladag (in the
east) is the large and relatively coherent
Pozanti-Karsanti Ophiolite (Lytwyn & Casey
1995; Fig. 11). North of the Bolkar Dag (further
west), ophiolites are mainly dismembered as
blocks within Upper Cretaceous ophiolitic
melange, although locally more coherent units
are preserved (i.e. Alihoca Ophiolite; Dilek &
Moores 1990). In addition, high-pressure blue-
schists occur locally along the contact between
the Ophiolite and the underlying Bolkar Dag
carbonate Platform (Dilek & Moores 1990).

To the south of the Bolkar Dag a complete,
relatively undeformed, Upper Cretaceous
Ophiolite (Mersin Ophiolite) is exposed (Fig.
10). Surprisingly, until recently this was largely
ignored. The Ophiolite is underlain by a meta-
morphic sole and, in turn, by polymict volcanic-
sedimentary melange that can be interpreted as
accreted units, including deep-sea sediments
and volcanics (Parlak et al 1995). The Mersin
Ophiolite has generally been correlated with
allochthonous units further west (i.e. ophiolites
of the Hoyran-Beysehir-Hadim Nappes) that
were finally thrust southward in the Late
Eocene (Ozgiil 1984), possibly driven by the
final stages of closure of a northerly Neotethyan
oceanic basin ('Inner Taurus Ocean'; §engor &
Yilmaz 1981; Gorur et al 1984; Lytwyn & Casey
1995). However, Parlak et al (1995) argued that
the Mersin Ophiolite was emplaced northwards
from a southerly Neotethyan oceanic basin in
the Late Cretaceous, although this remains con-
troversial and needs to be tested with more field
evidence. If the Mersin Ophiolite was indeed
emplaced from the north, this would have taken
place in the latest Cretaceous rather than the
Eocene, as the ophiolites and melange along the
north margin of the Bolkar Dag are unconform-
ably overlain by transgressive Palaeogene sedi-
ments, which are unconformably overlain by
Neogene units (Demirtasli et al 1984).

Miocene basins

To the south of the Taurus Mountains (Bolkar
Dag and Aladag), the Miocene Adana Basin,
the most intensively studied Neogene basin in
southern Turkey, includes shallow-water car-
bonates, deep-water elastics, shallow-water elas-
tics and fluvial sediments, as summarized in Fig.
9 [Goriir 1977, 1992; Yalcm & Gorur 1984; see
Yetis et al (1995) for a recent review]. Seismic
stratigraphic interpretation indicates the pres-
ence of three megasequences (Williams et al
1995) within the Miocene Adana Basin. Oligo-
cene sediments further north are also reported
to exhibit evidence of compression that took
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Fig. 11. Tectonic models for contrasting melanges in the easternmost Mediterranean, (a) Upper Oligocene-
Lower Miocene melange in the Misis Mountains, southern Turkey (Misis-Andirm Complex), i.e. the northern
margin of the southern Neotethys oceanic basin, (b) Upper Cretaceous melange on the Arabian margin in
southeastern Turkey, i.e. the southern margin of the southern Neotethys oceanic basin. See text for explanation.

place in the Late Oligocene. Williams et al
(1995) relate extensional faulting to renewed
thrusting in the Taurus to the north. A problem,
however, is that the sediments within the Adana
Basin are everywhere mapped as unconform-
ably overlying the basement (Mesozoic Tauride
units). However, Williams et al (1995) invoke
the existence of concealed thrusts beneath the
northern margin of the Adana Basin to cause
flexural loading and faulting of the foreland. A
possible alternative (or additional) control is
that the faulting was related to regional exten-
sion that originated to the south, related to
subduction (i.e. suprasubduction zone exten-
sion), rather than crustal loading driven from
the north (see below).

North of the Adana Basin, Middle Eocene
deformation was followed by erosion, then
fault-controlled subsidence in the Oligocene,
with initially terrestrial deposition in the Adana
Basin (Fig. 9). Faulting continued into the Early
Miocene, when Miocene reefs accumulated on
rotated fault blocks, and shallow-marine to

deeper marine elastics accumulated in interven-
ing fault-controlled basins. A relative sea-level
high in the mid-Miocene (Langhian) caused
northward migration of reefs (Yalcm & Goriir
1984). Mid-Miocene (Langhian-Serravalian)
time was marked by deepening and deposition
of turbidites, passing progressively upwards into
shallow-marine, then continental, deposits.
Palaeocurrents are initially towards the south
and southeast, then later towards the southwest
(Gokcen et al. 1988; Gurbiiz 1993; Giirbuz &
Kelling 1993).

Further west is the horseshoe-shaped Oligo-
Miocene Mut Basin, bounded by the relatively
subdued part of the Bolkar Dag to the north and
a rugged coastal area of mainly 'basement' rocks
in the south (Gedik et al 1979). The Mut Basin
encompasses a very well-exposed succession
beginning with Upper Oligocene-basal Mio-
cene alluvial to lacustrine sediments uncon-
formably overlying emplaced Neotethyan units.
The succession was gently deformed in pre-
Burdigalian time, followed by alluvial deposits,
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passing into lacustrine to shallow-marine mixed
clastic-carbonate sediments. Thick reef lime-
stones, including very well-exposed patch reefs
developed during Langhian-Early Serravalian
time during maximum transgression (Gedik et
al. 1979). Any originally higher levels of the
succession were later eroded.

The Misis-Andinn Complex
The Misis Mountains and parts of the Andinn
Range further northeast are dominated by the
Misis-Andinn Complex, for which very differ-
ent names and origins have been proposed
(Schiettecatte 1971; Kelling et al. 1987; Karig &
Kozlu 1990).

The lower part of the Misis-Andirm Complex
is well exposed in the Misis Mountains, where it
is dominated by distal volcanogenic turbidites
(Karata§ Formation) of late Early Miocene-
latest Middle Miocene age (Kelling et al. 1987;
Gokcen et al. 1988). The tectonically overlying
upper part of the Misis Complex is a melange
(Isah Formation) containing numerous exotic
blocks up to several hundred metres in size
['olistostromes' of Schiettecatte (1971)], em-
bedded in calcareous claystone of locally Late
Oligocene-earliest Miocene age. Blocks include
?Palaeozoic limestone, Mesozoic-Lower Ter-
tiary limestones, ophiolitic rocks (serpentine,
gabbros, pillow lava), volcaniclastic and radio-
larian sediments (Schiettecatte 1971).

Abundant volcaniclastic sediments forming
'olistoliths' within the melange include very
disrupted units of massive volcaniclastics, thin-
ner bedded volcaniclastics and more coherent
successions of thin-bedded turbidites (Karatas
Formation). Geochemical studies, involving
stable trace element analysis, indicate that two
types of volcanic rock are present: (1) evolved
volcanics and siliceous tuffs of calc-alkaline
composition, presumably erupted from a con-
temporaneous volcanic arc - fresh tuffaceous
sediments are reported from in the upper part of
the Isah Formation and in the overlying Karatas
Formation (Yetis et al. 1995); and (2) basic
volcanic rocks that appear on geochemical
grounds to have been erupted above a subduc-
tion zone. Floyd et al. (1992) suggested that all
these volcanic rocks formed in a Miocene vol-
canic arc and a related rifted back-arc basin. It is
likely that these volcanics represent blocks
within the melange of possibly Late Cretaceous
age, rather than coeval volcanics. The tuf-
faceous volcaniclastic sediments within deep-
water turbidites might, however, have been
derived from coeval arc volcanism.

The melange was initially interpreted as an

olistostrome related to southeastward sliding of
heterogeneous blocks into a sedimentary basin
(Isah Formation). This was later emplaced over,
or against, deep-water Miocene volcanogenic
turbidites to the south (Karatas Formation).
The setting of this deposition was the northern
margin of the Iskenderun Basin in Pliocene-
Pleistocene time (Schiettecatte 1971). Kelling et
al. (1987) regarded the melange as olistos-
tromes, shed into a compressional foredeep
(related to southward thrusting) within an over-
all forearc or back-arc setting. The melange was
later deformed in a transpressional setting,
while transtension prevailed further southwest.
An alternative interpretation of the melange is
that it formed as a subduction-accretion com-
plex (rather than simply a foreland basin), as
shown in Fig. 11 a.

A very different view emerged from a study
of the Andirm Range, along-strike to the north-
east (Karig & Kozlu 1990; Fig. 11). The Misis-
Andirm Block exposes units including Upper
Cretaceous carbonates, Eocene, mafic flows,
agglomerates and volcaniclastics, bioclastic and
argillaceous limestones, Eocene-Oligocene?
hemipelagic silty marls, calcarenites calcilutites,
and localized mass-flow units of Late Oligocene
age. The assemblage thus appears to be more
complete than that exposed in the Misis Moun-
tains to the southwest (i.e. Aslantas Formation).

The tectonic contact between the upper and
lower units of the Misis-Andinn Range was
mapped by Karig & Kozlu (1990) as a regionally
important extensional fault (Aslantas Fault
Zone; Fig. 21) that separates mainly Mesozoic
basement units of the Andirm Range to the
north from the Iskenderun Basin, and an ex-
tensional counterpart, the Aslanta^-tskenderun
Basin, to the southwest (Fig. 21). The Misis-
Andinn Complex is interpreted by these
authors as a Late Oligocene-Middle Miocene
half-graben rather than being related to a
compressional foreland basin setting. Karig &
Kozlu (1990) argue that final emplacement of
regionally important allochthonous units in this
area took place prior to the Miocene, followed
by opening of a transtensional basin. The
melange is thus related to extensional detach-
ment faulting in this model. More data are
needed to test this hypothesis. However, an
extensional origin is not in keeping with the
evidence of regional convergence of the Afri-
can-Eurasian Plates and related thrusting in
southeastern Turkey and the Zagros Mountains
during the Miocene.

After initiation of the East Anatolian Fault in
the Early Pliocene, the northern boundary of
the Aslantas-Iskenderun Basin switched to
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partitioned compression and strike-slip in Plio-
cene time, according to Karig & Kozlu (1990).
Older thrust faults (e.g. in the Misis Mountains)
were sealed by Upper Pliocene and Pleistocene
sediments and volcanics, whereas fault patterns
suggest a most recent switch to extension, or
transtension. The timing of Late Miocene-Early
Pliocene, inferred transpression onshore pre-
dates the initial uplift of the Kyrenia Range in
Cyprus in Late Pliocene-Early Pleistocene
(Robertson & Woodcock 1986).

The offshore Cilicia-Adana Basin

Between Turkey and northern Cyprus is the
Cilicia-Adana Basin (Figs 5 and 10), character-
ized by east-west trending extensional faults,
some of which appear to still be active (Aksu et
al 19920, b). Available seismic reflection data
show that the Cilicia-Adana Basin dates from
pre-Messinian time. The basin is up to 3 km
deep and contains thick Messinian evaporites,
that are slightly deformed by growth faulting,
overlain by Pliocene-Pleistocene muddy sedi-
ments. There is also evidence of localized salt
diapirism (Aksu et al. 19920, b). Estimated
sediment thicknesses increase eastwards from
c. 1 to 1.8 km in the middle part of the Cilicia-
Adana Basin, to c. 3 km in the east, near Adana
Bay, which experienced input from the Seyhan
River. The lower sections of the Cilicia-Adana
Basin are not imaged by available, relatively
shallow, seismic data, but are assumed to date
from the Late Oligocene-Early Miocene, the
time of marine transgression as exposed in the
Kyrenia Range (Baroz 1979; Robertson &
Woodcock 1986). In the west, the Cilicia-
Adana Basin is bounded by a fault lineament,
the Anamur-Kormakiti Ridge, beyond which is
the Antalya Basin (Fig. 5).

The offshore Kyrenia-Misis Lineament

The submerged Kyrenia-Misis Lineament is a
major structural and topographic feature that
runs from the Kyrenia Range under the sea and
emerges as the relatively subdued Misis Moun-
tains in southern Turkey (Evans et al. 1978;
Aksu et al. 19920, b\ Fig. 10). Offshore, the
Kyrenia-Misis Lineament forms a well-defined
bathymetric ridge, the Misis Ridge, which re-
mained mainly free of sediments, whereas
basins were formed to the north and south
along extensional (or transtensional) faults.
Aksu et al. (19920, b) interpreted the lineament
as a narrow horst, bounded by strike-slip faults.
Messinian evaporites pinch out against the
Kyrenia-Misis Ridge, showing that it was

already a positive feature in the Late Miocene.
Kempler (1994) also interpreted the steep
oblique faults bordering the Kyrenia-Misis
bathymetric Ridge as reflecting strike-slip. The
submerged Misis Ridge was seen as transten-
sional in origin, in contrast to the Kyrenia
Range and Misis Mountains to the west and
east, respectively, that were transpressional.
Mapped Pliocene-Pleistocene extensional
faults trend at right angles to the Misis-Kyrenia
Ridge (Fig. 10). This extension is attributed to
regional strike-slip, with individual listric faults
soling out on Messinian evaporite (Aksu et al.
19920, b).

Discussion: tectonic model

Exotic rocks, including Upper Cretaceous
ophiolites, were regionally emplaced south-
wards from a more northerly Neotethyan ocean
basin ('Inner Tauride Ocean') onto a Mesozoic
carbonate platform in latest Cretaceous (Cam-
panian-Maastrichtian) time, represented by the
Bolkar Dag and the Aladag. Deformation re-
curred in the Eocene, related to final closure of
the 'Inner Taurus Ocean' to the north. Continu-
ing plate convergence was accommodated by
crustal thickening in the north (possibly mani-
fested in blind thrusting within basement),
coupled with subduction of Neotethyan oceanic
crust to the south, along a northward dipping
subduction zone located in the vicinity of the
Kyrenia Range of northern Cyprus. This sub-
duction gave rise to Upper Eocene 'olistos-
tromes' in the Kyrenia Range (Baroz 1979;
Robertson & Woodcock 1986; Fig. lib).

In response to continuing Africa-Eurasia
convergence, northward dipping subduction
was active in Late Oligocene-Early Miocene
time, as evidenced in the Misis-Andinn Range.
Deep-water volcanogenic sediments accumu-
lated in a remnant Neotethyan oceanic basin to
the south (Karatas Formation; Fig. 11 a). The
sedimentary melange (tsah Formation) is inter-
preted as a subduction trench deposit. Platform
carbonates, ophiolitic and older arc rocks col-
lapsed into the trench, as olistoliths. Sufficient
subduction continued during the Miocene to
fuel possible arc volcanism. The trench migrated
southward to near its final position, south of
Cyprus, by the start of the Miocene.

The Eastern segment: southeastern
Turkey

The Eastern segment discussed here extends
from near Kahraman Maras in the west to near



Fig. 12. Outline tectonic sketch map of the main units in southeast Turkey. Boxes show areas of cross-sections given in Fig. 13. Map based on 1:200 000 000 Geological
Map of Turkey. See text for explanation and data sources.
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Lake Van, c. 350 km away (Fig. 12). This area
encompasses the Arabian foreland, including
ophiolites (e.g. Hatay Ophiolite; Fig. 10) and
melange emplaced in the uppermost Cretaceous
and Palaeogene-Neogene successions. It also
includes large, structurally overlying, metamor-
phic units, the Piitiirge and Bitlis Massifs, over-
lying ophiolites and magmatic arc-related units,
and also structurally complex Palaeogene vol-
canic-sedimentary units (i.e. Maden Complex)
sandwiched between the Arabian foreland and
the overlying metamorphic massifs (Fig. 12).

This Eastern segment is divided into two
fundamentally different units by a regionally
extensive feature, termed the South Anatolian
Suture Zone in the Turkish literature. The non-
genetic term of the South Anatolian Fault Zone
(SAFZ) is used here, as not all authors interpret
this lineament simply as a suture zone. Units to
the south form part of the Arabian continental
margin, while those to the north of this fault
zone include various allochthonous Neoteth-
yan-related units. The SAFZ was generally
interpreted as a major regional thrust of alloch-
thonous Neotethyan units over the Arabian
margin. However, Karig & Kozlu (1990) rein-
terpreted the westward continuation of this fault
zone into the Misis-Andinn region (Fig. 12) as a
strike-slip fault that was reactivated by late-
stage, post-Miocene compression. A thrust-
related origin fits the evidence, at least from
southeastern Turkey. In addition, southeastern
Turkey as a whole is transected by the Pliocene-
Pleistocene East Anatolian Transform Fault.
Displacement remains poorly constrained
[< 25 km; see §engor et al. (1985)], as precise
correlations of units on either side have not
been confirmed.

The Arabian foreland

Mesozoic time saw construction of a substantial
carbonate platform along the southern margin
of the Neotethyan ocean in a passive margin
setting. Beneath are Palaeozoic shelf-type suc-
cessions, inferred to have accumulated along the
northern margin of Gondwana (as exposed in

the Hazro Inlier, Fig. 12; Fourcade et al 1991).
During the latest Cretaceous, the passive
margin gave way to a foredeep onto which
ophiolites were emplaced from the north. The
initial stages of southward obduction of the
ophiolites resulted in subsidence of the Arabian
Platform and incoming of Maastrichtian terrige-
nous sediments (Rigo di Righi & Cortesini 1964;
Yilmaz 1993). This unit is tectonically overlain
by sedimentary melange (i.e. 'olistostromes'),
then by tectonic melange and finally by large
ophiolite thrust slices. The Maastrichtian basin
is interpreted as a foredeep related to ophiolite
emplacement, as inferred for a similar unit
(Muti Formation) in Oman (Robertson 1987).
The tectonic melange contains Upper Triassic-
Upper Cretaceous units (Fourcade et al. 1991)
and is interpreted as emplaced remnants of the
former deep-water passive margin of the
Arabian Plate. It is, for example, comparable
with the para-autochthonous Sumeini slope
carbonates in Oman (Watts & Garrison 1979).
This melange includes blocks of Permian and
Triassic mafic volcanic rocks, limestone, radio-
larite and serpentinite, set in a mainly pelitic
matrix. Volcanic rocks and neritic limestones
can be correlated with the Oman exotics, rep-
resenting obducted oceanic seamounts (e.g.
Searle & Graham 1982). The melange is inter-
preted as a subduction-accretion complex
related to northward subduction of Neotethyan
oceanic crust in the Late Cretaceous, prior to its
emplacement onto the Arabian Margin to the
south (Fig. lib). In southeastern Turkey, the
overlying ophiolites (e.g. Kocah Ophiolite) are
smaller and less well exposed than their
counterparts further west, notably the Hatay
Ophiolite (Whitechurch et al 1984).

Elsewhere within the Antalya region
(Turkey) and northern Syria (Baer-Bassit
region), discontinuous platform sedimentation
continued into the Early Maastrichtian, fol-
lowed by generally southward emplacement of
allochthonous units. These comprise Upper
Cretaceous ophiolites, of suprasubduction zone
type, similar to the Troodos Ophiolite (Dela-
loye et al 1980; Delaloye & Wagner 1984; Pipkin

Fig. 13. Simplified cross-sections across Neotethyan allochthonous units in southeast Turkey, (la) From the
Late Cretaceous arc, Guleman Ophiolite and their Lower Tertiary cover (Hazar Group), across a Palaeogene
imbricate thrust wedge and melange to the Arabian foreland below the basal thrust (Akta§ & Robertson 1984,
19900, b). (Ib) Through a slice of Middle Eocene volcanics and deep-sea sediments (further east), overthrust by
the Bitlis Metamorphic Massif and underlain by the Arabian foreland (Akta§ & Robertson 1984,19900, b). (2)
Across the entire thrust stack further west, including the Piiturge Metamorphic Massif (Yazgan 1984; Yazgan &
Chessex 1991). (3) Section further west again, showing the inferred presence of a major Eocene volcanic arc unit
near the base of the thrust stack (Yilmaz 1993). (4) In the far west, showing the notion of the Miocene basin on
the Arabian foreland as a post-collisional extensional basin rather than a foreland basin (Karig & Kozlu 1990).
See Fig.12 for location of section and the text for further explanation.
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et al 1986; Dilek et al 1991; Dilek & Delaloye
1992). The emplaced ophiolite represents rela-
tively intact oceanic lithosphere in Hatay
(southern Turkey; Fig. 10), but the ophiolite
was severely dismembered during emplacement
in the Baer-Bassit and Kurd Dagh areas (in
northern Syria). Recent geochemical studies
suggest a suprasubduction zone origin for the
Hatay Ophiolite and related structural studies
point to an origin at a slow-spreading, rifted
ocean ridge (Dilek & Thy 1998). The Baer-
Bassit Ophiolite is technically underlain by
deformed thrust sheets of deep-water sedimen-
tary and volcanic rocks of Late Triassic-Ceno-
manian age that are interpreted as the emplaced
northern margin of the Arabian Plate (Delaune-
Mayere et al. 1977). In Hatay, the ophiolite is
transgressed by Upper Cenomanian-Lower
Maastrichtian fluvial elastics, then shallow-
marine sediments, whereas in Baer-Bassit the
oldest marine transgressive sediments are of
Late Maastrichtian age (northern Syria)
(Delaune-Mayere et al 1977; Delaloye &
Wagner 1984).

Following regional ophiolite emplacement,
deposition resumed on a shelf in Early Tertiary
time. The base of this succession unconformably
overlies ophiolites that were emplaced in the
Late Cretaceous. Calcareous sediments
(c. 1000 m thick), of Oligocene-Early Miocene
age, are interpreted to have accumulated on an
unstable shelf prior to final suturing of Neo-
tethys. Large areas of the northern margin of
the Arabian Plate were overlain by the Lower
Miocene terrigenous Lice Formation (Fig. 12),
traditionally interpreted as a foredeep (Lice
Basin) related to southward overthrusting of
northerly derived Neotethyan units.

Northern margin units

Understanding the geological history of the
structurally overlying allochthonous units to
the north of the SAFZ is complicated by the
different names used for often similar units in
adjacent areas studied in the field by various
workers. However, a relatively small number of
major, grossly allochthonous, tectonostrati-
graphic units are present to the north of the
SAFZ (Fig. 12).

Metamorphic complexes. The most obvious of
these units are large metamorphic complexes, of
which the Bitlis and Piitiirge Massifs are the best
known (Fig. 13). A polymetamorphic origin is
generally accepted (Helvaci & Griffin 1984),
including metamorphosed equivalents of the
Upper Triassic volcanic-sedimentary units

related to continental break-up (Perincek 1979;
Perinc,ek & Ozkaya 1981). The metamorphics
are intruded by granitic rocks in the Keban
Platform (Fig. 12), dated at 85-76 Ma and
Campanian-Maastrichtian, respectively], and
assumed to document Late Cretaceous
Andean-type magmatism. The Piitiirge meta-
morphic Massif is depositionally overlain by
Lower Tertiary-Middle Eocene shallow-water
carbonates (Yazgan & Chessex 1991), passing
up into deeper water volcanic-sedimentary
units (Bingol 1990; Hempton 1984).

One school of thought is that the meta-
morphic massifs represent the northernmost
extension of the (unexposed) metamorphic
basement of the Arabian Margin to the south
(Yazgan 1984; Yazgan & Chessex 1991).
However, most workers regard these meta-
morphic rocks as one, or several, continental
fragments rifted from Gondwana in the Triassic,
associated with opening of a southerly Neo-
tethyan oceanic basin (Hall 1976; §engor &
Yilmaz 1981; Robertson & Dixon 1984; Yilmaz
1993).

Ophiolite and arc units. A second major unit
north of the SAFZ is made up of remnants of
mainly Upper Cretaceous ophiolitic- and arc-
related units, known by different names in
different areas (e.g. Yiiksekova Arc, Baskil
Arc, Guleman Ophiolite, Ispendere Ophiolite).
Exposures are most extensive in the area north
of, and between, the Bitlis and Piitiirge meta-
morphic Massifs (Fig. 12). One of the largest of
these ophiolitic units is the Guleman Ophiolite,
which, however, lacks an intact volcanic-
sedimentary cover. Adjacent to this, and prob-
ably contiguous with it, is the large Ispendere
Ophiolite, which includes Upper Cretaceous
arc-type intrusives (Yazgan 1984; Fig. 12). In
addition, small slices of ophiolitic rocks are
found structurally underlying the Bitlis and
Piitiirge metamorphic Massifs, and similar
ophiolite slices are thrust-intercalated with a
Lower Tertiary volcanic-sedimentary unit,
known as the Maden Complex (Aktas &
Robertson 1984; Fig. 13.1b and 13.2; see below).

Volcanic-sedimentary units. A third major unit
is the Maden Complex, or Maden Group. The
Maden Complex is a composite tectonostrati-
graphic unit that was defined by Aktas &
Robertson (1984, 19900, 6), based on study of
the type area (near Maden town; Fig. 12), as
'Upper Mesozoic ophiolitic rocks and Tertiary
sediments, tectonic melange and mafic vol-
canics . . .'.The term has been used for a variety
of volcanic-sedimentary successions of mainly
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Early Tertiary age (locally with Upper Cre-
taceous inclusions) in different areas and struc-
tural positions. Some of these are intact
stratigraphic units, for which Maden Group is
the preferred term, whereas others units are
highly dismembered (melange) for which the
term Maden Complex is appropriate.

Along the northern margin of the Piitiirge
Metamorphic Massif, a deformed, but originally
coherent, volcanic-sedimentary unit of Middle
Eocene age is exposed (Maden Group; Hemp-
ton 1984; Fig. 13.1b and 13.2). Further east,
relatively undeformed sediments of Maastrich-
tian-Middle Eocene age unconformably overlie
the Upper Cretaceous Guleman Ophiolite and
related units in the area between the Bitlis and
Piitiirge Metamorphic Massifs [Hazar Group of
Aktas & Robertson (19900, b)\ Fig. 13.1A].
These latter sediments can be interpreted, in
part, as proximal facies equivalents of Middle
Eocene, mainly deeper water, facies described
by Hempton (1984).

In the north, the northern margin of the
Putiirge Metamorphic Massif is transgressed by
shallow-water limestones (Maden Group; Fig.
13.2) that pass upwards into an intensely thrust-
imbricated and sheared unit of deep-sea argil-
laceous and volcanogenic sediment (Hempton
1984). Further west, in the Kahraman Maras
area (Fig. 12), Yilmaz (1993) reported similar
Eocene lithologies depositionally overlying
Upper Cretaceous ophiolitic rocks in both
southerly and northerly areas. (However, on his
published cross-section the contact is shown as
tectonic and the unit does not appear on the
maps given, e.g. fig. 2a). Yilmaz (1993) used
evidence that both the ophiolitic and meta-
morphic units are unconformably overlain by
similar Middle Eocene sediments to argue that
both units were structurally juxtaposed prior to
the Middle Eocene.

Yilmaz (1993) also reported a small (c. 5 km
wide) tectonic window of deep-sea, radiolarian
and volcanogenic sediments of Middle Eocene
age beneath a large thrust sheet of metamor-
phosed ophiolite in the westerly Kahraman
Maras area (Fig. 13.3). This relationship is
crucial as it was taken to imply that the meta-
morphic units were emplaced over the Maden
Group sediments after deposition in the Middle
Eocene.

In the type area (i.e. near Maden town; Fig.
12), the Maden Complex is a c. 17 km thick
imbricate slice complex, made up of thrust
sheets and melange composed of Upper Cre-
taceous ophiolitic rocks (basalts, intrusives and
serpentinite), intercalated with deep-sea argil-
laceous, calcareous and volcanogenic sediments

(Fig. 13.la). The oldest recorded age of syntec-
tonic sediments is earliest Late Palaeocene
(Aktas & Robertson 19900, b). This unit is
inferred to have formed originally further south
than the coherent Eocene successions of the
Maden Group mentioned above.

Eocene volcanic rocks. A fourth important unit
is known structurally beneath the Bitlis Meta-
morphic Massif, both in the west (Karadere
area) and in the east (Siirt area; Fig. 12). This
unit is a substantial thrust sheet (up to 2 km
thick), composed of subalkaline mafic volcanic
rocks interbedded with terrigenous turbidites
and depositionally overlain by pelagic carbon-
ates of Middle Eocene age (Karadere For-
mation) (Aktas & Robertson 1984; Fig. 13.1b).
This unit was included within the Maden Com-
plex by Aktas & Robertson (1984), but is better
recognized as a separate tectonic unit, termed
the Karadere Unit, in view of its distinctive
features.

The volcanic rocks of the Karadere Unit vary
considerably within a single thrust sheet and
include high Ti and Al levels, and evolved
basalts (Aktas & Robertson 19900, b). Trace
element geochemical data reveal a subduction
zone imprint, but also imply the existence of an
associated enriched source to explain the
diverse lava types. A possible setting for
eruption of these volcanic rocks is an above-
subduction zone marginal basin, that included
seamounts, similar to the Bransfield Strait in
Antarctica (Weaver et al. 1977). However, such
a setting might be discounted in view of the
absence of coeval arc volcanic rocks or tuf-
faceous sediments within the Karadere Unit.
Aktas, & Robertson (19900) instead favoured
formation in a transtensional pull-apart basin
setting during the initial stages of collision of
Arabian and Eurasian units. The subduction
influence was seen as inherited from earlier
Late Cretaceous subduction in the area. The
pull-apart basin would have developed during
oblique convergence of the African and Eur-
asian Plates, prior to complete collision. If such
strike-slip took place, this would have impli-
cations for the entire northern Neotethyan
margin at this time.

Disrupted thrust sheets and melange. A final
important unit is a zone of imbricate thrust
sheets and melange located at the lowest struc-
tural levels, above the Miocene Arabian margin
(Lice Basin). Highly dismembered ophiolitic
rocks and tectonic melange predominate, with
an estimated structural thickness of 25 km
(Killan Unit). This melange includes highly
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Fig. 14. Alternate plate tectonic models for genesis of Upper Cretaceous ophiolites. (a) Spreading above two
subduction zones [i.e. an intra-oceanic one in the south and a continental margin one in the north (favoured
model)], (b) A single subduction zone. The main problems are that arc volcanism remained active after collision
and little space remained for Tertiary subduction. (c) Emplacement of ophiolite from the south as an obducted
flake. Not believed to be a viable mechanism.

dismembered equivalents of structurally over-
lying units within the type area of the Maden
Complex (Aktas & Robertson 1984). At two
localities, ophiolitic basalt blocks contain radio-
larians of Late Cretaceous age (Aktas 1985; Fig.
IS.laandb).

Yilmaz (1993) reported an additional import-
ant unit of Eocene age at a similar structural
level in the west (near Kahraman Maras,; i.e. the
Halete Volcanics; Fig. 13.3). This unit forms a
laterally continuous (> 20 km) thrust sheet, up
to several kilometres thick, that is technically
intercalated with chaotic Upper Eocene-Oligo-
cene sediments below and an ophiolitic unit
above, within an overall 'zone of imbrication'.
The Halete Unit is composed of Middle-Upper
Eocene andesite and associated pyroclastic
rocks, with interbeds of reef limestone near the
top of the succession (Yilmaz 1993). Eocene
volcanics were also noted by Karig & Kozlu
(1990) within their Misis-Andirm Unit. The
overlying Miocene basin was then extensional
in their view (Fig. 13.4).

Yilmaz (1993) interpreted the Halete Vol-
canic Unit as an Eocene volcanic arc related to
the later stages of northward subduction of the

Neotethyan ocean, before collision and final
thrusting over the Arabian Margin along a
South Anatolian basal thrust. This is important,
as it requires that the southerly Neotethys re-
mained sufficiently wide so as to fuel subduction
and back-arc rifting in the Eocene. However,
this hypothesis is difficult to evaluate as no
geochemical data are given for the volcanic
rocks. The Halete volcanic rocks could be
equivalent to the Middle Eocene Karadere
Unit volcanics further east, or possibly to
younger (Palaeocene-Eocene) volcanic rocks
in the Kyrenia Range of Cyprus (Baroz 1979;
Robertson & Woodcock 1986). Geochemical
evidence from both of these coeval units does
not support a simple subduction-related origin.

Discussion: alternative tectonic models
The tectonostratigraphy of southeastern Turkey
is now fairly well known, but controversies
persist, particularly concerning the tectonic set-
tings of formation and structural relationships of
individual units. Alternative tectonic models are
shown in Fig. 14.

The Eastern Bitlis Massif includes blueschists
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Fig. 15. Tectonic models for southeastern Turkey.
This area formed parts of northern passive margin of
Neotethys in the easternmost Mediterranean until
Late Cretaceous northward subduction, which
resulted in ophiolite genesis, accretion and
emplacement. Convergence continued in the Early
Tertiary. The Upper Palaeocene-Eocene Maden
Complex (as denned here) formed either as a back-arc
basin (Yilmaz 1993) (see H) or as a transtensional
pull-apart basin (Akta§ & Robertson 19900, b). The
latter is preferred as it is likely that diachronous
collision with Arabia was in progress by Early-Mid
Eocene time and there is little field evidence of the
'Halete Volcanic Arc Unit'. The allocthon was
emplaced over the Arabian Platform in Miocene time,
marking the final collisional phase. See text for further
explanation.

and is structurally underlain by an unmetamor-
phosed 'coloured melange', including ophiolitic
rocks and Upper Cretaceous radiolarites. Hall
(1976) proposed that formation of blueschists
was related to a northward dipping subduction
zone located within a Neotethyan oceanic basin
adjacent to the northern margin of Arabia.
Based on extensive field mapping of the Putiirge
and Bitlis Massifs further west, Perinc.ek (1979)
identified evidence of Triassic metavolcanic
rocks that could relate to rifting of the North
African Margin. He also gave one of the first
detailed interpretations of the Maden Complex,
which he interpreted as an Early Tertiary back-
arc basin, developed above a southward dipping
subduction zone. This view was incorporated in
§engor & Yilmaz's (1981) early plate tectonic
model. However, subsequent mapping compiled
by Aktas & Robertson (1984) and Yazgan
(1984) showed conclusively that the structural
grain was regionally northward dipping, and it
was then generally accepted that any Late Cre-
taceous-Early Tertiary subduction in the area
was northward dipping.

Accepting that any subduction was north-
ward, the next question is whether ophiolitic
rocks above the metamorphic massifs in the
north (e.g. Guleman and Ispendere Ophiolites)
could be correlated with smaller slices beneath
the Bitlis and Putiirge metamorphic Massifs (to
the south), and interpreted as remnants of an
originally much larger ophiolite thrust sheet that
was emplaced southward over the Arabian
Margin in the Late Cretaceous. A widespread
early view was that only one Neotethyan ocean
basin existed in eastern Turkey (Michard et al
1984) and, in keeping with this, Yazgan (1984)
correlated the northerly and southerly ophio-
lites, and suggested that they were all derived
from north of the metamorphic massifs, which

were then seen as regional extensions of the
Arabian continental basement.

However, it is now clear that a southerly
Neotethyan oceanic basin instead remained
open in southeastern Turkey into the Tertiary.
Ophiolites were incorporated into both the
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northern and southern margins of the Southern
Neotethyan oceanic basin in the Late Cre-
taceous. Were the origin and emplacement of
both of these northerly and southerly ophiolitic
units genetically linked? Aktas & Robertson
(1984) favoured an open-ocean model, with no
direct link between the genesis and emplace-
ment of north and south margin ophiolites (Fig.
14a). The Lower Tertiary Maden Complex
(Killan Unit of the Maden Complex; Fig. 13.la)
was interpreted as a subduction-accretion com-
plex related to the later stages of closure of the
southerly Neotethyan oceanic basin. Limited
calc-alkaline volcanics of Eocene age to the
north (Baskil Unit) suggested to them that
significant subduction took place in the Early
Tertiary. The Middle Eocene Karadere Vol-
canics were then seen as pull-apart basins
developed in a pre-collisional setting, associated
with oblique subduction.

The following model is proposed (Fig. 15).
Ophiolites were emplaced onto the northern
margin (i.e. the metamorphic units) of the
Neotethyan oceanic basin in the Late Cre-
taceous. Ophiolites were also emplaced sepa-
rately onto the Arabian margin, leaving a small
Neotethyan oceanic basin surviving into Ter-
tiary time (Fig. 15h). Northward subduction
beneath the northern Neotethyan margin then
resumed in the Late Palaeocene-Eocene
(Killan Unit of the Maden Complex), backed
by an unstable forearc basin (Hazar Group). A
small extensional, volcanic-floored basin (Kar-
adere Unit; Fig. 15g), opened briefly in the
Middle Eocene, along the northerly active con-
tinental margin of the remaining southerly
Neotethyan ocean basin. Collision of northerly
units with the Arabian margin in eastern Turkey
began in the Late Eocene. The Middle Eocene
basin then collapsed and was overthrust by
metamorphic units. The collision zone migrated
westwards along the Arabian margin during the
Oligocene-Miocene as remaining Neotethyan
oceanic crust was consumed. The assembled
stack was finally sutured with the Arabian
margin (in Eastern Turkey) in the Late Mio-
cene, preceded by formation of a Miocene
flexural basin (Lice Formation; Fig. 15f).

Discussion: palaeotectonic evolution

When additional information from adjacent
area, including Cyprus, the Levant and North
Africa and intervening marine areas are taken
in account, the plate tectonic evolution of the
easternmost Mediterranean region can be sum-
marized as in Figs 16-22 (see Robertson 1994,
1998). The reader is referred to earlier sections

for specific data and literature that support
interpretations as only references to previous
syntheses are given below.

Late Permian-Late Triassic

Prior to Late Permian time, the easternmost
Mediterranean area formed part of the northern
margin of Gondwana. Remnants of this setting
are preserved, for example, in the Antalya
Complex. The first evidence of rifting is the
development of regional highs that probably
reflect rift-shoulder flexural uplift (e.g. Hazro
in southeastern Turkey). Rifting began by the
Late Permian, resulting in widespread marine
transgression (e.g. Kantara Limestone in the
Kyrenia Range, Cyprus). Further rifting took
place in the Early Triassic, with the first evi-
dence of widespread volcanism, recorded as
tuffaceous sediments in the Antalya Complex
(Fig. 16).

Final break-up took place in the Middle
Triassic-Late Triassic time, marked by the in-
coming of deeper water radiolarian sediments,
as exposed in the Antalya Complex, within the
Alanya Massif window. Ocean-floor spreading
was in progress during the Late Triassic (Car-
nian-Norian) when transitional to MORB-type
volcanic rocks were erupted, as in the Antalya
Complex. Associated terrigenous sediments
show that the crust of the Antalya Complex
formed near the rifted continental margin and
cannot represent open-ocean Neotethyan litho-
sphere.

The Levant Margin represents either an
orthogonally rifted or a transform passive
margin segment. Oblique opening is depicted in
Fig. 16. Crust north of the present latitude of
32°30/ is of MORB-type, while that to the south
is probably thinned continental crust, or 'tran-
sitional' crust (e.g. including magmatic rocks
intruded into stretched continental crust). The
Eratosthenes Seamount is interpreted as a con-
tinental fragment, associated with mafic igneous
rocks, that was rifted from the Levant continen-
tal margin in the Triassic (see Garfunkel 1998).

On a regional scale, large continental frag-
ments were rifted from the north margin of
Gondwana to form the northern margin of the
(southerly) Neotethyan ocean basin. Carbonate
platforms were established on these units from
the Late Permian-Triassic onwards. Doubt
persists as to which of these formed single
microcontinental units as opposed to smaller
fragments. However, in the west, the Bey
Daglan carbonate Platform and the Menderes
Massif are seen as a single palaeogeographic
unit (Menderes-Bey Daglan microcontinent),
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Fig. 16. Plate tectonic reconstruction for the Late Triassic-Early Jurassic. The Levantine oceanic basin mainly
formed in the Late Triassic. The main uncertainty is over the identity of continental fragments in the east. The
initial fit develops those proposed by Robertson & Woodcock (1980) and by Garfunkel & Derin (1984). The
palaeolatitudes of North Africa in this and subsequent reconstructions are based on Dercourt et al (1992). The
palaeolatitude of the northern margin is poorly constrained.

separated from one, or several, fragments
further east by a Neotethyan oceanic basin
(represented by the Antalya Complex). These
latter units now form the Taurus Mountains of
southern Turkey (e.g. Akseki and Bolkar Dag
Units). Rifting and spreading to form more a
northerly Neotethyan basin also took place in
the Triassic, giving rise to the 'Northerly Neo-
tethyan ocean' or 'Inner Tauride ocean', that is
now represented by the Lycian Nappes and the
Beysehir-Hoyran-Hadim Nappes (§engor &
Yilmaz 1981; Robertson & Dixon 1984; Robert-
son etal 1996).

Jurassic-Early Cretaceous

Both the northern and southerly margins of the
southerly Neotethyan oceanic basin experi-
enced passive margin subsidence during Juras-
sic-Early Cretaceous time. This is recorded, for
example, by the Taurus carbonate platforms in
the north. Deep-water passive margin succes-
sions accumulated around the margins of rifted
continental fragments along the northern
margin of the southerly Neotethys, and were
later deformed and incorporated into alloch-
thonous units, as seen in the Antalya Complex.
No Jurassic oceanic crust is preserved. How-
ever, MORB-type volcanics of Early Cre-
taceous age are recognized in northeast and
southwest areas of the Antalya Complex. Re-
newed ocean-floor spreading probably took

place within the southerly Neotethyan ocean
basin in Late Jurassic-Early Cretaceous time,
but an oceanic basin already existed there since
the Triassic. Continuous spreading from the
Triassic to Late Cretaceous is, however, un-
likely, as the southerly Neotethyan oceanic
basin remained too small to be detected using
palaeomagnetic methods (Morris 1996). Most of
the oceanic crust was later subducted.

Late Cretaceous: Cenomanian-Turonian
(Fig. 17)

From the late Early Cretaceous, the African and
Eurasian Plate began to converge as the South
Atlantic opened (Livermore & Smith 1984;
Savostin et al. 1986). This convergence initiated
a northward dipping subduction zone within the
southerly Neotethyan oceanic basin. The cold,
dense Triassic oceanic slab 'rolled back', allow-
ing asthenosphere to well up and create supra-
subduction zone ophiolites, c. 150 km wide,
from west to east. These include the Tekirova
and Hatay Ophiolites. From the Cenomanian
onwards, the Tauride carbonate platforms to the
north subsided and were overlain by pelagic
carbonate. A possible explanation is that the
platforms were subjected to regional crustal
extension as the pre-existing oceanic plate
began to 'roll back' to the south. Within the
intra-oceanic subduction zone, deep-sea sedi-
ments and MORB-type volcanics were thrust
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Fig. 17. Plate tectonic reconstruction for the Cenomanian-Turonian. The easternmost Mediterranean oceanic
basin is closing through the activity of two northward dipping subduction zones, one intra-oceanic in the south
and the other, a continental margin (i.e. Andean type), in the north. Above-subduction zone spreading occurs
above both of these subduction zones. The Troodos Complex forms above the southerly subduction zone. Arc
volcanism develops extensively in southeast Turkey, related to the northerly subduction zone.

beneath still hot Upper Cretaceous ophiolitic
rocks to form dynamothermal metamorphic
soles, as seen beneath the Hatay and Mersin
Ophiolites.

Late Cretaceous: Turonian-Late
Campanian

As northward intra-oceanic subduction con-
tinued, the trench neared the Arabian passive
margin in the east, resulting in initial depo-
sitional hiatuses. Deep-water sediments,
oceanic volcanics and carbonate build-ups were
then accreted to the hanging wall of the trench
to form subduction-accretion complexes, fol-
lowed by underplating of deep-water passive
margin and oceanic sediments and volcanics.
The trench then collided with the Arabian
passive margin, collapsing it to form a foredeep,

and the entire assemblage was thrust southward
to its final position, including the Kogali Ophio-
lite in southeastern Turkey. The ophiolites were
briefly subaerially exposed, overlain by fluvial
sediments, then transgressed by marine carbon-
ates.

Late Campanian-Maastrichtian (Fig. 18)

The trench collided with the passive margin of
Arabia in Late Campanian time (c. 70 Ma).
However, the westward extension of the intra-
oceanic subduction zone and its overriding
suprasubduction zone ophiolite (i.e. Troodos
Ophiolite) remained within a remnant of the
Neotethyan oceanic basin to the west. As
Africa-Eurasia convergence continued, this
relict trench gradually pivoted counterclock-
wise, explaining the palaeorotation of a 'Troo-
dos micropiate' (Robertson 1990). Regional
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Fig. 18. Reconstruction for the Late Campanian-Maastrichtian. The southerly intra-oceanic subduction zone
collides with the Arabian margin, emplacing ophiolites; whereas, the Troodos suprasubduction zone lithosphere
remains in the ocean and progressively rotates counterclockwise as a microplate from Campanian to Early
Eocene time. Northward subduction and arc volcanism continues along the more northerly active margin.

subduction was impeded by collision of the
intra-oceanic subduction zone with the Arabian
margin. Continued convergence of the African
and Eurasia Plates generated an additional
subduction zone along the northern margin of
the Neotethyan ocean basin. Evidence for this
northerly Andean-type arc is most widely
developed in southeastern Turkey, as shown by
extensive arc-type intrusive and extrusive ac-
tivity (Baskil Arc Unit: 85-76 Ma.). The intru-
sions stitch both continental fragments (Keban,
Bitlis and Piitiirge Units) and ophiolitic crust
(e.g. Ispendere Ophiolite). This suggests that a
strip of oceanic crust was isolated behind the
subduction zone and preserved intact, whereas
most of the Neotethyan oceanic crust was
subducted.

During the Upper Cretaceous, the deep-
water passive margin units adjacent to the
rifted microcontinents units, as seen within the
Taurus Mountains (e.g. Antalya Complex),
were first deformed. In the case of the Antalya
Complex, the cause was the collapse of small
oceanic basins or broad rifts that separated a
number of the carbonate platforms during the
Mesozoic (e.g. Isparta Angle; Giizelsu Unit; a
high-pressure unit of the Alanya Massif). A

possible explanation is that this compression
relates to southward emplacement of ophiolites
and related units from the 'Inner Tauride ocean'
onto the northern margin of the Taurus carbon-
ate platforms (the Beysehir-Hoyran-Hadim
Nappes, which were rooted to the north).
Further east, the Kyrenia-Misis-Andirm Linea-
ment documents the history of the northern
margin of the southern Neotethyan oceanic
basin. In southeastern Turkey an Andean-type
continental margin arc developed in Cam-
panian-Maastrichtian time from 85-76 Ma.

Palaeocene-Early Eocene

Africa-Eurasia relative plate convergence may
have paused during Early Tertiary time (70-
48 Ma). There is no known record of subduc-
tion-related volcanism in southeastern Turkey
from the Maastrichtian to the Early Eocene.
However, Mesozoic oceanic crust still remained,
both to the north, adjacent to the southern
margin of Eurasia (§engor & Yilmaz 1981;
Robertson & Dixon 1984) and within the
southern Neotethyan oceanic basin in the east-
ernmost Mediterranean area. During the
Eocene, convergence resumed and remaining
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Fig. 19. Reconstruction for the Middle-Late Eocene. Subduction resumes along a partly amalgamated northern
margin, together with limited arc volcanism. Middle Eocene volcanics in southeast Turkey either formed in a
continental margin arc setting (i.e. Halete Volcanics) or in a transtensional pull-apart basin setting (i.e. Karadere
Volcanics) or conceivably in both settings. The Isparta Angle Neotethyan oceanic basin is by then closed in the
north but remains open in the south.

northerly Neotethyan oceanic crust (i.e. north of
the Taurus carbonate platform) was subducted,
resulting in diachronous collision. The defor-
mation front then migrated progressively south-
ward.

Late Palaeocene-Early Eocene time saw final
closure of the Isparta Angle seaway, with expul-
sion of Mesozoic deep-sea and ophiolitic units,
both eastward over the eastern limb of the
Isparta Angle and westward over the eastern
limb of the Isparta Angle. At this stage, the
Isparta Angle was still a much more open fea-
ture than today.

Middle-Late Eocene (Fig. 19)

Northward subduction in southeastern Turkey
resumed in latest Palaeocene time, giving rise to
an accretionary prism (Killan Unit of the Maden
Complex), together with limited Middle Eocene
calc-alkaline volcanism further north (Baskil
Unit). A deep-water volcanic-floored basin
opened in the Middle Eocene (Karadere Unit)
in an extensional, or strike-slip dominated,
setting. Collision ensued from the Late Eocene
onwards, tightening the suture zone, and the
collision zone migrated westward toward the
easternmost Mediterranean, where remnants of

Neotethyan oceanic crust still remained. In the
Kyrenia Range, northward subduction gave rise
to an accretionary prism during Middle-Late
Eocene time (Kalograi-Ardana 'Olistos-
tromes'), including large blocks of Upper
Permian shallow-water limestone (Kantara
Limestone).

The Late Eocene was the time of final closure
of the 'Inner Tauride ocean' to the north of the
Tauride carbonate platforms (Goriir et al 1984;
Robertson & Dixon 1984). As a result, the
Beysehir-Hoyran-Hadim Nappes were thrust
southward over the Tauride carbonate platform
to their most southerly locations. This south-
ward thrusting deformed the northern margin of
the remaining southern Neotethyan oceanic
basin and triggered southward migration of the
deformation front toward the remaining
southern Neotethyan oceanic basin. In the
west, the Beysehir-Hoyran-Hadim Nappes
were thrust southwestward, rethrusting the
northeastern segment of the Antalya Complex.
In response to regional north-south com-
pression, the Antalya Complex (Giizelsu Unit)
and the Alanya Massif were finally thrust
northward over the neighbouring carbonate
platform (Akseki Platform). The Kyrenia
Range was thrust southward over a Middle
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Fig. 20. Reconstruction for the Early Miocene. Final, localized subduction along northern margin, followed by a
southward jump of the subduction zone to near its present relative location. Localized compression is related to
establishment of a new subduction zone south of Cyprus. Thrusting occurs over the Arabian margin in the east
with development of a flexural foredeep. The Lycian Nappes advance from the northwest, associated with
inferred strike-slip and extensional basin formation, in the Isparta Angle area. Extension and subsidence take
place along the southern margin of this northern collage.

Eocene inferred, trench-accretionary unit
(Kalograi-Ardana Unit), as a stack of dismem-
bered thrust sheets (Baroz 1979; Robertson &
Woodcock 1986). In southeastern Turkey, the
Middle Eocene deep-water volcanic-floored
basin then collapsed and was overthrust by
metamorphic massifs representing the continen-
tal margin to the north. In the northern Syria
Platform, carbonate sedimentation experienced
depositional hiatuses in the Middle Eocene,
culminating in a major regional unconformity,
followed by renewed deposition in the Early
Miocene (Krasheninikov 1994). The Late
Eocene was marked by a phase of inversion of
the Syrian Arc in the Levant, suggesting that
compression was translated from the Eurasian
Plate to the Arabian Plate during that time, in
response to progressive suturing of Neotethys.
By contrast, the Troodos Ophiolite still lay to
the south of the deformation front and deep-
water pelagic carbonates (Lefkara Formation)
continued to accumulate during this time inter-
val (Robertson & Hudson 1974).

Oligocene

The Early Oligocene was a time of relative
tectonic quiescence throughout the easternmost
Mediterranean area, although faulting took

place as Africa-Eurasia convergence continued.
In the Late Oligocene, a marked change took
place, manifested in the Kyrenia-Misis-Andinn
Lineament. The onshore Adana Basin subsided,
ushering in marine sedimentation influenced by
block faulting. Sedimentary melange of Late
Oligocene-Early Miocene age (Isah Unit)
formed relatively further south, in the Misis-
Andirm Complex, within an extensional forearc
setting. The clasts were mainly derived from
earlier emplaced units to the north (e.g. Meso-
zoic limestone, ophiolites etc.). Limited acidic,
calc-alkaline, arc-related volcanism (repre-
sented by tuffs) perhaps took place at this time.
Ophiolitic blocks in the melange were reworked
by gravitational processes from previously
emplaced (?Late Cretaceous) units. The 'olis-
tostrome' is interpreted as a trench-accretion-
ary complex related to northward subduction of
Neotethyan oceanic crust to the south.

Miocene (Figs 20 and 21)

Early Miocene time saw activity along the
present subduction zone south of Cyprus, as
part of the wider regional Africa-Eurasian
Plate boundary, including the Aegean active
margin (Aegean Arc). A possible explanation
for southward migration of the subduction zone
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Fig. 21. Reconstruction for the Late Miocene. Southward thrust emplacement is completed in southeast Turkey.
Strike-slip along the Dead Sea Transform is active; subduction continues in the Levantine Sea, with 'roll-back'
giving rise to extensional basins in the overriding plate. During the Late Miocene, the Lycian Nappes are finally
emplaced, associated with compression of the Isparta Angle area, and localized thrusting in the southwestern
and eastern segments of the Antalya Complex.

is that remaining old (i.e. Early Mesozoic)
Neotethyan crust was consumed, juxtaposing
younger, more buoyant suprasubduction zone-
type Upper Cretaceous oceanic crust with the
active margin to the north. This was difficult to
consume and the subduction zone then relo-
cated itself within Lower Mesozoic oceanic
crust further south.

During the Miocene, a division clearly existed
between a pre-collisional setting in the eastern-
most Mediterranean (west of the longitude of
the Levant Margin) and a collisional setting in
southeastern Turkey. In the east, the Miocene
Lice Basin originated as a foreland basin related
to the final stages of southward thrusting of the
overriding allochthonous eastern Taurus units.
A foreland basin origin is less clear further west,
and Karig & Kozlu's (1990) transtensional basin
origin needs to be tested. However, it seems
clear, on regional plate kinematic grounds
(Livermore & Smith 1984; Savostin et al 1986),
that plate convergence was continuing during
the Miocene and thus a convergent margin-type
setting is probable.

Pliocene (Fig. 22)

Within the Aksu Basin, an extensional basin was
infilled with a shallowing-upwards, shallow-
marine to deltaic succession. Sedimentation in

the Adana Basin was entirely continental by this
time. Regional uplift took place in Late Plio-
cene-Early Pleistocene time, associated with
further extensional faulting (Aksu Basin) and
transtension (Adana Basin).

In southeastern Turkey, left-lateral strike-slip
along the East Anatolian Fault (Hempton 1982)
began in the latest Miocene (after suturing of
the Arabian and Anatolian Plates) with a total
displacement of < 25 km and was accompanied
by more pronounced left-lateral motion along
the North Anatolian Transform Fault (Barka &
Hancock 1984; Dewey et al 1986). The East
Anatolian Fault Zone links eastward with the
triple junction in the Kahraman Maras area
(Goziibol & Giirpmar 1980; Westaway & Arger
1996). Deformation in the Misis Mountains is
mainly extensional in the Pliocene-Pleistocene.
Westward escape of Anatolia during Pliocene-
Pleistocene time was accompanied by a re-
orientation of subduction from northward to
more northeastward, consistent with the instan-
taneous Global Positioning System (GPS) data
for southern Turkey (Oral et al 1994; Toksoz et
al 1995).

Pleistocene-Holocene

Existing plate boundaries were active during
this time. Northeastward subduction was active
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Fig. 22. Reconstruction for Late Pliocene-Pleistocene time. Following collision of Arabia with Eurasia, Anatolia
underwent westward tectonic escape. The inferred direction of subduction in the Levantine Sea changes to the
northeast. The Eratosthenes Seamount is being thrust beneath Cyprus. The Troodos Massif is strongly updomed
in response to collision and related serpentinite diapirism. Extensional basinal formation continues in other
areas of the overriding plate and locally onshore in the Aksu Basin (southwestern Turkey).

beneath southwest Cyprus and the southern
Antalya Bay area. Crustal extension continued
onshore in the Antalya Basin. The southern
margin of the offshore Anaximander Mountains
is seen as a left-lateral strike-slip zone that links
with the Strabo Trench to the west. The active
margin runs off south to the area where the
Eratosthenes Seamount is in the process of
active collision. The eastward extension of the
Cyprus Trench is a zone of left-lateral strike-slip
(Kempler & Garfunkel 1994), passing into a
zone of distributed strike-slip, transtension, and
transpression that links with the Levant Margin
in area north of Latakia (Al-Rayami et al 2000),
extending to the Dead Sea Transform Fault,
that in turn links northwards to the East
Anatolian Fault Zone where left-lateral strike-
slip continues. This simple northward linkage
may, however, not be active today (Butler et al
1997).

Conclusions
A review of the modern literature concerning
the geology of southern Turkey indicates that it
is dominated by evidence of the genesis and
emplacement of a Neotethyan oceanic basin.
This oceanic basin initially rifted in the Late
Permian-Early Triassic, followed by opening of

an oceanic basin in Middle-Late Triassic time.
This basin was bordered by subsiding passive
margins throughout Mesozoic time. The south-
erly ocean basin and its northerly margins were
tectonically disrupted in latest Cretaceous time,
but final ocean basin closure did not take place
until Early Tertiary time. During the Mesozoic,
the Taurus Mountains formed several micro-
continents bordered by subsiding passive mar-
gins. Notably, in the west, the Isparta Angle
existed as a small oceanic strand separating
carbonate platforms to the west (Bey Daglan)
and east (e.g. Central Taurus). In addition, a
number of structurally higher allochthonous
units, including Upper Cretaceous ophiolites
(the Lycian Nappes and the Hoyran-Beys^ehir-
Hadim Nappes) were derived from a separate
Neotethyan oceanic basin located to the north
of the Taurus carbonate platforms.

The remnants of a southerly Neotethyan
oceanic basin (e.g. Antalya Complex) have
their counterparts elsewhere in the eastern
Mediterranean region, including the Mamonia
Complex of southwestern Cyprus, and the
ophiolites and underlying melange of the Baer-
Bassit region in northern Syria (Al-Riyami et al.
2000). These units are discussed elsewhere (e.g.
Robertson 1998). In general, the northerly
margins of the southerly Neotethyan basin
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were tectonically active from the latest Cre-
taceous onwards, whereas the southern margins,
as in the Levant and North Africa, remained as
southerly passive margins until recent time.

The southerly Neotethyan oceanic basin ex-
tended eastwards through sutured units in
southern Iran (Zagros) to connect with Oman,
where important Late Cretaceous emplacement
of ophiolitic and passive margin units also took
place (Glennie et al 1990). In addition, the
remaining non-emplaced part of the southerly
Neotethys in the Eastern Mediterranean links
westwards beneath the Herodotus abyssal plain
to the Ionian Sea, which preserves a further
remnant of the Early Mesozoic Neotethys ad-
jacent to North African.

Causes of the Triassic opening of a southerly
Neotethyan oceanic basin are still under debate
and include slab-pull related to northward sub-
duction along the Eurasian margin (Robertson
& Dixon 1984; Stampfli et al 20000, b), back-arc
rifting above a southward subduction zone
located within Palaeotethys to the north
(§engor & Yilmaz 1981), or activity of several
possible plumes located along the northern
Gondwana margin in Permo-Triassic time
(Dixon & Robertson 1999).
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Abstract: In the Central Sakarya area of Turkey there are two main Alpine continental
units, separated by a south verging ophiolitic complex which represents the root zone of the
Izmir-Ankara Suture Belt.

The Central Sakarya Terrane in the north includes two 'Variscan' tectonic units in its
basement. The Sogtit Metamorphic rocks represent a Variscan ensimatic arc complex and
the Tepekoy Metamorphic rocks are characteristically a forearc-trench complex. The
unconformably overlying Triassic Sogukkuyu Metamorphic rocks correspond to a part of
the Karakaya Formation and are interpreted as a Triassic rift basin assemblage. These units
are unconformably overlain by a transgressive sequence of Liassic-Late Cretaceous age
that represents the northeastward deepening carbonate platform of the Sakarya Composite
Terrane.

The middle tectonic unit (the Central Sakarya Ophiolitic Complex) comprises blocks and
slices of dismembered ophiolites, blueschists and basic volcanic rocks with uppermost
Jurassic-Lower Cretaceous radiolarite-limestone interlayers. Geochemical data from
basalt blocks suggest mid-ocean ridge basalt (MORE)- and suprasubduction-type tectonic
settings within the Neotethyan Izmir-Ankara Ocean.

The southern tectonic unit includes basal polyphase metamorphosed clastic rocks
(Somdiken Metamorphics), intruded by felsic and basic dykes and overlain by thick-
bedded marbles. This assemblage is unconformably overlain by continental clastic rocks
gradually giving way to thick-bedded recrystallized limestones, cherty limestones and
pelagic limestones intercalated with radiolarites, and finally by a thick high pressure-low
temperature (HP-LT) metamorphic synorogenic flysch sequence. This succession is
identical to the passive continental margin sequences of the Tauride Platform. It is
suggested that this passive margin was subducted during the Late Cretaceous in an intra-
oceanic subduction zone and affected by HP-LT metamorphism. The emplacement of the
allochthonous oceanic assemblages and the collision with the Central Sakarya Terrane was
complete by the end of the Cretaceous.

Turkey is an east-west trending segment of the both the Palaeo- and Neotethyan assemblages
Alpine-Himalayan orogenic belt, and is located crop out.
on the boundary between Gondwana in the It is frequently accepted that in this area
south and Laurasia in the north. Within this three Alpine microplates occur (§engor &
belt, different continental and oceanic assem- Yilmaz 1981; Okay 1989; Gonciioglu & Eren-
blages related to the opening and closure of the dil 1990; Yilmaz 1990). The northernmost
Palaeozoic and Mesozoic oceanic basins can be terrane is represented by the Istanbul Nappe
found. These oceanic basins are collectively of §engor & Yilmaz (1981) or the Istanbul
named the Tethys Ocean. Zone of Okay (1989). It is separated from the

One of the most critical problems on the Sakarya Microcontinent to the south (§engor
Tethyan evolution of northwestern Turkey is & Yilmaz 1981) by the Intra-Pontide Suture
the location of the oceanic suture root zones Zone. The major Neotethyan Vardar-izmir-
and the interrelations of Palaeo- and Neo- Ankara Suture Zone, on the other hand,
tethyan terranes. The Central Sakarya region separates the Sakarya Microcontinent from
(Fig. 1) is a key area where tectonic elements of the Anatolides that represents the northern

From: BOZKURT, E., WINCHESTER, J. A. & PIPER, J. D. A. (eds) Tectonics and Magmatism in Turkey and the
Surrounding Area. Geological Society, London, Special Publications, 173,139-161. l-86239-064-9/00/$15.00
© The Geological Society of London 2000.
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Fig. 1. Distribution of the main Alpine terranes in Turkey [after Goncuoglu et al (1996-1997)] and the location
of the study area. 1, Tertiary cover; 2, Istranca Terrane; 3, Istanbul Terrane; 4, Zonguldak Terrane; 5, Intra-
Pontide Suture Belt; 6, Sakarya Composite Terrane; 7, Izmir-Ankara-Erzincan Suture Belt; 8, Tauride-
Anatolide Composite Terrane (a, undivided; b, Kutahya-Bolkardag Belt); 9, Southeast Anatolian Suture Belt;
10, Southeast Anatolian-Arabian Plate.

margin of the Tauride-Anatolide Platform.
Each of these Alpine units differ not only in
their magmatic/metamorphic and depositional
history but also in containing older units, and
hence in their palaeogeographic positions
during the Phanerozoic times.

Goncuoglu et al. (1996-1997) recently
reviewed the tectonic units of Turkey and de-
scribed the Alpine fragments as 'terranes' or
'composite terranes' (sensu Howell 1989) with
regard to their pre-Alpine history (Fig. 1).

According to this classification, the Istanbul
Terrane in the north was probably located
during the Palaeozoic at the passive margin of
an isolated continental fragment within a
Palaeozoic ocean to the north of Gondwana
(Goncuoglu 1997; Goncuoglu & Kozur 1998).
During the latest Mesozoic, it was attached to
Laurasia and had an active margin setting to the
north of the Neotethyan Intra-Pontide Ocean.
The Istanbul Terrane overthrusts the Intra-
Pontide Suture Zone (Goncuoglu & Erendil
1990). The latter unit, located between the
Sakarya Composite Terrane and the Istanbul
Terrane, is characterized by ophiolites and a
melange complex with radiolarian cherts and
pelagic limestones of Late Jurassic-Early Cre-
taceous age. It is thrust southward onto Upper
Cretaceous flysch sequences of the Sakarya
Composite Terrane. The Intra-Pontide Suture

Zone probably extends westwards into the
ophiolitic belt observed on Lesbos and the
Eastern Rhodopian Ophiolites.

The Alpine 'Sakarya Composite Terrane', the
Sakarya Zone of Okay et al (1996), is generally
accepted as an isolated carbonate platform in
the Tethys during Middle-Late Mesozoic time.
However, its pre-Alpine history is very complex
and there is no consensus on the ages, extents
and the geodynamic setting of more or less
metamorphic tectonic fragments. These pre-
Alpine elements mainly represent oceanic and
continental fragments of Late Palaeozoic and/or
Early Mesozoic age. The Central Sakarya
Terrane' is one of these pre-Alpine units and
will be one of the main topics of this paper.

The Vardar-izmir-Ankara Suture Belt repre-
sents the northern branch of Neotethys. It is
unequivocally accepted that huge allochthonous
nappes of almost complete ophiolitic sequences
and tectonic melanges were generated during its
closure and thrust southwards to the passive
margin of the Tauride-Anatolide Platform.
However, the location of the suture root zone
in the Central Sakarya region has not been
clearly identified (e.g. Monod et al. 1991), and
will be evaluated in this paper. On the other
hand, field and geochemical data from western
Central Anatolia suggest that at least the Izmir-
Ankara segment of the northern Neotethyan
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Fig. 2. Simplified structural map of the Central Sakarya area. TACT, Tauride Anatolide Composite Terrane;
IASZ, Izmir-Ankara Suture Zone.

ocean was entirely consumed along a north
dipping intra-oceanic subduction zone generat-
ing suprasubduction zone (SSZ)-type oceanic
crust during early Late Cretaceous time
(Goncuoglu & Tiireli 1993; Yalmiz et al 1996;
Floyd et al. 1998). So, it is critically important to
establish whether the intra-oceanic subduction
had also played an important role during its
closure in the western part of Anatolia as well.

The 'Tauride-Anatolide units' represent the
Gondwana continental platform between the
Neotethyan Izmir-Ankara-Erzincan Ocean to
the north and the Southern Branch of Neotethys
to the south. It comprises three units; from north
to south these are: the Kiitahya-Bolkardag Belt,
representing the tectonic slivers of the northern
margin of the platform; the Menderes-Central
Anatolian Unit, representing the metamorphic
central part, and the Tauride Belt, consisting of
a package of mainly non-metamqrphic nappes.
During the closure of the Vardar-Izmir-Ankara
Ocean, ophiolites and slivers of slope-type rocks
were thrust southwards (Lycian-Bozkir
Nappes) onto the platform, whereas the rest of
the platform margin was deeply subducted
(Goncuoglu & Tiireli 1993; Okay & Kelley
1994), which resulted in high pressure-low
temperature (HP-LT) metamorphism in north-
ern and northwestern Anatolia. However, HP-
LT metamorphism is not restricted to the
Alpine event. Some authors have also suggested
that part of the blueschists in northwestern
Anatolia were formed during the closure of the

'Palaeotethys' (e.g. §entiirk & Karakose 1981;
Tekeli 1981; Okay et al. 1996), which was also
checked by the present authors' detailed work
in the Central Sakarya region.

In this study, the geology of the tectonic units
along a geotraverse across the Sakarya Com-
posite Terrane, the Izmir-Ankara Suture Zone
and the northern part of the Tauride-Anatolide
Composite Terrane in northwest Anatolia are
described, and their Late Palaeozoic and Meso-
zoic geodynamic evolution interpreted. This
study is mainly based on many years field work
in the Armutlu Peninsula (Goncuoglu et al.
1987; Goncuoglu & Erendil 1990), the Central
Sakarya region (Goncuoglu et al 1996) and the
Kiitahya-Bolkardag Belt (Goncuoglu et al.
1992).

Main tectonic units and their structural
relations
The study area along the Sakarya Valley be-
tween Sancakaya and Nallihan includes parts of
two former continental plates: the Sakarya
Composite Terrane to the north and the
Kiitahya-Bolkardag Belt of the Tauride Plat-
form to the south. They are separated by the
ophiolites and melange assemblages of the
Tethyan Izmir-Ankara Suture Zone (Fig. 2).
The Sakarya Composite Terrane is subdivided
into the Tepekoy Metamorphics and the Sogiit
Metamorphics. Both units were tectonically
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Fig. 3. Structural relations of the tectonic units in the Central Sakarya area.

superposed prior to Early Jurassic time (Fig. 3).
The original contact between the Sakarya
Composite Terrane and the Central Sakarya
Ophiolitic Melange is a south verging thrust
fault that can be followed along-strike for
> 75 km along the Central Sakarya Valley. The
thrust plane is steep in the east (60-70° to the
north), but in the west, the main body of the
Tepekoy Metamorphics rests on the ophiolitic
rocks with a thrust plane dipping north at c. 30°.
The age of initial juxtaposition is probably post-
Early Maastrichtian-pre-Middle Palaeocene, as
molasse-type continental clastic rocks of Mon-
tian age unconformably cover both tectonic
units. The original thrust planes must also have
been reactivated during the Late Miocene
compressional event, shown by north dipping
inclined to overturned fold planes of the Lower-
Middle Miocene Beypazan Group and the
thrusting of basement units on to the Palaeo-
cene Krzilc.ay Group. The primary contact be-
tween the Central Sakarya Ophiolitic Melange
and Somdiken Metamorphics of the Kutahya-
Bolkardag Belt (Tauride-Anatolide Platform)
is again a south verging thrust, where ophiolitic
rocks rest on a gently north dipping thrust plane
overriding the metamorphic complex. In the
eastern part of the study area, around £alkaya
Hill, the thrust plane is defined by a well-
developed mylonitic zone.

Tectonostratigraphy

The structural relationship and generalized
tectonostratigraphic features of the main tec-

tonic units in the study area are summarized in
Fig. 3.

The Central Sakarya Terrane

In the study area, the pre-Jurassic basement
complex of the northern tectonic unit is repre-
sented by the Central Sakarya Terrane, a
member of the Sakarya Composite Terrane.
The latter is an east-west trending Alpine
tectonic unit covering almost the whole of
northern Anatolia (Fig. 1). It corresponds to a
part of the Pontides of Ketin (1966) and the
Rhodope-Pontide Fragment of §engor et al.
(1984). The Late Cretaceous closure of the
Neotethyan oceanic basins and subsequent col-
lisions of the microcontinents during latest Cre-
taceous-Palaeocene time has obscured the
primary relationships of the pre-Alpine assem-
blages.

The Central Sakarya Terrane contains two
metamorphic units termed the Sogiit Meta-
morphics and the Tepekoy Metamorphics, to-
gether with their cover, the Sogukkuyu
Metamorphics (Fig. 3). The metamorphic units
are exposed as east-west trending discontinuous
tectonostratigraphic units along the Sakarya
Valley.

The Sogiit Metamorphics. The Sogiit Meta-
morphics is the structurally higher unit in the
basement of the Central Sakarya Terrane. It
comprises paragneisses and granitic plutons.
The gneisses comprise garnet amphibolites,
sillimanite-garnet gneisses, biotite-amphibole
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Fig. 4. Generalized stratigraphic section of the Sogiit Metamorphics.

gneisses, two-mica gneisses, sillimanite-bearing
staurolite schists, and micaschists with very rare
marble and quartzite interlayers (Fig. 4). Rapid
alternations of different lithologies indicate that
the protoliths of these rocks can be interpreted
in terms of sedimentary and/or volcanogenic
origin. Discontinuous, small and lens-shaped
bodies of layered and cumulate metagabbros,
associated with metaolivine pyroxenites
(Tozman Metaophiolite; Goncuoglu et al 1997)
and metaserpentinites, are generally concordant
with the east-west trending foliation of the
surrounding gneisses. These mafic-ultramafic
lenses are rimmed by well-foliated amphibolites
and high Mg-schists. The pre-Alpine meta-
morphism under medium-high amphibolite
facies conditions of the Sogiit Metamorphics is
suggested by the paragenesis: staurolite +
almandine + biotite and biotite + almandine +
sillimanite in the metapelites and the local pres-
ence of migmatites. Post-deformational thermal
overprinting is represented by static andalusite
porphyroblasts close to the contacts of the
intruding calc-alkaline granitoids.

Numerous plutonic rocks of granitic-dioritic
composition intrude the Sogiit Metamorphics
(Yilmaz 1990). They form elliptical bodies with
mylonitic-blastomylonitic textures, elongated
east-west. Discordant stocks and dykes of
granitoids cross-cut these rocks, and obviously
postdate the main metamorphic and deforma-
tional event. Yilmaz (1979) recognized five dif-
ferent types of granitic rocks and indicated that
they represent a magmatic arc. This suggestion
is further supported by geochemical data (Kibici
1990). The granitoids yielded a zircon fission-
track age of c. 295 Ma (£ogulu et al 1965).
Development of cataclasis is related to late
Alpine events.

The depositional age of the paragneisses in
the Sogiit Metamorphics is suggested to be mid-
Late Palaeozoic, based on regional correlations.
Radiometric data from the intruding granitoids,
and Lower-Upper Permian carbonates un-
conformably covering them in the Geyve area,
clearly indicate that at least the main meta-
morphic event is pre-Permian in age (Gon-
cuoglu et al 1987; Yilmaz 1990).



144 M. C. GONCUOGLU ET AL.

Fig. 5. Generalized stratigraphic section of the Tepekoy Metamorphics.

The variety of the metamorphic rock types,
the presence of ophiolitic assemblages and the
geochemical characteristics of the granitoids
intruding them, strongly suggest an island-arc
tectonic setting for the Sogiit Metamorphics.

The Tepekoy Metamorphics. This unit repre-
sents the lower tectonic slice of the Central
Sakarya basement and comprises a belt
> 100 km long extending along the Sakarya
Valley (Fig. 2). Lithologically, it corresponds to
the Sakarya Metabasites of Yilmaz (1979), the
'Greenschist-Marble Association' of §entiirk &
Karakose (1981). In northwestern Anatolia, a
lithologically similar unit is known as the
Niliifer Unit (Okay et al 1991).

The bulk of the Tepekoy Metamorphics is
composed of metabasic rocks, metatuffs, meta-
felsic rocks, black phyllites, metagreywackes,
metasandstones and recrystallized pelagic lime-

stone with metaradiolarite interlayers (Fig. 5).
The unit is > 3500 m thick and, in its lower part
to the south-southwest of Nallihan (where black
and green phyllites and greywackes dominate),
displays typical features of a 'sedimentary
melange' where depositional processes such as
debris flows, gravity sliding and slumping, and
tectonic deformation occur. Within these meta-
turbidites, pods and lenses of serpentinized
mafic and ultramafic rocks (£aliyatagi Metao-
phiolite; Gonciioglu etal 1996), and knockers of
white, massive marbles are recognized to the
northwest of the Sanyar area. The upper part,
along the Sakarya Valley, however, is repre-
sented by an alternation of metabasic rocks and
carbonates. The carbonates (Egrikoyii Marbles;
Gonciioglu et al. 1996) are grey, medium- to
thin-bedded and cut by diabase dykes and sills.
Thin, dark red to black metachert interlayers
are abundant in the upper part. The thickness of



TECTONIC EVOLUTION OF CENTRAL SAKARYA REGION 145

the recrystallized limestones locally reaches up
to 150 m. The metabasic rocks make up > 75%
of the upper part of the succession, including
massive and pillowed lavas, volcanic breccia,
and metatuffs interlayered with green to buff
slates and carbonate-rich bands. The metafelsic
rocks occur both as foliated intrusive rocks
(quartz-porphyries and rhyolites-dacites) and
volcaniclastic rocks.

The metamorphic mineral assemblage in the
metagreywackes is actinolite (rimmed by Na-
amphibole) + oligoclase + chlorite + epidote +
white mica. The metabasalts and metadiabases
contain relict phases of Ti-augite, olivine and
brown hornblende, and metamorphic phases of
actinolite + Na-amphibole + stilpnomelane +
albite/oligoclase + epidote + garnet + chlorite.
The Na-amphiboles occur both at the rim of
actinolite, replacing primary hornblende, and
along well-developed S2 planes, where they are
associated with stilpnomelane and chlorite. The
basic metatuffs contain almost the same meta-
morphic mineral assemblage, but they are
characterized by two sets of S planes, the
younger one of which is represented by nemato-
blastic Na-amphibole. The metaultramafic
blocks occur as lens-shaped bodies up to 200 m
thick in the lower part of the unit and, in their
core, contain relict primary mineral assem-
blages such as olivine, clinopyroxene, spinel
and chromite. Towards the rim the meta-
morphic mineral assemblages - i.e. cumming-
tonite + anthophyllite + Mg-chlorite + gedrite +
talc + chlorite + magnesite - dominate. The
outermost rim is represented by Na-amphiboles
replacing clino-amphiboles. Meta-olivine
basalts, with relict porphyritic textures, occur
within these meta-ultramafic blocks. These very
peculiar glassy lavas display an earlier meta-
morphic mineral paragenesis of Mg-chlorite +
cummingtonite (Mi) and a later one with Na-
amphibole (M2). Textural and mineralogical
data strongly suggest an earlier regional upper
greenschist fades metamorphism in the Tepe-
koy Metamorphics, followed by a HP-LT event
producing the typical mineral paragenesis.

According to this group's preliminary geo-
chemical data, the glassy lavas show typical
geochemical features of boninites (TiO2

< 0.5%; Zr < 15 ppm MgO ^ 9%; Tokel, pers.
comm.). The boninitic chemistry of the basic
volcanic rocks, their association with radiolarian
cherts and pelagic limestones, and the presence
of felsic magmatic rocks intruding them all,
suggest an intra-oceanic forearc setting for the
Tepekoy Metamorphics. The appearance of
mafic, ultramafic and pelagic limestone-chert
blocks within a sedimentary complex, on the

other hand, suggests an accretionary complex.
Thus, it is assumed that the Tepekoy Meta-
morphics represents a forearc-trench complex.
Tectonic units with similar rock assemblages are
widespread in northwestern Anatolia. The HP-
LT metamorphosed Nilufer Unit of Okay et al.
(1991,1996) is interpreted as a subducted intra-
oceanic arc to forearc sequence. Based on geo-
chemical data, Pickett & Robertson (1996)
interpreted the Nilufer Unit, that consists of
metamorphic (low to high greenschist facies)
spilites and volcanogenic sediments, as a typical
seamount sequence. In both units, continent-
derived clastic material, and felsic volcanic and
volcaniclastic rocks are noticeably absent. Dis-
regarding the age constraints, the Tepekoy
Metamorphics may be considered as a different
metabasic unit due to the presence of a felsic
volcanism.

No fossils have been reported yet in the
Tepekoy Metamorphics, or similar units [e.g.
the Nilufer Unit of Okay et al (1991)] in the
western areas of the Sakarya Composite Ter-
rane. Yilmaz (1981) proposed a Late Mesozoic
formation age for the Tepekoy-type metabasic
rocks just west of the study area. The Middle
Triassic deposition age (Kaya & Mostler 1992),
based on fossil findings, is probably not from
Tepekoy type metabasites-metacarbonates but
from the Sogukkuyu type sediments. In the
study area, the primary contact between the
Tepekoy Metamorphics and other units of the
Central Sakarya Terrane is hard to recognize
because of end Cretaceous and Early Miocene
tectonics. However, southwest of Nalhhan
(Ortacal Tepe; Fig. 2), the Tepekoy Meta-
morphics are unconformably overlain by basal
clastic rocks of the Sogukkuyu Metamorphics
containing pebbles of the Tepekoy Meta-
morphics. In northwestern Anatolia, the contact
between the Nilufer Unit and the overlying
Upper Triassic Hodul Unit has also been as-
sumed to be a stratigraphic contact (Leven &
Okay 1996). To the north of Central Sakarya, in
the Geyve region, the basal clastic rocks of the
Sogukkuyu Metamorphics rest on the Sogiit
Metamorphics (Gonciioglu et al 1987) and
their Permian cover. The same contact relations
were reported by Gen? (1992) and Gene. &
Yilmaz (1995) from west of Bilecik. On the
other hand, the felsic magmatism in the
Tepekoy Metamorphics is ascribed to the latest
Carboniferous magmatic event observed in the
Sogiit Metamorphics. This data indirectly sug-
gest a pre-Permian formation and initial meta-
morphism ages for the Tepekoy and Sogiit
Units. This suggestion does not exclude the
presence of further metabasic rock units of
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Fig. 6. Generalized stratigraphic section of the Sogukkuyu Metamorphics.

Triassic age within the Sakarya Composite
Terrane, as will be discussed later within the
framework of the geodynamic evolution of
northwestern Anatolia.

The Sogukkuyu Metamorphics. This unit corre-
sponds to part of the Karakaya Complex of
Bingol et al (1975), and the Hodul and £al
Units of Okay et al (1991).

In the Central Sakarya Area, the Sogukkuyu
Metamorphics unconformably overlie both the
Sogiit and Tepekoy Metamorphics (Fig. 6).
Southwest of Nalhhan, the basal conglomerates
include well-rounded pebbles of metabasalts,
metacherts and recrystallized limestones.
Southwest of Geyve, the basal clastic rocks of
the Sogukkuyu Metamorphics consist of white
arkosic sandstones with quartzite lenses (Gon-
ciioglu et al. 1987). The clasts are mainly derived
from the underlying granitic rocks of the Sogiit
Metamorphics. The basal clastic rocks are over-
lain by greywackes, debris flow conglomerates,

and turbiditic siltstones-shales with knockers of
metabasalts and recrystallized limestones of
Permian age. The olistostromal unit, containing
rare basaltic lava flows, is followed by a thick
sequence where spilites, basaltic pillow lavas
and red-violet mudstones alternate with pink-
red pelagic limestones and pyroclastic rocks.
Higher up, this volcano-sedimentary sequence
grades vertically into thin-bedded pink-violet
limestones, grey-white cherty limestones and,
near the top, white, thick-bedded to massive
recrystallized limestones with algae and gastro-
pods (Ortagal Tepe Limestone; Gonciioglu et al.
1996). The pelagic limestones alternating with
volcanic rocks contain poorly preserved cono-
dont fragments of early Middle Triassic age
(Keskin, pers. comm.), whereas the algae in the
uppermost massive limestones resemble those
in the Late Triassic (Kozur, pers. comm.).

The metamorphic mineral assemblage of
basic volcanic rocks in the Sogukkuyu Meta-
morphics is chlorite + actinolite + epidote +
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Fig. 7. Generalized stratigraphic section of Liassic-Upper Cretaceous cover units of the Central Sakarya
Terrane.

albite, whereas the associated pelitic rocks
contain only muscovite + chlorite. Only a single
foliation and the absence of HP-LT paragenesis
are characteristic features of the unit.

The rock units and their relations strongly
suggest that Sogukkuyu Metamorphics were
deposited in a rifted basin, which probably
opened on the accreted Sogiit and Tepekoy
Units and their Permian carbonate cover.

Jurassic-Cretaceous cover. The metamorphic
basement units of the Central Sakarya Terrane
are unconformably overlain by an unmetamor-
phosed sequence of Lower Jurassic and younger
rocks (Fig. 7). This platform sequence has been
mainly studied in detail in the Central Sakarya
region (e.g. Altmh 1975; Saner 1977; Altmer et
al 1991; Goncuoglu et al 1996).

The sequence starts with shallow-marine clas-
tic rocks and carbonates of early Middle Liassic
(Altmer et al 1991; Goncuoglu et al 1996) age.
They are followed by platform-type carbonates
of Middle Jurassic-Early Cretaceous age that

grade into slope-type deposits of Late Jurassic
to Middle and Late Cretaceous age towards the
northeast. During the Late Cretaceous (Maas-
trichtian), proximal turbidites with volcanic-
volcaniclastic and calciturbiditic interlayers
covered the northern part of the Central
Sakarya Terrane. The upper part of this flysch
succession, which represents a typical foreland
sequence, is dominated by ophiolitic detritus. A
slice of ophiolitic rocks (Intra-Pontide Ophio-
lites) overthrust the flysch rocks (Goncuoglu &
Erendil 1990; Yilmaz et al. 1995).

During the Middle-Late Mesozoic, the Cen-
tral Sakarya Terrane as a whole represents a
carbonate platform flanked by the Intra-Pontide
Ocean in the north and the Izmir-Ankara
Ocean in the south. Since the Middle Cre-
taceous, it was submerged and a foreland basin
developed at its northern margin in front of the
southward advancing ophiolitic nappes. The
initial juxtaposition of the northern Istanbul-
Zonguldak Terrane with the Central Sakarya
Terrane was probably an oblique collision and
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Fig. 8. Tectonostratigraphic section of the Central Sakarya Ophiolitic Complex.

must have taken place during the Early Seno-
nian (Gonciioglu & Erendil 1990).

The Central Sakarya Ophiolitic Complex. In the
Central Sakarya region, the ophiolites and the
melange complex of the Izmir-Ankara Ocean
are represented by an east-west trending tec-
tonic sliver almost 100 km long. This Ophiolitic
complex is sandwiched between the Central
Sakarya Terrane and the Tauride-Anatolide
Composite Terrane, and represents the north-
ernmost outcrops (and hence the root zone) of
the Izmir-Ankara Suture in northwestern
Anatolia (Gonciioglu et al 1997). The ophiolitic
complex comprises an upper slice of more or
less ordered ophiolite (Tas,tepe Ophiolite) with
subophiolitic metamorphic rocks at its base and
a lower disrupted slice (Dagkiiplu Melange)
(Fig. 8). The latter is further subdivided into
mappable units (the Emremsultan Olistostrome
and the Sanyar Complex).

The Taqtepe Ophiolite. This unit occurs as a
nappe package almost 4 km thick which pre-
dominantly comprises slices of tectonites and
mafic-ultramafic cumulates. The members of
the dyke complex and lava sequence are only
found as smaller slices between the main ultra-
mafic body and the underlying melange com-
plex, or as huge blocks within the melange.
Discontinuous outcrops of metamorphic rocks,
alternating garnet-amphibolites, and thin-
bedded marble and metacherts, are exposed
below the main ultramafic body. In the lowest
part of the ophiolites, the dunites are relatively
fresh. The partially serpentinized harzburgites
contain pods and bands of chromite and display
a distinct tectonite fabric defined by the align-
ment of the orthopyroxenes. The cumulates
consist of dunite-clinopyroxenite/wehrlite-
clinopyroxenite-gabbro bands. The layered
gabbro, consisting of troctolites, two-pyroxene
gabbros and gabbro-norites, in ascending order,
is highly sheared. The upper part of the layered
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Fig. 9. Tectonic discrimination diagrams of the basic volcanic rocks of the Central Sakarya Ophiolite.
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gabbro sequence contains low-grade meta-
morphic secondary phases such as uralite,
chlorite, prehnite and pumpellyite (Asutay et
al 1989).

The Dagkuplu Melange. The Dagkuplu Mel-
ange is composed of the Sanyar Complex and
the Emremsultan Olistostrome. The former
comprises blocks of spilitic metabasalts, glauco-
phane-lawsonite schists, radiolarian cherts,
pelagic limestones, serpentinites and recrystal-
lized neritic limestones of mainly Mesozoic age
(Gonciioglu et al. 1996). These lithologies make
up c. 90% of the melange blocks. Minor blocks
are amphibolites, gabbros, pyroclastics and
andesites-dacites (Fig. 8). The knockers are up
to several kilometres across and, in general,
display tectonic contacts. A well-foliated olis-
tostromal matrix with south verging structural
elements is only encountered southwest of
Sariyar. The Sanyar Complex has a very com-
plex imbricated internal structure with east-
west trending shear zones and thrust faults,
which is further complicated during subsequent
compressional events masking its emplacement
on to the Somdiken Metamorphics and later
events.

The neritic limestone blocks within the mel-
ange are highly recrystallized, although their
lithologies are very similar to the Middle
Triassic-Jurassic carbonates of the Kiitahya-
Bolkardag Belt of the Tauride-Anatolide car-
bonate Platform.

The dominant volcanic rock types are meta-
basalts. In different blocks of metabasic rocks,
the metamorphic mineral assemblages range
from typical parageneses of ocean-floor meta-
morphism to blueschist facies assemblages
containing Na-pyroxene + Na-amphibole + law-
sonite. The HP-LT parageneses are not re-
stricted to the metabasalts, but were also
observed in the metacherts and metatuffs. Na-
amphibole nematoblasts were locally encoun-
tered in the highly sheared matrix.

Petrographical and geochemical investiga-
tions conducted on basic volcanic rocks within
the melange indicate the presence of four dif-
ferent compositional groups (Fig. 9) with dis-
tinctive magmatic affinities (Yahniz et al 1998).
The first group, represented by pillow lavas,
displays geochemical affinity more akin to mid-
ocean ridge basalts (MORE), with a flat pattern
close to unity. The second group is made of HP-
LT metamorphic pillow basalts, characterized
by an island-arc tholeiite signature: strong
depletion of high field strength elements
(HFSE) and enrichment of large-ion lithophile
elements (LILE) relative to MORE. The third

group, the dominating block-type volcanic
rocks, includes Ti-augite-phyric pillow basalts
and breccias, and is characterized by signatures
characteristic of within-plate alkaline magmatic
series with enrichment of the more incompatible
elements (e.g. Nb) relative to MORE. The
fourth group, represented by olivine-poor, horn-
blende-clinopyroxene-phyric massive basalts, is
characterized by a calc-alkaline signature, dis-
playing a greater degree of enrichment in low
field strength elements (LFSE) relative to
MORE, depletion of Nb relative to LFSE and
Ti relative to other LFSE and HFSE, and Ce
and P enrichment relative to Zr, Ti and Y. The
preliminary geochemical data therefore suggest
the existence of a variety of magma types,
ranging in composition from IAT to MORE to
ocean island basalt (OIB) to CAB. The combi-
nation of these distinctive magma types suggests
a subduction-accretion complex with blocks
accreted from different oceanic settings, the
most dominant one being an intra-oceanic
suprasubduction zone environment.

The metabasalts alternate with radiolarian
cherts that contain a rich radiolarian fauna.
Spot samples from cherts associated with
MORB-like basalts yielded Dibolachras chan-
drika Kocher, Transhuum sp., Williriedellum sp.
aff. W. carpathicum Dumitrica, Protunuma sp.
and Stichocapsa spp. Amphipyndacidae indet. of
Late Bathonian-Early Tithonian age, and
Thanarla bruveri TAN, T. elegantissima TAN
and T. gutta JUD of latest Hauterivian-Early
Aptian age (Tekin, pers. comm.). These age
data suggest a Late Jurassic-Early Cretaceous
age for the formation of MORE-type oceanic
crust in the Izmir-Ankara oceanic branch of the
Neotethys. The youngest ages obtained from
the pelagic limestones within the melange are
Early Senonian (Asutay et al. 1989), indicating
that the melange formation, and hence the
formation of the accretionary complex, lasted
until the end of the Cretaceous.

The Emremsultan Olistostrome. The Emremsul-
tan Olistostrome, a block-in-matrix-type allolis-
tostrome, makes up the upper part of the
Dagkuplu Melange and occurs mainly as a
discrete tectonic sliver in the eastern part of the
study area. It has a weakly deformed and grey-
wacke-dominated matrix alternating with
shales. The knockers are relatively small but
are lithologically almost the same as in the
Sariyar Complex. The depositional features of
the Emremsultan Olistostrome strongly suggest
that it was formed in piggyback-type basins on
the accretionary complex, represented by the
Sariyar Melange.
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Fig. 10. Generalized stratigraphic section of the Somdiken Metamorphics.

Somdiken Metamorphics of the Tauride-
Anatolide Platform

The Somdiken Metamorphic rocks represent
the lowermost structural unit in Central
Sakarya. They are part of the Kiitahya-Bolkardag
Belt that is characterized by slices of meta-
morphic units and represents the northern
margin of the Gondwana Plate. Outcrops of the
Somdiken Metamorphics occur in a tectonic
window southeast of the study area (Fig. 2).
The generalized columnar section of this unit is
given in Fig. 10.

The Goktepe Metamorphics. This unit occurs in
the core of a south verging antiform in the
Somdiken Mountains (Fig. 2). It mainly com-
prises quarzofeldspathic gneisses in its lower
part, overlain by quarzofeldspathic schists, peli-
tic micaschists with very rare carbonate and
quartzite bands, and greenschists with a few
lydite bands. The gneisses are blastomylonitic
and display relict textures, indicating a granitic
origin. The pelitic micaschists, > 2000 m thick,
contain bands and lenses of greenschists. The

whole sequence is cut by highly deformed basic
and felsic dykes.

The Goktepe Metamorphic rocks have a
polyphase metamorphic history. The mica-
schists are characterized by an earlier meta-
morphic assemblage comprising muscovite +
biotite + chloritoid + garnet + chlorite, whereas
the interlayered greenschists contain chlorite +
epidote + actinolite + garnet. The later event,
represented by a non-penetrative foliation in
the micaschists, is characterized by the par agen-
esis muscovite + chlorite + albite, whereas the
greenschists include Na-amphibole + phengite +
stilpnomelane + albite. The basic dykes cutting
the Goktepe Metamorphics are only affected by
the latter HP-LT paragenesis.

The Goktepe Metamorphics are almost iden-
tical with the lower grade metamorphic Ihsaniye
Metamorphics of the Kiitahya-Bolkardag Belt
in the Kiitahya and Konya areas (Ozcan et al
1988; Gonciioglu et al 1992). In the latter
localities, a low-grade metamorphic sequence
with lydite-rich turbidites, felsic pyroclastics,
olistostromes with fossiliferous Lower Silurian-
Lower Carboniferous limestones and chert
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blocks are associated with metatrachyandesites,
metadolerites and metagabbros, intruded by
metagranites. Geochemical data on the tra-
chyandesitic and doleritic rocks display a com-
bination of within-plate and continental-arc
settings, whereas metagabbros show MORE
character (Kurt 1996). The sequence is uncon-
formably overlain by Permian platform-type
carbonates. Based on the lithologies of the
fossil-bearing sedimentary rock associations,
their depositional features and the geochemistry
of the volcanic rocks, the Ihsaniye Meta-
morphics were interpreted to be the product of
a Carboniferous back-arc system (Ozcan et al.
1988). The same tectonic setting is accepted for
the Goktepe Metamorphics.

The Kayapinar Metacarbonates. A c. 150 m
thick sequence of metacarbonates unconform-
ably overlying the Goktepe Metamorphics is
known as the Kayapinar Metacarbonates (Gon-
ciioglu et al. 1996). The lower part of the se-
quence is represented by 25 m thick quartzites
with chloritoid-bearing micaschist and marble
interlayers. The main body of the unit is made
up of medium- to thick-bedded marbles with
interlayers of calcareous schists.

Similar limestones to the Kayapinar Meta-
carbonates are well known in the Kiitahya-
Bolkardag Belt (Eldes Formation; Ozcan et
al 1988) and in the Taurides (Ozgiil 1984),
where they contain a rich fauna indicating a
Middle-Late Permian depositional age.

The Otluk Metadastites. The slightly meta-
morphosed epicontinental clastic rocks overly-
ing the Goktepe and Kayapinar Formations,
with angular unconformity, are named the
Otluk Metaclastics. At the base there are red,
violet and brownish massive conglomerates,
with pebbles of orthogneiss, micaschists and
marble, which pass upwards into an alternation
of arkosic metasandstone, quartzite and meta-
siltstone. The metaclastites are c. 160 m thick
and grade upwards into the Mihhkaya Meta-
carbonates. This very characteristic metaclastic
unit occurs throughout the Kiitahya-Bolkardag
Belt at the same stratigraphic level and has been
dated in the Kiitahya area as Scythian (Ozcan et
al 1988). In this locality, the entire unit is
interpreted as a transgressive sequence, starting
with proximal alluvial fans and subsequently
grading into meandering stream and coastal
plain deposits, ending with intertidal sediments.
Gonciioglu et al. (1992) suggested that the de-
position of these coarse clastic rocks was related
to rapid uplift at the northern margin of the
Tauride-Anatolide Unit, related to the initial

rifting and subsequent opening of the Izmir-
Ankara Branch of Neotethys during the Early
Triassic.

The Mihhkaya Metacarbonates. This unit is
represented by a c. 700 m thick carbonate se-
quence, which in the lower part contains
medium- to thick-bedded, grey, white and black
recrystallized limestones and dolomites. The
upper part comprises an alternation of grey,
beige and pink, thin-bedded recrystallized
cherty limestones and cherts, that grade into a
c. 50 m thick succession of pink and greenish
grey cherts with thin-bedded reddish calc-schist
and slate interlayers. This thick carbonate-domi-
nated sequence grades upwards into Girdapdere
Metaolistostrome. The carbonates of the unit
are recrystallized and only yielded ghost fossils
in the study area. However, the Gokceyayla
Limestone in the Kiitahya area has an identical
stratigraphy and yields fossils indicating con-
tinuous carbonate deposition from Anisian to
Late Jurassic time (Gonciioglu et al 1992). The
cherty limestones and radiolarian cherts in the
upper part of the unit, on the other hand, have
been dated as Early Cretaceous-early Late
Cretaceous. The same carbonate sequence is
the most representative unit along the northern
margin of the Tauride-Anatolide Platform. It is
interpreted as a platform sequence on the north-
facing margin of the Gondwanan Plate. The
upper part of the sequence, represented by
pelagic-hemipelagic condensed sediments, indi-
cates foundering from platform to slope, and
afterwards to basinal conditions.

The Girdapdere Metaolistostrome. The upper-
most unit of the Somdiken Metamorphics is
represented by a c. 3000 m thick olistostromal
sequence. The transitional lower part of the
unit is characterized by a very thick succession
of calciturbidites. The main body of the unit is
made up of metamorphosed greywackes, calci-
turbidites, shales, siltstones, metatuffs, radio-
larites, pelagic cherty limestones, turbiditic
sandstones-conglomerates, and blocks of
metabasalts, metaandesites-metadacites, re-
crystallized limestones and serpentinites. The
Girdapdere Metaolistostrome is tectonically
overlain by the Central Sakarya Ophiolitic
Complex. It has undergone a HP-LT meta-
morphism, together with the rest of the
Somdiken Unit, with the development of three
successive deformational phases. Textural data
from the metatuff horizons suggest an earlier
phase (Si) with actinolite + epidote + chlorite
formation, the second one (S2) with syntectonic
albite blasthesis and the last phase (S3) with
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Na-amphibole + albite + stilpnomelane + zoi-
site + phengite + lawsonite.

The unit is interpreted as a synorogenic
metaclastic sequence formed on the northern
margin of the Tauride-Anatolide Platform, in
front of the advancing ophiolitic nappes derived
from the closing Izmir-Ankara oceanic seaway.
The depositional age of the olistostrome is only
suggested by the presence of ?Lower Senonian
ghost Globotruncana from the pelagic cherty
limestone bands. However, in the Kiitahya
region, the lowest part of the synorogenic
olistostromal sediments (Qogurler Olistos-
trome; Ozcan et al 1988) yielded a rich micro-
fauna indicating an early Late Maastrichtian
depositional age. This may imply that the depo-
sition of the flysch sediments became younger
toward the south.

The presence of HP-LT assemblages implies
that part of the continental margin has been
deeply subducted, as previously suggested by
Okay (1984) for the Tavs,anh area, west of the
study area.

Post-tectonic cover

The oldest non-metamorphic sediments that
unconformably overlie all the main tectonic
units in the Central Sakarya area are repre-
sented by red continental conglomerates [Kizil-
gay Formation of Altinh (1975)]. The lowest
part of this unit contains boulder to block size
clasts, derived from the Sogiit Metamorphics,
the Dagkiiplii Melange and the Somdiken
Metamorphics. The conglomerates are overlain
by red to green mudstones, with dacitic to
andesitic lavas and volcaniclastic rocks. Several
plugs and dykes of dacitic composition occur
within the sequence. Geochemical data of Kibici
(1990) suggests a continental source and a post-
collisional tectonic setting. The upper part of
the unit is represented by fossiliferous marly
limestones of Early Eocene age. For its lower
part, Nebert et al (1986) suggest a Palaeocene
depositional age, which was confirmed by
Goncuoglu et al (1996) who found fossils
(Laffitteina bibensis, L. mengaudi, Mississippina
sp., etc.) of Early Palaeocene age. This clastic-
dominated unit is interpreted as a molasse-type
depositional product.

These sediments are unconformably overlain
by Middle Eocene-? Oligocene continental,
shallow-marine sediments associated with ande-
sitic volcanic rocks. The distribution of the
sediments along east-west trending troughs,
exhibiting very rapid lateral facies, changes
strongly suggests that a transtensional system
controlled the deposition.

The Miocene is characterized by continental
sedimentation in two east-west trending basins,
separated by a palaeohigh. The northern basin is
characterized by the deposition of coarse elas-
tics and shales, whereas the southern basin,
around Beypazan, is filled with conglomerates,
marls and evaporites that contain lignite and
trona deposits.

Tectonic evolution of the Central
Sakarya area

The field, palaeontological and petrological
data, outlined in previous chapters, indicate
that the Central Sakarya area is composed of
various tectonic units, which record four main
orogenic events. The better known Alpine as-
semblage includes rocks from two oceanic sea-
ways and three continental microplates. These
are, from north to south: the Istanbul-Zongul-
dak Composite Terrane; the Intra-Pontide
Suture; the Sakarya Composite Terrane; the
Izmir-Ankara Suture; and the Tauride-Anato-
lide Composite Terrane. However, all of these
tectonic units incorporate previous tectonic
elements of Early Palaeozoic, Late Palaeozoic
and Early Mesozoic events, respectively. The
resulting picture is a very complex tectonic
mosaic, involving not only continental micro-
plates but also fore- and back-arc complexes,
oceanic islands and subduction complexes. In
the following section, the available data from
northwestern Anatolia and the surrounding
areas are interpreted to unravel this compli-
cated history, starting with the Late Palaeozoic
event. The northernmost tectonic unit con-
sidered in this scenario is the Istanbul Terrane.
It differs from the Istanbul Nappe of §engor et
al (1984) and the Istanbul unit of Okay (1989)
in excluding the Zonguldak Terrane. The Early
Palaeozoic history of the latter unit, involving a
Cadomian event, has briefly been outlined by
Goncuoglu (1997) and Kozur et al (1998). In
this unit, the basement rocks are represented by
an earliest Palaeozoic (c. 550 Ma; Ustaomer &
Kipman 1997), intra-oceanic arc complex,
unconformably overlain by Lower Ordovician-
Upper Silurian platformal sediments. It was
attached to the Moesian Platform during the
Late Palaeozoic but has a quite different geo-
logical history (Goncuoglu & Kozur 1998) to the
Istanbul Terrane.

Late Palaeozoic (Variscan) events

It is commonly accepted that the Istanbul
Terrane represents a south facing Palaeozoic
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Fig. 11. Late Palaeozoic-Mesozoic evolution of the Central Sakarya region and its surroundings.
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platform (§engor et al 1984), adjacent to a
Palaeozoic oceanic branch (southern branch of
the Rheic Ocean or Early Palaeozoic Tethys)
that separated some Peri-Gondwanan micro-
plates (e.g. Tauride-Anatolide, Balkan and
Central Iran Terranes) from a mosaic of smaller
ones, to which the Istanbul Terrane belonged
(Goncuoglu 1997). The Carboniferous rocks in
this unit are synorogenic flysch deposits resting
on the Devonian platform-slope carbonates,
indicating a passive margin setting (Fig. 11 a).

The intra-oceanic southward subduction
within the Tethys during the Late Carbonifer-
ous is responsible for the arc- and fore arc-type
assemblages, represented by the Sogiit and
Tepekoy Metamorphics of the Central Sakarya
Terrane (Fig. lla). Still further south, on the
northern margin of the Tauride-Anatolide Car-
bonate Platform, a back-arc basin developed.
The rock units of this basin occur at the base of
the Somdiken Unit (Goktepe Metamorphics) in
the Central Sakarya region, as well as in most
tectonic slices of the Kutahya-Bolkardag Belt
(e.g. the Ihsaniye Metamorphics in the Kiitahya
area; Goncuoglu et al 1992; the 'turbidite-
olistostrome unit' in the Karaburun Peninsula;
Kozur 1997; and the Hahci Formation at Konya;
Ozcan et al 1988). Further south, on the Taur-
ide-Anatolide Platform, carbonate deposition
continued without any major change from the
Devonian to the Permian, except for a rapid
deepening and the influx of volcanic detritus
during the lowest Carboniferous. Hence, during
the Middle-Late Carboniferous, the Sogiit and
Tepekoy arc-forearc units became attached to
the northern margin of the Tauride-Anatolide
Terrane. It was probably an accretion, or a
gentle docking, rather than a forceful collision,
evidenced by the weak deformation and meta-
morphism of the pre-Permian units (Kutahya-
Bolkardag Belt) of the Tauride-Anatolide Plat-
form.

Autochthonous Lower Permian rocks, un-
known in northwestern Anatolia, occur only on
the Tauride Platform. However, the early Late
Permian was a period of regional transgression
on both the northern Tauride-Anatolide and
Central Sakarya Units, implying that the Per-
mian carbonate platform in the south also
covered the northern units (Fig. lib). It is not
clear whether the Istanbul Terrane collided with
the southern assemblages or whether the
oceanic realm remained open during this
period. However, the presence of latest Permian
pelagic limestone blocks within the Triassic
'Karakaya Complex' (Kozur 1997) suggests the
presence of a deep basin to the north of the
Central Sakarya Terrane at this time.

Early Mesozoic (Cimmerian) events

In the Central Sakarya area, Triassic deposition
is represented by the Sogukkuyu Metamorphics,
which unconformably overlie the pre-Triassic
units and are interpreted as a rift sequence. At
the initial phase of rifting, coarse clastic rocks
and associated rift-related volcanic rocks (Gen$
& Yilmaz 1995) were formed (Fig. lie). In the
north, the closure of the Late Palaeozoic-
Triassic ocean gave way to a very complex
system involving subduction-accretionary com-
plexes, ocean islands and/or intra-oceanic arcs,
which were subsequently accreted to the Cen-
tral Sakarya Terrane (Tekeli 1981; Okay et al
1991; Gene & Yilmaz 1995; Pickett & Robert-
son 1996). The subduction polarity and the
palaeogeographic positions of the microplates
in northwest Anatolia are a matter of debate.
Pickett & Robertson's (1996) model postulates
that the Late Palaeozoic-Triassic ocean was
located between the main trunk of Gondwana
in the south and Gondwana derived continental
fragments with Upper Permian carbonate plat-
forms (e.g. the Sakarya Microcontinent) in the
north. It closed by southward subduction, gen-
erating a subduction-accretion complex (the
Karakaya Complex). The ophiolites [the Deniz-
goren Ophiolite of Okay et al (1991)] and the
subduction-accretion assemblages were then
emplaced northward, onto the Permian plat-
form sequences [the Karadag Unit of Okay et
al (1991)]. Recent work (Okay et al 1996),
however, has shown that the age of the intra-
oceanic decoupling of the Denizgoren Ophiolite
is Early Cretaceous. Okay et al (1996) also
suggested that, during the Permian, the Sakarya
Microcontinent was still attached to the
Moesian Platform to the north and separated
from the main body of Gondwana by the
intervening Palaeotethyan oceanic basin. The
formation of the Karakaya forearc-accretionary
complex was attributed to southward subduc-
tion during the Triassic, followed by obduction
of the accreted units onto the Sakarya Micro-
continent prior to the Early Jurassic. In this
study, the Late Palaeozoic-Triassic oceanic
basin is located between the Istanbul Terrane
and the Central Sakarya Terrane. The main
evidence for a southerly location of the latter is
its Late Palaeozoic evolution, indicating a con-
tinuity with the northern margin of the Tauride-
Anatolide Unit prior to the Middle-Late Trias-
sic opening of the Neotethyan branches. In the
model presented here (Fig. lie), the southward
subduction model of §engor et al (1984) is
adopted, and it is suggested that the Sogukkuyu
Metamorphics were formed in rift-related
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marginal basins in the Central Sakarya Terrane.
The presence of Niliifer type oceanic assem-
blages, sensu Okay et al. (1991) with a latest
Triassic HP-LT metamorphic event in north-
western Anatolia (phengite Ar-Ar ages of 192-
214 Ma; Monod et al. 1996), does not conflict
with the proposed model. Moreover, it may
further support a deep intra-oceanic subduction
to the north of the Central Sakarya Terrane,
followed by accretion and southward back-
thrusting of the subduction-accretion assem-
blages towards the south prior to the Early
Jurassic. The termination of this orogenic event
is marked by deposition of Lower Jurassic
epicontinental sediments unconformably cover-
ing the orogenic assemblages.

Early Triassic rifting in the Central Sakarya
Terrane was accompanied by the formation of
basin-and-range-type narrow continental basins
on the northern Tauride-Anatolide Platform.
Deposition of continental coarse elastics (Otluk
Metaclastics) in the Somdiken Unit, and similar
formations further south, marks this event.
These data do not support the model of §engor
& Yilmaz (1981), who postulated Jurassic rifting
that gave way to the opening of the Izmir-
Ankara Ocean. The rift basin north of the
Somdiken Unit, and hence at the northern
margin of the Tauride-Anatolide Platform,
must have evolved into an oceanic basin during
the Middle-Late Triassic. The upper Middle-
lower Upper Triassic carbonates in the Kiitahya
area are characteristically open-shelf to slope-
type deposits which do not include rift-related
volcanic rocks. However, rift-related and tran-
sitional MORE-type volcanic rocks, with basi-
nal sediments of Carnian-Norian age, are found
in the Lycian Nappes. It is unequivocally ac-
cepted that these nappes were derived from the
northernmost margin of the Tauride-Anatolide
Platform and emplaced during the closure of the
Izmir-Ankara Ocean to the south. Thus, the
original location of these nappes should be
more internal than the Somdiken and Kiitahya
Units.

Another important clue that during the Early
Jurassic the Tauride-Anatolide Terrane was
already separated from the Central Sakarya
Terrane by the intervening Izmir-Ankara
Oceanic basin is that the Early Mesozoic
(Cimmerian) deformation is nowhere recorded
on the Tauride-Anatolide Terrane. All the
'Cimmerian events' in the northwestern part of
the Taurides are either based on structural
misinterpretations or inaccurate age dating
(e.g. Tav^anh area: Akdeniz & Konak 1979).
The 'Cimmerian orogenic events' of Monod &
Akay (1984, fig. 2, locations 4-11) in the

Taurides s.s., on the other hand, are probably
related to intraplatformal tectonic events.

In short, Triassic time designates the closure
of the main oceanic branch to the north of the
Sakarya Composite Terrane (§engor et al 1984;
Ustaomer & Robertson 1993; Okay et al. 1991;
Yilmaz et al. 1995), the opening and closure of
the aborted 'Karakaya Rift Basin' on the Cen-
tral Sakarya Terrane, and the opening of the
Neotethyan Izmir-Ankara Branch between
Central Sakarya and the Tauride-Anatolide
Terrane by back-arc spreading.

Late Mesozoic (Alpine) events

From the Jurassic, the configuration of the
Neotethyan plates is less ambiguous (Fig. lid
and e). One exception is the problem whether
the Triassic ocean to the north of the Sakarya
Composite Terrane was totally eliminated
during the Cimmerian events or whether part
of it remained open to develop into the Neo-
tethyan Intra-Pontide Ocean. The former in-
terpretation is supported here and it is
proposed that the ocean reopened during the
late Middle Jurassic, evidenced by the develop-
ment of Upper Jurassic slope sequences in the
northern Armutlu Carbonate Platform (Onder
& Gonciioglu 1989) and in the northeastern
margin of the Central Sakarya Platform (Alti
ner et al. 1991). In any case, during Jurassic-
Early Cretaceous time, the Central Sakarya
Terrane represents a carbonate platform limited
by the Intra-Pontide Branch in the north and by
the Izmir-Ankara Branch in the south. The
MORB-type basaltic volcanic rocks associated
with Upper Triassic-Lower Cretaceous radio-
larian cherts (Gonciioglu & Erendil 1990; Rojay
et al. 1995; Bragin & Tekin 1996; the fossil data
in this paper) indicate active spreading within
these oceanic basins from the Late Triassic to
the Early Cretaceous. The platform-type car-
bonate deposition on the northern margin of the
Tauride-Anatolide Platform continued in the
Jurassic with a slight change from open-shelf to
open-slope conditions towards the end of the
Jurassic and Early Cretaceous.

During the Early Cretaceous, the change in
relative convergence between Gondwana and
Eurasia to a more north-south orientation re-
sulted in a convergence in the Intra-Pontide and
Izmir-Ankara Branches of the Neotethys. The
events relating to the closure of the Intra-
Pontide Ocean have been evaluated by Gon-
ciioglu & Erendil (1990) and Yilmaz et al.
(1995). Data from the northern part of the
Central Sakarya area suggest that the regional
subsidence was represented here by slope-type
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sediments of early Late Cretaceous age, fol-
lowed by synorogenic flysch of Maastrichtian
age containing ophiolitic detritus. The flysch
sediments are overthrust by ophiolitic nappes
derived from the Intra-Pontide Ocean. While it
is generally accepted that the Intra-Pontide
Ocean closed by northward subduction, the age
of final collision of the Central Sakarya and
Istanbul Terranes, however, is disputed. Based
on field data, Gonciioglu et al. (1987) suggested
a Late Cretaceous age of collision, whereas
Okay et al (1994) preferred an Early Eocene
collision.

During the Early Cretaceous convergent
regime, within the Izmir-Ankara Branch and
away from the passive margin of the Anatolide-
Tauride Platform, northward intra-oceanic
subduction was initiated (Fig. llf) in Early-
Middle Cretaceous times (Gonciioglu & Tiireli
1993). SSZ-type ophiolites were formed above
this intra-oceanic subduction by the partial
melting of the already depleted MORB-type
Izmir-Ankara oceanic lithosphere during early
Middle Turonian-Early Santonian times
(Yahniz et al 1996). The SSZ geochemical
character of the basaltic rocks from the
Dagkiiplii Melange in the Central Sakarya area
(Yahniz et al 1998; this study), from the
Klitahya region (Onen & Hall 1993) and from
Central Anatolia (Yahniz et al 1996), support
this suggestion.

The subophiolitic amphibolites of the Izmir-
Ankara Suture Zone from western Central
Anatolia yielded mineral and isochron ages
ranging from 101 to 90 Ma (Onen & Hall 1993;
Harris et al 1994), clearly indicating an early
Late Cretaceous initial decoupling of oceanic
crust. The upper level gabbros and dykes of
SSZ-type oceanic crust in the Kiitahya area, on
the other hand, yielded isochron ages of c. 85
Ma (Onen & Hall 1993), which suggests that the
formation of these ophiolites is penecontem-
poraneous with, or postdated, the deep intra-
oceanic subduction and related HP-LT meta-
morphism. Due to their tectonic setting within
the hanging wall, they probably escaped deep
subduction (Fig. llf), which would also explain
the general absence of very HP parageneses in
the SSZ-type ophiolites in both the study area
and in Central Anatolia.

The blueschist-facies metamorphism related
to this subduction has been the topic of copious
studies in northwestern Anatolia (Yilmaz 1981;
Okay et al 1998 and refs cited therein). The
HP-LT metamorphism recorded in the Dagkii-
plii Melange and the Somdiken Group in the
Central Sakarya area indicate, as in northwes-
tern Anatolia, that not only the subduction-

accretionary complex but also part of the
passive continental margin was deeply sub-
ducted. In the Girdapdere Metaolistostrome, in
this study area, the latest deformational phase is
characterized by metamorphic conditions of
c. 6 kbar and 200°C, which would correspond
to a 20 km thick overburden of allochthonous
material emplaced onto the passive margin of
the Tauride-Anatolide platform.

The HP-LT metamorphism of the passive
margin sequences in northwestern Anatolia
[radiometric age data of Onen & Hall (1993)
c. 90 + 3 Ma is confirmed by Okay et al (1998)
who found Ar-Ar ages of c. 88 Ma] occurred in
the Coniacian. However, the progressive south-
ward younging of the metamorphosed synoro-
genic flysch sediments indicates that the
emplacement of the oceanic material, sub-
duction of the margin sequences, their meta-
morphism, exhumation and incorporation into
foreland-type basins lasted until the Early
Maastrichtian (Fig. llg). The youngest flysch
sediments unaffected by HP-LT metamorphism
occur in the Kiitahya area and were dated as
early Late Maastrichtian-Early Palaeocene. In
the Central Sakarya area, the molasse-type
deposits of Middle Palaeocene (Montian) age
unconformably cover all the main tectonic units
(Fig. llh). This indicates that the closure of the
Izmir-Ankara oceanic basin, and the collision of
the Central Sakarya Microcontinent and the
Tauride-Anatolide Terrane occurred prior to
the Middle Palaeocene.

The Middle Palaeocene-early Middle Eocene
period in the Central Sakarya area is dominated
by a tensional-transtensional regime, charac-
terized by post-collisional magmatism and
deposition of continental to shallow-marine
sediments in fault-controlled basins. The Late
Palaeogene in the study area is dominated by
andesitic volcanism and deposition of alternat-
ing marine and terrestrial sediments. Renewed
compression at the end of Miocene resulted in
deformation of the Neogene basins and south-
ward thrusting of the basement units.

Conclusions
The Late Palaeozoic-Mesozoic orogenic evol-
ution (Fig. 11) of the Anatolian region and its
surroundings can be summarized as a history of
continuous convergence and divergence of
microplates within the same main ocean, i.e.
the Tethys. The durations, locations and names
of the single branches (e.g. Prototethys, Palaeo-
tethys, Karakaya Ocean, Neotethys, etc.) of this
main ocean, as well as the nomenclature of the
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erogenic products, are still a matter of debate
and beyond the scope of this study.

The Central Sakarya area is a key region in
understanding the pre-Alpine and Alpine
evolution of northwestern Anatolia. Along a
north-south traverse in the Central Sakarya
region, five different Alpine terranes were dis-
tinguished; from north to south these are: the
Istanbul Terrane; the Intra-Pontide Suture Belt;
the Sakarya Composite Terrane; the Izmir-
Ankara Suture Belt; and the Tauride-Anatolide
Composite Terrane. Among these, all of the
continental units include amalgamated tectonic
elements of Variscan and Cimmerian orogenic
events.

The pre-Permian the Central Sakarya Ter-
rane basement comprise two tectonic units: the
Sogtit and Tepekoy Metamorphics. The former
represents a Late Palaeozoic ensimatic arc
complex whereas the latter is interpreted as a
forearc-trench complex. These two basement
units were juxtaposed during the 'Variscan'
Orogeny due to the closure of a Palaeozoic
oceanic branch by southward subduction. This
subduction also produced a back-arc basin at
the northern margin of the Peri-Gondwanan
Tauride-Anatolide Platform. The Permian
carbonates overlying this 'Variscan' orogenic
assemblage characterize a period of platformal
conditions prior to the Early Triassic rifting.

Triassic rifting is represented by a regional
uplift and formation of the rift-basin assem-
blages (e.g. Sogukkuyu Metamorphics in Cen-
tral Sakarya) or basin-and-range-type troughs in
the northern margin of the Tauride-Anatolide
Platform, filled with continental elastics. The
rifting is related to the southward subduction of
the 'Palaeotethyan' (sensu §engor et al. 1984)
oceanic crust. Starting from Middle-Late Trias-
sic, one of the extensional basins on the north-
ern Tauride-Anatolide Platform evolved in to
the Izmir-Ankara Ocean and separated the
Central Sakarya Terrane from the main body.
In the north of the Central Sakarya Terrane,
continuing subduction resulted in collision and
amalgamation of oceanic assemblages to the
northern margin of the Central Sakarya Terrane
during Late Triassic and completed the
'Cimmerian' Orogeny.

Jurassic-Early Cretaceous time is repre-
sented in both microcontinents as a period of
stable platform deposition. The only important
event is Late Jurassic subsidence north of the
Central Sakarya Terrane, probably related to
the opening of the Intra-Pontide Ocean. In the
Early Cretaceous, both branches of the northern
Neotethys began to close by northward subduc-
tion.

Within the Izmir-Ankara oceanic seaway,
northward intra-oceanic subduction was in-
itiated in Early-Middle Cretaceous times, and
SSZ-type ophiolites were formed in the upper
plate during the early Late Cretaceous. First the
subduction-accretionary complex, and later the
passive margin of the Tauride-Anatolide Plat-
form, were deeply subducted and affected by
HP-LT metamorphism. Geological and geo-
chronological data suggest that the subduction,
blueschist metamorphism, exhumation and
incorporation of ophiolite nappes onto fore-
land-type basins lasted until the Early Maas-
trichtian. The earliest post-tectonic molasse-
type deposits in the Central Sakarya area are of
Middle Palaeocene age, indicating that closure
of the Izmir-Ankara oceanic basin, and collision
of the Central Sakarya and the Tauride-
Anatolide terranes predated the Middle Palaeo-
cene.

Post-collisional compression and magmatism
in the study area continued until the end of the
Palaeogene, and the propagation of southward
younging thrusts produced an immense crustal
thickening which, in turn, gave rise to the
metamorphism of the Menderes Massif.

This study is mainly based on our earlier fieldwork
supported by Mineral Research and Exploration In-
stitute of Turkey (MTA). The Scientific and Research
Council of Turkey (TUBITAK) funded later excur-
sions (project code no: YDAB^AG-85) to the study
area. The authors thank K. Tekin, A. Is,ik and A.
Keskin for their the palaeontological contributions,
and H. S. Ling for providing the SEM images for the
Radiolaria. Geochemical work on the ophiolitic rocks
were supported by NATO Collaborative Research
Grant 960549 and undertaken by P. A. Floyd, Depart-
ment of Earth Sciences, Keele University. The authors
are grateful to O. Monod and an anonymous reviewer
whose suggestions have greatly improved the text.
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Aspects of Jurassic radiolarite sedimentation in a ramp setting
following the 'mid-Late Jurassic discontinuity', Barla Dag area,
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Abstract: The Barla Dag area of southwestern Turkey and its surroundings represent one
of the most characteristic Tethyan regions in which the unique characteristics of the Jurassic
radiolarite deposits permit detailed study of this enigmatic facies. Hitherto, radiolarites of
Western Tethys have not been studied in sufficient detail to yield the information required
for unequivocal interpretation of this siliceous sedimentary event. Moreover, few of the
occurrences of Tethyan radiolarites during the Jurassic have been adequately explained by
palaeoenvironmental causes deduced from facies analysis. In the Barla Dag area, the main
radiolarite episode began after the 'main gap' or mid-Late Jurassic discontinuity, a 25 Ma
hiatus extending from the Early Bajocian to the Kimmeridgian. These radiolarites are
interbedded with biocalcarenites characterized by shallow-water shells. They formed in a
ramp environment subject to strong storm oscillatory movements and were deposited
within, or just below, wave base.

Pre-existing platforms were converted into ramp settings by a widespread drowning
episode, mainly following postulated regional warping that led to creation of the 'main gap'.
Coincident with this event, the differentiation of rimmed platform lagoonal organisms and
typical ramp inhabitants, such as Tubiphytes, took place. Furthermore, nearby platforms,
unaffected by the extensional faulting (e.g. the Davras Dag), were sites of carbonate
accumulation receiving only a few radiolarians. On the other hand, displaced shallow-water
organisms of the same age (typical of the restricted lagoons flanking the rimmed platforms
such as pfenderinas, kurnubias and Clypeina jurassicd) are absent from the sequences of
calcarenites interbedded with radiolarian cherts. Replacement of deep basins by ramps is
indicated by the changing depositional bathymetry of some radiolarites. It is tentatively
attributed to the extension of shallow seas and narrowing of the oceanic realm between
Eurasian and African Plates in Western Tethys.

Siliceous deposits are developed within the Tethyan rifting, are extensively exposed. In this
Mesozoic Bahamian-type platform carbonates region, sedimentary environments and basin
of the Western Taurus (Farinacci & Koyliioglu geometry have been strongly affected by rift
1982). The Barla Dag and its eastern surround- tectonics and magmatic events. The interlinking
ings (Fig. 1) represent one of the most charac- of many physical features of these carbonate-
teristic areas in which the presence of Jurassic chert sequences permits the construction of an
radiolarites, together with calcarenites, permit environmental model in which tectonic effects
determination of the depositional bathymetry of predominate, even though the mechanism of
some radiolarites. Here, as well as in similar rifting is not easily discerned because Tertiary
Tethyan basins, radiolarite deposition repre- compressional events have heavily overprinted
sents the interaction of several events, each of the Jurassic structures.
which can be investigated. Until recently, such This group's attempt at reconstructing the
radiolarites have been widely interpreted in Jurassic basin setting of the Barla Dag radio-
terms of deep bathymetry being the sole, or larites relies exclusively upon field evidence
principal, environmental feature preventing obtained during this study, and from similar
biological carbonate deposition and permitting work elsewhere in the Western Tethys, and
preservation of radiolarians on the seafloor. does not depend on existing models of ocean

In the Barla Dag area, the Jurassic carbonate rifting mechanisms related to the Atlantic
and siliceous deposits of cherty facies, devel- Ocean or to the Mediterranean Tethys.
oped during the main phases of the western

From: BOZKURT, E., WINCHESTER, J. A. & PIPER, J. D. A. (eds) Tectonics and Magmatism in Turkey and the
Surrounding Area. Geological Society, London, Special Publications, 173,163-170. l-86239-064-9/00/$15.00
© The Geological Society of London 2000.
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Fig 1. Location map of the Barla Dag area. The large brick pattern represents Mesozoic shallow-marine
limestones in autochthonous position, overlain by allochthonous units [after Brunn et al. (1971)].

Historical and theoretical framework

In the study of the Tethyan radiolarites, in-
terpretation has frequently been confused with
observation. Reconstructions of palaeoenviron-
ments and basin morphology have commonly
been based on widely held assumptions rather
than direct palaeontological, sedimentological
and geochemical evidence. However, recent
progress in these disciplines has led to a sub-
stantial reappraisal of previously held views
concerning the shape and morphology of many
Jurassic radiolarite-bearing basins; e.g. the in-
terpretation of water depth which was set in its
historical frame by Haug (1900) has been briefly
analysed by Garrison & Fischer (1969). The
models proposed by these authors were mainly
based on actualistic reconstructions and
invoked depths below present levels of the
carbonate compensation depth (CCD) as the
sole or main cause of radiolarite sedimentation
(Garrison & Fischer 1969 and refs cited
therein). On the basis of this tenuous assump-
tion, Garrison & Fischer (1969) invoked a wide
Tethyan ocean, thousands of metres in depth,
resulting from Jurassic rifting.

On the other hand, in a recent study of the
Jarropa Radiolarite Formation in the Subbetic
area of Southern Spain, which contains 'calci-
clastic strata with hummocky cross-stratifi-
cation, indicating an outer carbonate ramp

deposition', Molina et al. (1999) discuss differ-
ent contemporary views on the subject. They
summarize the opinions of workers in the Alps,
Apennines, Carpathians, Dinarids, Hellenids,
Rif, Tell, and elsewhere, who both defend and
dispute the old palaeobathymetric scenarios.
Separated by three decades of work, the two
papers mentioned above (Garrison & Fischer
1969; Molina et al. 1999) are representative of
the broad range of views concerning the sedi-
mentation of radiolarites. The present study
produces additional evidence and represents a
further contribution to this problem. It aug-
ments previous studies carried out by the re-
search team of Rome University, working in the
Apennines (Farinacci et al. 1981; Farinacci
1988) and yields conclusions in broad agreement
with the results of Molina et al. (1999).

The Barla Dag radiolarites

Throughout the Barla Dag area, radiolarites
are extensively developed in the Jurassic-
Cretaceous sedimentary succession and usually
represent the thickest Jurassic sedimentary
interval formed after drowning of the Yassiviran
carbonate platform (composed of post-Triassic
limestones and dolostones), with thicknesses
ranging up to a few tens of metres (Fig. 2).
Following the Late Pliensbachian drowning,
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Fig 2. The Jurassic sedimentary episodes of the Barla
Dag sequence are well represented by the Tmaz Tepe
section in which the depositional trend is clear. The
section is subdivided into biosequences according to
the recognized discontinuities. Note the relatively
small thickness of sediments involved, changes in the
fossil assemblages and the duration of the 'main gap'.
Key to symbols: 1, algal limestones; 2, marly nodular
limestones with ammonites; 3, packed filaments; 4,
bedded nodular yellow limestones; 5, micritic
limestones with yellow cherts; 6, radiolarian cherts
interbedded with calcarenites; 7, breccia with small
fragments; 8, discontinuity; 9, discontinuity with
desiccation cracks. E, Early; L, Late. Modified from
Farinacci et al (1997).

several short depositional episodes, separated
by hiatuses, occurred in the Early Aalenian and
were characterized by a great abundance of
crinoids. Similar short episodes in the Late
Aalenian-Early Bajocian are marked by abun-
dant posidoniid bivalves and a significant
increase in radiolarians which had already

appeared at the time of drowning. However,
the top layers of the stratified nodular micritic
limestones, which contain filaments and radio-
larians, alternate oosparites with peloids, sug-
gesting a further upward shallowing until the
'main gap', a hiatus which extended from Early
Bajocian to Kimmeridgian times.

The Tmaz Tepe section typifies the Jurassic
sedimentary evolutionary trend of the Barla
Dag and its surroundings following the Late
Pliensbachian drowning. Differences among
the various Barla Dag sections can be dis-
cerned in the variable thicknesses of the biose-
quences and in their fossil assemblages. These
differences reflect locally modified micro-
environments within the Late Jurassic ramp
setting, and especially the changes in their
hydrodynamic conditions. In the sequences
above the Bajocian-Kimmeridgian hiatus, the
radiolarite interval comprises three well
defined lithotypes: (1) radiolarian chert; (2)
radiolarian calcareous mud; and (3) calcare-
nite. These three components result from the
interaction of chemical, biochemical and
mechanical events taking place in the environ-
ment, either simultaneously or alternating with
a marked periodicity.

The siliceous episode

In the Jurassic, siliceous episodes marked by the
abundance of radiolarians evidently start when
the build-up of the carbonate-rimmed platform
ceased in some areas. In the Barla Dag, the
siliceous interval can be considered to be a
single sedimentary episode that began at the
end of the Pliensbachian and reached its acme
during the Kimmeridgian and Tithonian, where
it is characterized by radiolarian chert.

Immediately after the initial appearance of
radiolarians, at the time of the Late Pliens-
bachian drowning, calcareous thin-shelled posi-
doniids become widespread (forming the so-
called 'packed filaments' of sedimentological
terminology). The posidoniids include two thin-
shelled species: Bositra buchii (Roemer) and
Lentilla humilis Conti & Monari (Conti &
Monari 1992). They reached their maximum
development during the Aalenian, together
with ammonites, nodosarids and gastropods, in
addition, of course, to radiolarians. Thin-shelled
bivalves can also be found associated only with
radiolarians in some layers; these are present up
to the appearance of calpionellids in the Early
Cretaceous.
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The base of the radiolarite and the 'main
gap'

The well-characterized radiolarian bloom of the
siliceous episode, represented in Tmaz by Bio-
sequence E (Farinacci et al. 1997), is particularly
evident immediately after the 'main gap', when
sedimentation recommenced in the Kimmerid-
gian after c. 25 Ma of non-deposition. The
radiolarites appear sharply above the top layers
with packed filaments, containing Mesoen-
dothyra croatica Gusic, of the underlying bio-
sequence (the Tmaz Biosequence D, which
ranges from Late Aalenian to Early Bajocian;
Fig. 2). However, in the field this boundary is
not conspicuous: the lithology changes from
roughly nodular limestone with yellow clay to
cherty limestone without clay. The first trans-
gressive layers contain thin-shelled Globuliger-
ina oxfordiana (Grigelis). Radiometric dating
reveals that the 'main gap' between the two
biosequences (D and E in Tmaz) represent
c. 25 Ma (Farinacci et al 1997).

In other areas of the Tethys, the 'main gap' is
present but may be somewhat shorter or longer.
It is known in the Central Apennines (Cecca et
al. 1986, 1990), in the Ionian Zone of south-
western Albania (Cope et al. 1994; Dodona et al.
1994), and in the External Dinarids (Farinacci
1996). The main chemical event influencing
radiolarite deposition is the silica supply in the
sea water. This allows radiolarians to bloom,
thus fixing SiO2, and leads to the sedimentation
of siliceous rocks. In the Barla Dag, the radi-
olarian cherts are interbedded with calcarenites
and with micrites, with the chert occurring as
nodules and thin layers.

The interbedded tempestites

Storm deposits, represented by calcarenites,
alternate with the radiolarian cherts. The cherty
layers are laminated and increase in frequency
toward the top of the Jurassic succession. The
calcarenites consist of layers with abundant
skeletal debris comprising a high-energy fauna
of corals, thick-shelled bivalves, more or less
broken cyanobacterial constructions, peloids
(some of which are coated) and foraminifera
with microgranular tests. The calcarenites also
contain clasts of radiolarian micrites formed
from the contemporaneous substrate and incor-
porated among the fragmentary shallow-water
organisms. In the micritic layers, the mud is
sometimes homogeneous, but may also be more
granular in character and form peloids.

Frequent tempestites appear as repeated
layers, the bottom surfaces of which display

flame structures, but rarely have sharp inter-
layer boundaries, especially when deposition of
these storm units has occurred above the storm
wave-base level. Erosional basal surfaces are
much more common in the lower part of the
tempestite succession where the radiolarites are
commonly intercalated with calcarenites. Corals
are preserved as reefal fragments and the
mixture of other organisms, together with the
corals, suggests that reef bodies were laterally
discontinuous and formed small patch reefs on
local prominences within the ramp setting.

Tubiphytes is very common in the calcare-
nites interbedded with cherts and is the most
widespread 'organism'. Although it is still an
incertae sedis (supposedly a cyanobacterial con-
struction), its palaeoenvironment is well
known. It is common on the ramps or on the
outer part of rimmed shelves, and is regarded
as one of the more opportunistic organisms
thriving after the storms and taking advantage
of the available skeletal carbonate. The most
frequent foraminifera are textularids, valvuli-
nids and planispirally coiled forms. They are
also present in the platform lagoons, where
they are much bigger. Their reduced size in the
ramp environment may be ascribed to the in-
creased turbulence of that setting. Protopener-
oplis striata Weynschenk and Trocholina spp.
were also recovered. They are both typical of
high-energy environments and are always
found together on the ramps and on the outer
marginal slope. Some calcarenites exhibit a dif-
ferent constitution: in addition to the shallow-
water elements enumerated above, the remains
of open-sea organisms, the so-called 'pelagic'
elements (radiolarians, filaments, etc.), may
contribute to the skeletal assemblage.

The succession at Tmaz Tepe continues
upward to the top of the Jurassic sequence,
with 'normal' open-sea Tethyan limestones
containing successively packed filaments, then
aptychi (among which Lamellaptychus is the
most common) and then Saccocoma (Fig. 2).
The benthonic lifestyle of Saccocoma, a stem-
less crinoid which lived on muddy substrates,
has been demonstrated by Manni et al. (1997). It
appears to have been 'an opportunist able to
occupy a very selective and rapidly variable
environment where other benthonic species
cannot survive' (Manni etal. 1997, p. 131).

Morphological and other controls on
siliceous sedimentation
All the evidence observed during our study
points to localization of the Kimmeridgian
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radiolarite sedimentation in a carbonate ramp
setting. The siliceous sediments are composed
of fine radiolarian layers interbedded with
calcarenites made up of fragmented skeletal
elements of calcareous ramp organisms mixed
with small clasts of radiolarian mud of compar-
able size, derived from the interbedded depos-
its. Fragmented remains in the calcarenites
belong to organisms which normally did not
live in the platform lagoons but were typical of
ramp facies. Moreover, the gentle slope of the
ramp favoured a clinoform bedding that has
determined the sedimentary boudinage of the
plastic chert and has even induced slumping.

In the shallow-water sectors of these ramps,
the sedimentation of fragmented material,
whether coming from outer margins of the
platform or produced in situ, is normal. Ramps
are particularly exposed to storm events and
fragmentation might also be caused by induced
oscillatory movements, ending with rapid depo-
sition. Kimmeridgian times seem to be a critical
period for Tethyan ramps due to a general

increase in hydrodynamic energy. The presence
of Upper Jurassic calcarenites is mentioned by
Savu et al. (1995) and Dragastan (1997) in the
Transylvanides, Farinacci (1996) in the Dinar-
ids, Molina et al. (1997) in the Betic Cordilleras,
and Ager (1974) in the Moroccan High Atlas.
According to the scheme of Burchette & Wright
(1992), who define the mid-ramp sediments as
fine-grained, graded tempestites interbedded
with laminated mudstone (Fig. 3), the Barla
Dag tempestites were deposited in a mid-ramp
setting.

The processes which led to formation of the
ramps started with the Late Pliensbachian
drowning, ascribed to block faulting of the
Taurus platform margin. Tectonics induced the
formation of a tilted half-graben which con-
trolled the type of facies and sedimentation,
and strongly limited accumulation. On the
higher parts of the half-graben, sedimentation
was inhibited during the Toarcian and is almost
absent from the drowned platform facies of the
Barla Dag, whereas the Aalenian is represented

Fig 3. The main environmental subdivisions of a carbonate ramp [classification after Burchette & Wright
(1992)]. All the evidence observed in Tmaz Biosequence E points to the localization of the Barla Dag
Kimmeridgian-Tithonian radiolarite sedimentation in a mid-ramp setting (D) between fair-weather wave base
(FWWB) and storm wave base (SWB), in which sediment is frequently reworked by storms (shaded area).



168 A. FARINACCI ETAL.

by strongly oxidized and silty materials, prob-
ably related to subaerial exposure. This fades
persist up to the Early Bajocian when sedimen-
tation abruptly terminated.

After the 25 Ma hiatus of the 'main gap', the
rifting process, although continuing in the mid-
Late Jurassic by means of extensional faulting,
resulted in important regional up-doming
(Fig. 4). Subsidence almost ceased and the con-
ditions for development of the ramps were
created, both during the up-doming and subse-
quent deflation. At this point, further drowning
took place and gave rise to rimmed shelves and
ramps. Such an event is emphasized during the
main phase of the rifting by a dramatic change in
the marine chemistry. This favoured siliceous
organisms which had already started to prolifer-
ate by the end of the Pliensbachian. In the Late

Jurassic they out-competed other organisms on
the ramps, but not on the adjacent rimmed
shelves. Occasionally, radiolarians could even
enter the restricted lagoons of the nearby plat-
forms, as in the Davras Dag area, and were
carried there by storms, whereas lagoon organ-
isms never reached the ramps. Over a period of
time the storm-generated turbulence decreased
and mud facies began to develop, supported by
cyanobacterial activity, and benthonic stemless
crinoids, such as Saccocoma sp., became wide-
spread.

The correlation of SiO2-radiolarians with
magmatism has been noted by several authors
(e.g. Conti & Marcucci 1986; Farinacci 1988;
Pessagno et al. 1993) whilst investigating the
origin of Jurassic radiolarites. The presence and
preservation of radiolarians appear to record

Fig 4. Tentative interpretation of the evolution of the Barla Dag area from a Pliensbachian carbonate platform,
through the drowning at the end of the Pliensbachian, the Toarcian gap corresponding to the emergent part of
the graben, the Aalenian ammonite episode, the 'main gap' between the Early Bajocian and Kimmeridgian
(interpreted to be due to thermal up-doming that brought the area near to the sea surface or to subaerial
exposure), and finally to the deflation of the thermal dome inducing another drowning in which the ramp setting
was created. The latter corresponds to the beginning of the chert-radiolarite-calcarenite sedimentation.
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the effects on sea water of magmatism associ-
ated with the rifting.

The presence of calcareous mud in carbonate
deposits, produced before the appearance of
planktonic algae (coccoliths, nannoconids), is a
problem which has been long debated. Detailed
studies on modern cyanobacterial activity,
aimed at understanding lime-mud sedimenta-
tion during Proterozoic, Early Palaeozoic and
Jurassic times, induced Kazmierczak et al.
(1996), based on observations in fine-grained,
shallow-water Jurassic carbonates, to suggest a
cyanobacterial origin for the production of
micrite and peloidal limestone. In view of the
similarity of interval 8 described by these
authors (banded micritic/peloidal limestones
with cherts) with the cherts and radiolarian
mudstones observed in the studied sections, a
similar origin for the associated lime-muds may
be invoked in the present case.

Conclusions

Modern studies aimed at reconstructing depo
sitional environments of radiolarites should
focus mainly on the nature of associated sedi-
ments, the composition of palaeontological
assemblages, inferred water chemistry and
hydrodynamics, and the influence of magma-
tism. The 'main gap', from Bajocian to Kimmer-
idgian times, lasted c. 25 Ma in the Barla Dag
area. When sedimentation began again, it was
characterized by alternations of radiolarian
chert with interbedded calcarenites containing
ramp organisms. The dominance of radiolarians
may be attributed to several factors, including
palaeobathymetric setting, current circulation,
magmatism, up-welling, chemical equilibrium of
sea water and nutrient supply.

The main results of the present study are: (1)
the identification of extended sedimentary gaps
due to subaerial exposure; and (2) the identifi-
cation of the depositional environment of the
radiolarites at a storm-influenced carbonate
ramp setting. In conjunction with similar studies
of other Tethyan basins, it is tentatively con-
cluded that more extended shallow seas and a
relatively narrow oceanic realm separated the
Eurasian and African Plates in the Western
Tethys.
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Corporation (TPAO) direction for providing the
logistical support for the fieldwork. We are deeply
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Abstract: The eastern Pontides (northeastern Turkey) and Transcaucasus (Georgia) belong
to the same geological belt representing an active margin of the Eurasian continent.
According to palaeotectonic-palaeogeographic reconstructions, based on regional geologi-
cal, palaeomagnetic, palaeobiogeographical and petrological data, the eastern Pontides and
the major part of the Transcaucasus, situated to the north of the North Anatolian-Lesser
Caucasian ophiolitic suture, comprise island arc, forearc, back and interarc basins. The
eastern Pontide segment of the belt consists of three structural units which, from north to
south, are the northern, central and southern units. The northern unit, the southeastern
Black Sea coast-Adjara-Trialeti Unit, represents a juvenile back arc basin formed during
the Late Cretaceous (pre-Maastrichtian). This unit separates the southern and northern
Transcaucasus zones. The central Artvin-Bolnisi Unit is also known as the northern part of
the southern Transcaucasus and is characterized by Hercynian basement, unconformably
overlying the Upper Carboniferous-Lower Permian molasse and Upper Jurassic-
Cretaceous arc association. The southern unit is the imbricated Bayburt-Karabakh Unit
and is known as the southern part of the southern Transcaucasus. This unit has a similar
basement to the Artvin-Bolnisi Unit and also includes a chaotic assemblage; it unconform-
ably overlies the Upper Jurassic-Cretaceous forearc association. The eastern Pontide
system is interpreted as the product of interference between a spreading ridge and
subduction zone during Late Jurassic-Cretaceous times. The North Anatolian-Lesser
Caucasus Suture, comprising ophiolites, melanges and an ensimatic arc association,
separates the overlying system from the Anatolian-Iranian Platform in the south.
Maastrichtian-Lower Eocene cover rocks in the region unconformably overlie all the
other units. Middle Eocene rifting resulted in the formation of new basins, some of which
closed during an Oligocene-Early Miocene regression. Others, such as the Black Sea and
Caspian Basins, have survived to the present day as relict basins.

The Caucasus and Turkey have been divided Unit continues along the southeastern Black
into different tectonic units and investigated by Sea coast in Turkey (A. Yilmaz 19890; Adamia
many authors. It is generally accepted that the et al. 1995). After a joint geological compilation
eastern Pontides of Ketin (1966; Fig. la) are project in the border area, carried out between
equivalent to the southern Transcaucasus 1994 and 1996 (A. Yilmaz et al 1996, 1997), it
(International Geological Congress XXVII was concluded that the Adjara-Trialeti Unit can
Session, Moscow 1984). This belt (Fig. 1) is be traced along the Black Sea coast in Turkey as
bordered to the north by the Adjara-Trialeti far west as the Sinop area. In the present study,
Unit and to the south by the North Anatolian- tectonic division of the eastern Pontides and
Lesser Caucasus ophiolitic belt; the latter is a Transcaucasus is revised (Fig. 2) and character-
product of the final closure of the Neotethys istics of each unit, including the age, lithology
Ocean (§engor & Yilmaz 1981) during the and tectonic setting, are presented (Fig. 3). On
Oligocene (Kocyigit 1991). the basis of this new division, the southeastern

Although complete correlative studies are Black Sea coast-Adjara-Trialeti Unit repre-
rare, it is suggested that the Adjara-Trialeti sents the northern unit which is characterized

From: BOZKURT, E., WINCHESTER, J. A. & PIPER, J. D. A. (eds) Tectonics and Magmatism in Turkey and the
Surrounding Area, Geological Society, London, Special Publications, 173,171-182. l-86239-064-9/00/$15.00
© The Geological Society of London 2000..
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Fig. 1. Location-cross section (a) and sketch (b) maps of the study area [after A. Yilmaz et al (1997) and new
data].

by a juvenile back-arc association formed
mainly during the Santonian-Campanian inter-
val. The Artvin-Bolnisi Unit represents the
central unit, which is characterized by an arc
association formed mainly during the Liassic-
Campanian interval. The Imbricated Bayburt-
Karabakh Unit represents the southern unit and
is characterized by a forearc association formed
mainly during the Malm-Campanian interval.
To the south the tectonic units are bordered by
the North Anatolian-Lesser Caucasus Suture
(Fig. 1). Maastrichtian-Tertiary sequences of

the tectonic units can be correlated from north
to south and mainly represent a terrigenous to
continental unity. Although no adequate data
are presented, this unity is also considered to be
a post-collision sequence.

This paper deals with the palaeotectonic evol-
ution of the border area and has been under-
taken in conjunction with a joint project
between Turkey and Georgia. It aims to: (1)
introduce a new tectonic subdivision of the
border area (Fig. 1); (2) describe Upper Cre-
taceous-Tertiary units and facies in detail; (3)
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Fig 2. Tectonic division of the study area.

evaluate the interference between a spreading
ridge and subduction during closure of Neo-
tethys; (4) present this group's views on the
polarity of the eastern Pontide-southern Trans-
caucasus active continental margin; and (5)
evaluate the geological evolution of the region.

This paper presents three measured sections
studied during 1996-1997 (Figs 4-6), including
lithological and faunal data from critical local-

ities and a correlative table (Fig. 7) comparing
generalized stratigraphic sections of each
tectonic unit. Although there is no common
formal lithostratigraphic nomenclature along
the border area, some of the formations named
by Adamia et al. (1995) and A. Yilmaz et al.
(1997) have been used to facilitate correlations
of the Turkish and Georgian sides in Figs 4-6.
Samples have been collected at each location for

Fig 3. Correlation of tectonic units in the framework of age, lithology and tectonic setting. E, Early; M, Middle;
L, Late.
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stratigraphic analysis, dating and environmental
interpretation. Approximate locations of the
columnar sections are shown in Fig. 1.

The cross-sections (Fig. 8a and b) have been
compiled from the Georgian and Turkish sides,
respectively, based on new field observations
and those of A. Yilmaz et al. (1997). Based on
these sections, consecutive stages of the geologi-
cal evolution of the region have been presented
in terms of the Tethyan evolution.

The study area
The study area in the eastern Pontide and
Transcaucasus belt represents the active margin
of the Eurasian continent. Based on the tectonic
division of the Caucasus, the Adjara-Trialeti
Unit is a tectonic unit between the northern
and southern Transcaucasus zones which ex-
tends along the southeastern Black Sea coast in
Turkey (Fig. 1). The southern Transcaucasus
zone comprises two tectonic units; the Artvin-
Bolnisi Unit in the north and the Imbricated
Bayburt-Karabakh Unit in the south. Hence,
the study area comprises three tectonic subunits
(Fig. 7). To the south, the Pontides-southern
Transcaucasus zone is bordered by the North
Anatolian-Lesser Caucasus ophiolitic belt.

The southeastern Black Sea coast-
Adjara-Trialeti Unit

This unit represents the northern part of the
eastern Pontides (Fig. 7) situated between
northern Transcaucasus (the Georgian Dzirula
Block) to the north and southern Transcaucasus
(Artvin-Bolnisi Unit) to the south. It is a north-
east-southwest trending structural unit and
extends from the Lori River in the east to the
southern Black Sea coast in the west (Fig. Ib).
The northern and southern margins are defined
by north and south facing overthrusts, respect-
ively, delineated on the basis of dip angles of
thrust planes (Fig. 8). Borehole data obtained in
Georgia (Fig. Ib) show that Aptian-Ceno-
manian volcaniclastic rocks constitute the
lowest level (Nadareishvili 1980,1981), whereas
the lowest level exposed in Turkey comprises
acidic volcanic rocks conformably overlying an
alternation of Santonian-Campanian basaltic
lava and micritic limestone (A. Yilmaz et al.
1997). The alternation is named the £aglayan
Formation and the following pelagic forms (Fig.
4) have been determined from micritic lime-
stones of the formation: Globotruncana area
(Cushman), Globotruncana elevate (Brotzen).
Radiplaria are common in some levels of the
limestone. Lithology and pelagic forms of the

unit indicate a comparatively deeper environ-
ment than that of the arc association to the
south. In addition, there is no level which is
characterized by oceanic crust along the tec-
tonic unit. Hence, it is suggested that this associ-
ation was formed in a pelagic to hemipelagic
environment which probably indicates a juven-
ile back-arc setting (Fig. 4). Maastrichtian clas-
tic rocks and hemipelagic limestones, and
Palaeocene-Lower Eocene turbiditic terrige-
nous clastic rocks, overlie the juvenile back-arc
association conformably and, in places, pass
gradationally upwards into Eocene volcanic
rocks. The Maastrichtian sequence is named
the Cankurtaran Formation (Fig. 4). It starts
with a clastic level, including Siderolites sp.,
Cuvillerina sp. and algae, and, in turn, passes
upwards to, turbiditic limestone and reddish
micritic limestone. These include mainly Globo-
truncanita stuartiformis (Dalbiez), G. stuarti (de'
Lapparent), Globotruncana area (Cushman), G.
linneiana (d'Orbigny), Gansserina gansseri
(Bolli) and Rosita contusa (Cushman).

The Palaeocene-Lower Eocene sequence is
named the Bakirkoy Formation and is equiva-
lent to the Borjomi Suite; it includes abundant
nanno and foram fossils (Fig. 2). Dolerite dykes
and sills are common in the Maastrichtian-
Lower Eocene sequences but there are no vol-
canic interlayers in the Maastrichtian-Upper
Eocene sequence (Fig. 4). Hence, it is concluded
that the back-arc activity terminated during
Maastrichtian-Early Eocene times. Middle
Eocene volcanic rocks include, from bottom to
top, an alternation of turbiditic rocks with
basaltic volcaniclastic rocks up to 7 km in
thickness and overlie the older sequences with
a local unconformity mainly along the Black Sea
coast on the Turkish side. Lordkipanidze et al.
(1984) suggest that this sequence is a product of
back-arc and/or interarc deposition, and is
followed conformably by Upper Eocene
shoshonitic volcanic rocks of a mature arc.
However, similar volcanic rocks of the eastern
Pontides with the same age and tectonic setting
have been interpreted as the product of a post-
collisional event (A. Yilmaz & Terzioglu 1994;
S. Yilmaz & Boztug 1996). Hence, the tectonic
setting of the Eocene volcanic cycle is contro-
versial and requires more study.

The Artvin-Bolnisi Unit

The Artvin-Bolnisi Unit is located between the
southeastern Black Sea-Adjara-Trialeti Unit to
the north and the Imbricated Bayburt-Kara-
bakh Unit to the south. It represents the north-
ern part of the southern Transcaucasus and the
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Fig. 4. Stratigraphic section in the Cankurtaran village area. (E, Early; M, Middle).

central part of the eastern Pontides (Figs 1 and
7). Its northern and southern margins are
delineated by south facing overthrusts (Fig. 8).

The lowermost Stratigraphic level is Pre-
cambrian(?) and/or Lower Palaeozoic, with
metamorphic rocks and Variscan granites crop-
ping out around the Khrami and Artvin Massifs.
These massifs are mainly built up of granite-
gneisses and S-type plagiogranites (Belov et al.
1978; Adamia et al. 1983, 1995). A Carbonifer-
ous continental volcanic-sedimentary sequence
overlies the older rocks unconformably and is
followed upwards unconformably by Lower-
Middle Jurassic volcaniclastic rocks, an Upper
Jurassic-Lower Cretaceous shallow-marine
limestone and volcaniclastic alternation, and an
Upper Cretaceous calc-alkaline arc association
(Gedikoglu et al. 1979; Ozsayar et al. 1981;
Lordkipanidze et al 1989). The latter associ-
ation has been studied in detail along the
Georgian side where it is divided into several
suites and named the Varlik Group in the
Artvin area (Fig. 5). It is made up of hemi-
pelagic, shallow-marine to subaerial volcaniclas-
tic rocks, andesite, dacite, rhyolite and basalt,
and is intruded by granitoids. Coal levels and
ignimbrite-type pyroclastic rocks can be seen
mainly in the upper levels of the association.
This sequence is followed by unconformably

overlying Maastrichtian-Palaeocene shallow-
marine limestones and turbiditic terrigenous
clastic rocks that pass upwards into Lower
Eocene clastic rocks (Fig. 5). The Maastrichtian
sequence is named the Ziyarettepe Formation
and is equivalent to the Tetritskaro Suite. It
starts with cross-bedded conglomerate and shal-
low-marine to hemipelagic limestones, which
include Siderolites calcitrapoides (Lamarck),
Orbitoides sp., Lepidorbitoides sp. (and algae in
the lower levels), Globotruncana gr. linneiana
(d'Orbigny), G. area (Cushman) and G. stuarti
(de'Lapparent). The Palaeocene-Lower
Eocene sequence is named the Kizilcik For-
mation and is made up of terrigenous clastic
rocks, including abundant foraminifera (Fig. 5).
The Maastrichtian-Lower Eocene sequence
contains no volcanic rocks and it is concluded
that arc activity had terminated by the Maas-
trichtian-Early Eocene. The Middle Eocene
volcanic rocks show a similar succession to that
in the Adjara-Trialeti Unit and appear to be
1.5-2 km or less in thickness. They overlie the
older rocks unconformably and are themselves
overlain conformably by Upper Eocene shal-
low-marine clastic rocks. The Eocene sequence
is cut by the Kargal Intrusive Suite, which
includes andesitic subvolcanics, diorite and
gabbro. Similar intrusive rocks can be seen
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Fig. 5. Stratigraphic section in the Adagiil-Karcal Dagh area (E, Early; M, Middle; L, Late).

along the southeastern Black Sea coast at the
Adjara-Trialeti Unit and in the Imbricated
Bayburt-Karabakh Unit as outcrops of variable
size.

The Imbricated Bayburt-Karabakh Unit

This unit crops out between the Artvin-Bolnisi
Unit to the north and the North Anatolian-
Lesser Caucasus ophiolitic belt to the south. It
represents the southern part of both the
southern Transcaucasus and the eastern Pon-
tides (Fig. 7). Its northern and, in places,
southern margins are delineated by south
facing overthrusts (Fig. 8).

Hercynian metamorphic rocks (Robinson et
al. 1995) and associated granitic rocks (Y.
Yilmaz 1976), and an unconformably overlying
Upper Carboniferous-Lower Permian conti-
nental sequence (Akdeniz 1988), are also
located along the southern margin of Laurasia;
the latter contains distinct Euro-American
fauna and flora assemblages (Okay & Leven
1996). In addition, it is suggested that there is a
pre-Liassic chaotic association of oceanic pro-
ducts such as a pre-Liassic sheeted dyke com-
plex in the Yusufeli area (§engor et al. 1980; Y.
Yilmaz et al 19970, b). However, there is no
direct relationship between the dyke complex
and lower or upper levels of the ophiolitic

sequences in the Yusufeli area. In addition, the
geochemical signature of the complex has not
yet been determined. It is difficult to interpret
the complex as the product of a relict ocean and
it is concluded that there is no convincing data
indicating Pre-Liassic ocean crust along the
Imbricated Bayburt-Karabakh Unit.

Okay & Leven (1996) propose that the
tectonic juxtaposition of these rock units oc-
curred during the latest Triassic Cimmeride
orogeny. Because Liassic volcaniclastic rocks
overlie the older rocks unconformably and pass
upwards into Upper Jurassic-Cretaceous fore-
arc deposits with a local unconformity to the
northeast of the Oltu area. Forearc deposits
are represented by turbiditic limestones and
elastics in the lower levels, turbiditic clastic
rocks, and epi- and/or pyroclastic rock inter-
calations and hemipelagic shales in the upper
levels; these are isoclinally folded and imbri-
cated (Konak et al 1995). Maastrichtian-
Palaeocene turbiditic terrigenous elastics and
limestone alternations overlie the forearc
deposits unconformably; this sequence is
named as the Atlilar Formation. It starts with a
basal transgressive conglomerate and passes
upwards into terrigenous clastic rocks and
limestones with local turbiditic characteristics.
In the lower levels of the sequence, corals and
bivalves are common (Fig. 6). In the middle
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Fig. 6. Stratigraphic section in the Olur-Athlar village area.

Fig. 7. Correlative table showing tectonic units of the study area. 1, Non-deposition; 2, alluvium and fluviatile
deposits; 3, continental volcaniclastic rocks; 4, coal levels; 5, siltstone; 6, sandstone; 7, conglomerate; 8, shallow
marine - a, volcaniclastic rocks; b, lavas; c, delenites; d, limestone; 9, deep marine - a, volcaniclastic rocks; b,
lavas; c, turbiditic limestone; d, limestone; 10, ophiolitic melange; 11, ensimatic arc lavas; 12, epiophiolitic lavas;
13, dyke complex; 14, gabbro; 15, serpentinite and peridotite; 16, pre-Liassic chaotic rocks; 17, intrusive rocks
(undivided); 18, schist; 19, gneiss.
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Fig. 8. Schematic cross-sections of the Georgian (a) and Turkish (b) sides. See Fig. 1 for abbreviations. 1,
Precambrian-Cambrian metamorphic rocks; 2, Middle Palaeozoic granitoids; 3, Upper Carboniferous-Lower
Permian molasse; 4A, Pre-Liassic dyke complex; 4B, Liassic-Dogger volcaniclastic and volcanic sequence; 5,
Upper Jurassic-Cretaceous (Pre-Campanian) sequence - 5A, Juvenile back-arc volcanics; 5B, arc volcaniclastic
rocks; 5C, forearc deposits; 5D, ophiolites, ophiolitic melanges and ensimatic arc association - undivided; 5D',
the Ankara-Erzincan/Sevan-Akera ophiolitic zone; 5D", the Northern Taurus-Erzurum-Kagizman-Vedi
ophiolitic zone; 6, Maastrichtian-Palaeocene limestone; 7, Palaeocene-Lower Eocene clastic rocks; 8, Middle
Eocene volcanic rocks and volcaniclastic rocks; 9, Upper Eocene-Lower Miocene clastic rocks; 10, Upper
Miocene-Quaternary continental deposits.

levels Globotruncana ventricosa (White), Sto-
miosphera sphaerica (Kaufmann), Pithonella
ovalis (Kaufmann), Calcisphaerula innominate
Banet and Globotruncana gr linneiana (d'Or-
bigny) occur, and Missisipina binehorsti
(Reus), Epinoides sp., Planorbulina sp. and
Anomolina sp. are found in the upper levels.
Finally, Middle Eocene volcaniclastics and
Upper Eocene elastics overlie the older rocks
unconformably (Fig. 7). The lithology and
stratigraphic setting is similar to the Middle-
Upper Eocene sequence of the Artvin-Bolnisi
Unit.

The North Anatolian-Lesser Caucasus
ophiolitic belt

This belt is a suture zone between the Pontian-
southern Transcaucasus arc to the north and the
Anatolian-Iranian Platform to the south. It is
divided into two subzones, which resemble each
other in lithology. The Ankara-Erzincan/
Sevan-Akera ophiolitic zone is located to the
north, whereas the Northern Taurus/Erzurum-
Kagizman/Vedi ophiolitic zone is located to the
south. Both zones are believed to be allochthon-
ous (Fig. 8b) and continuous beneath the

Cretaceous-Tertiary cover (Knipper 1980;
Zakariadze et al 1983).

Along this belt, ophiolites and ophiolitic
melanges of different ages crop out (Belov et al.
1978; Gasanov 1986; Tatar 1978; Ko^yigit 1990).
The ophiolites comprise serpentinite, ultramafic
rocks, layered gabbro, a sheeted dyke complex
and volcano-sedimentary cover. Accretion and
mixing of ophiolites of different ages occurred
during Late Cretaceous tectonism. Jurassic-
Lower Cretaceous volcanic rocks in the ophio-
lites are represented by mid-ocean ridge basalt
(MORB)-type tholeiites, whereas Upper Cre-
taceous volcanic rocks in the ophiolites belong
to the calc-alkaline island-arc basalt series (A.
Yilmaz 1980,1981; Buket 1982; Zakariadze etal.
1983). This arc may be regarded as ensimatic
(Okay & §ahinturk 1997). Ophiolitic melanges
and olistostromes (Knipper 1980; Knipper et al
1986), representing an accretionary prism
(Kogyigit 1991), formed during obduction of
these ophiolites onto the southern Transcauca-
sus to the north and the Anatolian-Iranian
Platform to the south. The formation and
emplacement age of the melange ranges from
the Cenomanian to Early Coniacian in the
Lesser Caucasus (Knipper & Khain 1980;
Zakariadze et al. 1983) and is dated as pre-Late
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Campanian in northeastern Anatolia (A.
Yilmaz 1982). Therefore, the ophiolites in the
region were all obducted before Late Conia-
cian-Campanian times.

Cover rocks

With the exception of the Adjara-Trialeti Unit,
a Maastrichtian-Lower Eocene sequence over-
lies the older rock units unconformably and
includes a great deal of terrigenous clastic
rocks. It can be correlated from north to south
along all tectonic units. No volcanic intercala-
tions occur in this sequence. However, Middle
Eocene volcanic rocks of the Adjara-Trialeti
Unit have been interpreted as products of back-
arc and/or interarc rifting (Lordkipanidze et al
1984) with the Pontides as an arc (Tokel 1977).
However, the A-type alkaline and M-type low-
K tholeiitic characteristics have also been
related to a post-collisional magmatic pulse in a
tensional regime resulting from crustal thicken-
ing after collision (S. Yilmaz & Boztug 1996).
Hence, the setting of the Middle Eocene vol-
canic rocks is controversial. In the study area,
gabbro and diorite intrusions are common from
north to south throughout all tectonic units and
it can be concluded that Middle Eocene vol-
canic and intrusive rocks are products of a
tensional event in a general sense. This may
have lead to the formation of the eastern Black
Sea (Okay & §ahintiirk 1997). The evolution of
these basins differs greatly from the western
part of the Black Sea basin (Goriir et al. 1993;
Ustaomer & Robertson 1997). Late Eocene
volcanic activity ceased gradually from south to
north. Oligocene-Lower Miocene regressive
shallow marine to continental deposits overlie
the tectonic units with local unconformity. After
this regression the formation of some basins,
such as the Ahaltsihe and Oltu, was terminated
while others, such as the Black Sea and Caspian
Sea, have survived to the present day. Upper
Miocene-Lower Pliocene and Upper Pliocene-
Quaternary continental deposits overlie the
older rock units unconformably.

Discussion and conclusion
Within the Pontide-Transcaucasus system there
are important lateral and vertical facies/lith-
ology differences. Previous hypotheses explain
these differences inadequately in the frame of
regional geodynamic evolution of the region.
For instance, during the Late Cretaceous the
northern segment the southeastern Black Sea
coast-Adjara-Trialeti Unit represents a juven-
ile back-arc basin, whereas the western Pontides

have been interpreted as a juvenile ocean and/or
mature back-arc basin (Goriir et al. 1993). This
indicates that the western and eastern Pontides
experienced a different geodynamic evolution.
However, a reddish hemipelagic limestone unit
is Maastrichtian in the Artvin-Cankurtaran
area (Fig. 5) but Palaeocene in age in the Sinop
area. This reddish limestone represents a
characteristic horizon in the Pontides and indi-
cates a transition from shallow-marine to pela-
gic environment, expressing the deepening of
the basin. Within this framework, it is concluded
that this level indicates a transgression occurring
from east to west in the Artvin-Cankurtaran
and Sinop areas during Maastrichtian-Palaeo-
cene times.

The eastern Pontides have been interpreted
as an arc (Peccerillo & Taylor 1975; Egin &
Hirst 1979; Gedikoglu et al. 1979; Manetti et al.
1983) which was either north facing (Tokel
1972,1977; Adamia et al. 1981,1977; Knipper et
al. 1986) or south facing (Bekta§ 1984; Bekta§ et
al. 1984) between Palaeozoic and Tertiary
times. §engor & Yilmaz (1981) suggest that the
Tethyan evolution of Turkey can be divided into
two main phases - Palaeotethyan and Neoteth-
yan - which partly overlap in time. In addition,
they interpret the Pontide-Transcaucasus-
Sanandaj-Sirjan (Podataksasi) zone as a north
facing Palaeotethyan magmatic arc during Early
Triassic-Late Cretaceous times (§engor 1987).
In spite of these differences, the Pontide Arc is,
in general, considered to have been a typical arc
mainly during the Late Cretaceous. This view is
also acceptable for the western part of the
eastern Pontides. In the eastern part of the
eastern Pontides, in the Artvin area, Jurassic-
Cretaceous volcanic rocks as a whole are also
products of an arc-related system (Konak et al.
1995).

In the present study, tectonic division of the
region is revised and, on the basis of this
division, it is concluded that only the southern
segment of the easternmost Pontides represents
a forearc. The central segment represents the
arc and northern segment represents a juvenile
back-arc. On the basis of this reconstruction and
the dipping angles of the thrust planes devel-
oped along the suture zone, the arc is inferred to
have had a south facing setting during Late
Jurassic-Cretaceous times. In the southern seg-
ment of the eastern Pontides, the Imbricated
Bayburt-Karabakh Unit represents the forearc
basin of an active continental margin during
Late Jurassic-Cretaceous time, whereas in the
western part of the eastern Pontides the Jur-
assic-Lower Cretaceous sequence was formed
during a rifting event and indicates a passive
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continental margin (Goriir etal. 1983; A. Yilmaz
1985). Thus, there is a progressive transition
from east to west along the eastern Pontides.
This may result from progressive interaction
between a spreading ridge and a subduction
zone, as suggested elsewhere by Dewey (1976);
the consistent framework of this kinematic
model includes a spreading ridge and a subduc-
tion zone together, as suggested by Cox & Hart
(1986). Within this framework, the western part
of the eastern Pontides was a passive continen-
tal margin during the Late Jurassic-Early Cre-
taceous, whilst during the Late Cretaceous
(mainly pre-Maastrichtian) both western and
eastern parts of the eastern Pontides became an
active continental margin.

The Sevan Akera-Karadag Suture of §engor
(1987) is a part of the North Anatolian (Izmir-
Ankara-Erzincan) Lesser Caucasus Suture
which separates the Anatolian-Iranian Platform
from the eastern Pontide-Transcaucasus Arc.
Ophiolites, melanges and forearc deposits ex-
posed in both sutures resemble each other in age
and lithology. Due to the Tertiary cover, it is not
possible to see outcrops of the Anatolian-
Iranian Platform near the suture. However, the
Akdag metamorphic rocks of the Minis area and
the Upper Palaeozoic-Lower Mesozoic carbon-
ates of the Ba§kale (Van) and Nahcivan areas
are components of the Anatolian-Iranian Plat-
form. They represent the continental crust in
East Anatolia and crop out as tectonic windows
beneath obducted ophiolite and the ophiolitic
melange association (A. Yilmaz et al. 19890,&,
1997).

On the basis of facies and data presented
above, it is suggested that the easternmost
Pontide and southern Transcaucasus represent,
from north to south, juvenile back-arc, arc and
forearc environments active mainly during the
Late Jurassic-Cretaceous (pre-Maastrichtian)
interval. This clearly indicates a northward
subduction polarity in the region where litho-
logic and structural data show an east to west
transition from active to passive continental
margin. The absence of structural elements be-
tween the facies of active and passive margins
suggests that interference of the spreading ridge
and the subduction zone was a progressive
event.

Based on structural correlation of the eastern
Pontides (Turkey) and the southern Transcau-
casus (Georgia), the following conclusions are
drawn:

• In setting, the eastern Pontides and southern
Transcaucasus belong to the same geological
belt and represent the subduction zone of the

Eurasian continent. They comprise, from
north to south, juvenile back-arc, arc and
forearc basins, formed mainly in the Late
Jurassic-Campanian interval. In this context,
the eastern Pontides are divided into three
subzones, which, from north to south, are: the
southeastern Black Sea coast-Adjara-Tria-
leti Unit, representing the juvenile back-arc;
the Artvin-Bolnisi Unit, representing the arc;
and the Imbricated Bayburt-Karabakh Unit,
representing forearc environments. The
region as a whole displays a clear northern
polarity.

• On the basis of lateral facial distribution, a
model comprising the interaction between a
spreading ridge to the west and a subduction
zone to the east of the region is preferable to
other models.

• The activity of the system explained above
ceased before the Maastrichtian and no evi-
dence indicates volcanic activity in the Maas-
trichtian-Early Eocene interval. Debate
continues on the setting of the Middle
Eocene volcanism, which could have been
erupted during a tensional period. This ten-
sional event may be directly related to for-
mation of the eastern Black Sea basin.

This study is a product of a joint project between the
Turkish and Georgian workers. Present and previous
directors of Mineral Research and Exploration Insti-
tute of Turkey (MTA), SDG and GIN fully supported
the project throughout, for which we thank them.
Thanks also to E. Bozkurt and O. Tatar for advice
and critical reading of the manuscript. We also express
our gratitude to the referees, B. A. Natal'in and A. H.
F. Robertson, for their constructive reviews and useful
suggestions.
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Abstract: The Central Anatolian Crystalline Complex (CACC) or Kir§ehir Block is part of
the metamorphosed leading edge of the Tauride-Anatolide Carbonate Platform. It
contains oceanic remnants derived from the Neotethys Ocean (Izmir-Ankara-Erzincan
branch) which separate it from the Sakarya microcontinent. Two tectonic units are
distinguished: an amphibolite facies Mesozoic 'basement', dominated by platform
marbles, over which is thrust a younger fragmented Upper Cretaceous ophiolite sequence.
Three metabasite horizons were sampled to reconstruct the development of the oceanic
components: (1) fragmented Upper Cretaceous (90-85 Ma) stratiform ophiolitic members
comprising gabbros, sheeted dykes, basalt lavas and pelagic sediments thrust over all other
units; (2) a tectonised admixture of basite, ultramafic and felsic blocks in an ophiolitic
melange (Upper Cretaceous matrix) thrust over the basement metamorphic rocks; and (3)
amphibolites concordant with 'basement' marbles and minor pelagics of the largely
(?)Triassic Kaleboynu Formation in the lower part of the carbonate platform.

Metabasalts and metagabbros from isolated fragments of the stratiform ophiolites form
geochemically coherent groups and indicate the influence of a subduction component
during their development. It is considered that the suprasubduction zone ophiolites record
the association of a tholeiitic arc and an adjacent back-arc basin with more mid-ocean ridge
basalt (MORB)-like compositions.

Metabasite blocks within the tectonised ophiolitic melange slice are MORE like,
together with minor ocean island basalt (OIB) and island arc basalts, and may be
technically related to ophiolitic units within the accretionary wedge of the Ankara
Melange.

Concordant amphibolites of the Kaleboynu Formation are largely OIB types and reflect
an early ensialic rifting stage of the Tauride-Anatolide Carbonate Platform. Small ocean
basins also developed at this time, as recorded by the presence of MORB and associated
pelagics.

The CACC block, together with parts of the Ankara Melange, are considered to
represent oceanic lithosphere (comprising both early spreading centre and latter subduc-
tion-influenced crust) and continental carbonate platform that were subsequently ejected
from an accretionary-subduction complex on collision with the Sakarya microcontinent.

The Neotethyan area of the eastern Mediter- initially generated during the Late Triassic,
ranean records the development of a series of survived in small seaways up to Late Cretaceous
narrow oceanic seaways and microcontinent time, when convergence of Africa and Eurasia
fragments that resulted from the fragmentation largely closed this segment via northwards sub-
of the Gondwana margin during the Mesozoic duction under the Pontide active margin of
(Robertson & Dixon 1984). Rifting of the north- Eurasia (Livermore & Smith 1984; Yilmaz et al.
ern margin of Gondwana, and the subsequent 1997).
development and destruction of ocean floor, is The Turkish sector of Neotethys is character-
documented by diverse tectonolithological as- ized by two major east-west belts of ophiolitic
sociations and accompanying basaltic volcanism fragments (Fig. 1, inset) that mark the presence
(§engor & Yilmaz 1981; Robertson & Dixon of ancient suture zones and document the
1984; Robertson et al. 1991). The Neotethys, destruction of former ocean basins (Juteau

From: BOZKURT, E., WINCHESTER, J. A. & PIPER, J. D. A. (eds) Tectonics and Magmatism in Turkey and the
Surrounding Area. Geological Society, London, Special Publications, 173,183-202. l-86239-064-9/00/$15.00
© The Geological Society of London 2000.
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Fig. 1. Lithological sketch map of the CACC or Kirs^ehir Block (largely after surveying by Goncuoglu et al 1991;
Yalimz & Goncuoglu 1998) showing the location of the main SSZ ophiolitic fragments and the major metabasite
bodies within the metamorphic basement. Inset shows Tethyan ophiolitic belts [after Juteau (1980)] and the
location of the CACC in Turkey. The main sampling areas covered by this paper are shown by numbers and refer
to the following localities: for Stratiform SSZ ophiolites - 4, ̂ ekdag Ophiolite; 6, Sankaraman Ophiolite: for
isolated ophiolitic remnants -1, ^ankin Basin (a, Ayvath; b, Ali^eyhli; c, Inegazili); 2, Kaman-Hirfanli Dam; 3,
Kurancali; 5, Mamasin Dam; 7, Bozkir Dam; 8, Devedami; 9, Alayham; 11, Yalmta§; 12, Karatas; 13, Geyral; 14,
Keskin; 15, Dokuzlar; 22, Aktas, Dam: for metamorphosed ophiolitic melange - 10, Asjgedigi; 18, Cimeli; 19^
Kosher Yaylasi; 20, Ayndag: for the Kaleboynu Formation - 16, Sogiitlutepe; 17, Gobettepe; 21, Kervansaray
Dagi; 23, fomakdag; 24, Karaveli.

1980; §engor & Yilmaz 1981). Each belt is
considered to represent a separate Neotethyan
ocean: (1) a northerly belt composed mainly of
ophiolitic melange (part of the 'Ankara Mel-
ange') is representative of the Izmir-Ankara-
Erzincan Ocean, located between the Sakarya
microcontinent fragment and the leading edge
of the Tauride-Anatolide Platform (TAP); and
(2) a southern branch called either the Southern
Neotethys Ocean (§engor & Yilmaz 1981) or
the Peri-Arabic Belt (Ricou 1971), which

includes well-documented bodies such as Troo-
dos, Mersin, Pozanti-Karsanti, and Hatay. The
latter ocean strand separated the main body of
the Gondwana continent from the rifted TAP to
the north and was formed in a suprasubduction
zone setting (Pearce et al. 1984) rather than at a
major ocean-spreading centre.

Isolated, allochthonous metabasite bodies of
possible ophiolitic affinity (termed the Central
Anatolian Ophiolites; Goncuoglu et al. 1991)
are exposed in the triangular Central Anatolian
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Crystalline Complex (CACC) or Kirsehir Block
(Fig. 1), and are less well known than the
Southern Neotethyan ophiolites. They are of
particular interest to Neotethyan development
in that they are considered to have been thrust
southwards out of the Izmir-Ankara-Erzincan
Ocean during closure (§engor & Yilmaz 1981;
Goncuoglu et al. 1991), and preserve both
spreading ridge and suprasubduction zone gen-
erated oceanic crust.

The Central Anatolian Crystalline
Complex (CACC)

The CACC is situated north of the TAP proper
and south of the Izmir-Ankara-Erzincan Suture
(Fig. 1). A belt of glaucophanitic ophiolites
situated around the southern margin of the
CACC has been interpreted as an additional
oceanic seaway (the Inner Tauride Belt; Goriir
et al. 1984) which once separated the CACC
from the TAP. However, others considered that
the CACC originally represented the northern

Fig. 2. Generalized stratigraphic column (not to scale)
for the CACC (Goncuoglu et al 1991). The relative
positions of the units sampled for the geochemical
review are enclosed in envelopes: stratiform
ophiolites, metamorphosed ophiolitic melange and
Kaleboynu Formation amphibolites.

passive margin of the TAP (Ozgiil 1976) and
that the Inner Tauride ophiolites were also
derived from the Izmir-Ankara-Erzincan
Ocean to the north (Goncuoglu 1986).

Apart from a cover of uppermost Cre-
taceous-Miocene volcanic and sedimentary
rocks, the CACC (Fig. 1) comprises three
fundamental lithological units (Goncuoglu et
al. 1991): (1) a mainly amphibolite facies meta-
morphic basement dominated by marble with
subordinate pelitic to psammitic schists, gneisses
and metabasites (the Central Anatolian Meta-
morphics); (2) fragmented ophiolitic remnants
of pillow lavas, dykes and gabbros with minor
ultramafic rocks and plagiogranites; and (3) two
sets of granitoid rocks. Generalized strati-
graphic relationships within the CACC are
shown in Fig. 2 (not to scale).

The abundance of marbles with a carbonate-
platform affinity in the basement suggests that it
is the metamorphosed equivalent of the TAP.
Due to recrystallization, precursor ages from
fauna in the marbles are difficult to determine,
but largely range in age from Triassic to Early
Cretaceous, although some have suggested a
Late Palaeozoic age (Silurian-Devonian) for
the lower parts of the complex (e.g. Koc.ak &
Leake 1994; Fig. 2). The regional metamorph-
ism is generally considered to be pre-mid-
Cretaceous (Goncuoglu 1982). Two sets of
acid plutonics are recognized: an early, but
post-metamorphic, group of syncollisional
(95 + 11 Ma) and post-collisional granites
(76-71 Ma; Rb-Sr whole rock) and a later
group of cross-cutting syenites (71-70 Ma; Rb-
Sr, K-Ar) (Ataman 1972; Goncuoglu 1986;
Goncuoglu & Tureli 1993; Erler & Goncuoglu
1996; Goncuoglu et al. 1997). These are import-
ant markers relative to the formation age of the
ophiolitic fragments in the CACC (see below)
and demonstrate that, during collision, melting
of continental crust both preceded suprasub-
duction-type ophiolite crust formation and post-
dated its subsequent obduction.

Metabasites and ophiolites

Pertinent to this overview are two tectonically
separate magmatic groups: (1) metabasite
bodies within the basement (Central Anatolian
Metamorphics), as well as blocks from a separ-
ate ophiolitic melange unit; and (2) massive
stratiform ophiolites, together with various iso-
lated remnants of suspected ophiolitic parent-
age.

Metabasites were sampled from the Kale-
boynu Formation (that may, in part, be Triassic
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in age) and the structurally higher ophiolitic
melange unit (matrix of possible Late Cre-
taceous age; Fig. 2). In the Kaleboynu For-
mation, the metabasites comprise multiple,
relatively thin, concordant bodies often inti-
mately associated with minor metapelites and
highly siliceous sediments, representing pelagics
and cherts, respectively. This is typical of the
basement around Nigde (Fig. 1) which exhibits a
high proportion of contorted marble with
infolds of metabasites and metasediments. In
contrast, various metabasite, meta-ultramafic
and metafelsic rocks have been sampled from
the metamorphosed ophiolitic melange unit,
where all three lithologies commonly occur as
boudins, together with marble blocks derived
from the A^igedigi Formation below, in a
sheared metapelitic or calc-pelite matrix. This
is a common occurrence in the northern part of
the CACC around Kirs.ehir, where a relatively
high proportion of metamagmatic lithologies
are present in the tectonic melange.

The other main set of basaltic rocks in the
CACC are represented by variously fragmen-
ted ophiolites thrust/obducted over the base-
ment (Fig. 2). These are low-grade greenschist
facies, stratiform sequences of pillowed and
massive metabasalts with sheeted dykes and
associated gabbros (Yahniz et al. 1996). Plagio-
granites developed throughout the plutonic and
volcanic portions of the ophiolite are common
(Goncuoglu & Tureli 1993; Floyd et al. 1998).
The largest ophiolites are the Sankaraman and
£icekdag Ophiolites (Fig. 1), which exhibit a
typical suprasubduction zone (SSZ) chemistry
(Yahniz et al. 1996; Yahniz & Goncuoglu
1998). Scattered throughout the CACC are
tectonically isolated remnants of pillow lavas or
gabbros (both with dykes) that may also have
an ophiolitic parentage. Based on the faunal
content of pelagic sediments covering the vol-
canic portion of the massive stratiform ophio-
lites, formation ages are generally Middle
Turonian-Early Santonian (90-85 Ma; Yahniz
& Goncuoglu 1998). These oceanic segments
were short lived (5-10 Ma), as deep slicing and
obduction over the metamorphic basement was
rapidly followed by the intrusion of the late
granitoids that cut the ophiolites at around c.
76-71 Ma (e.g. the Terlemez Monzogranite
intrudes the Sankaraman Ophiolite; Floyd et al.
1998).

Objectives and comparisons

The main objectives of this paper are to: (1)
review the chemical features of the metabasites

within the CACC metamorphic basement and
the fragmented stratiform ophiolites obducted
over it; and (2) compare the basaltic composi-
tions with reference units to determine their
affinities and aid discrimination of their geotec-
tonic environment. The chemical features of
minor metafelsic and meta-ultramafic bodies in
the basement will also be briefly discussed to
decide whether they might be equivalent to
ophiolitic plagiogranites and (mantle) cumu-
lates, respectively.

In the light of current tectonic models, which
suggest that the basement metabasites were
derived from the Izmir-Ankara-Erzincan
Ocean, comparisons will be made with meta-
basalts from the Ankara ophiolitic Melange
(£apan & Floyd 1985; Floyd 1993). In a similar
manner, those CACC obducted ophiolites with
suprasubduction features (e.g. Sankaraman
Ophiolite; Yahniz et al 1996) will provide a
chemical template for other isolated metabasic
units with suspected ophiolitic affinities; e.g.,
pillow lavas in the £ankm Basin and tectoni-
cally isolated gabbro bodies with associated
dykes.

Determination of chemical affinity is rela-
tively straightforward, although direct regional
comparisons suffer from two problems: (1) that
many of the carbonate sequences (marble) in
the basement have not been dated and hence
the age of associated volcanism is unknown; and
(2) structural relationships are often complex
and the assignment of metabasites to a particu-
lar basement formation has previously been
based on apparently similar lithological associ-
ations. A broad comparison can be made with
the carbonate platform of the TAP, but this
features few volcanic rocks away from its north-
ern edge. Thus, at best, this review, offers poss-
ible correlations and discriminations based on
the data available and a model that emphasizes
the chemical differences between the basement
metabasites (possibly Late Triassic and/or
broadly Jurassic-Early Cretaceous) and the
later stratiform ophiolites, well documented as
Late Cretaceous.

In summary, the following sampled units and
groups of lithologies are chemically character-
ized and compared in this paper: (1) ophiolitic
plagiogranites and basement metafelsic blocks
(from the metamorphosed ophiolitic melange);
(2) basement meta-ultramafic rocks (from the
Kaleboynu Formation and the metamorphosed
ophiolitic melange); (3) basement metabasites
(from the Kaleboynu Formation and the meta-
morphosed ophiolitic melange); and (4) strati-
form ophiolites (the Sankaraman and £igekdag
Ophiolites), together with tectonically isolated
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remnants thought to have an ophiolitic parent-
age or affinity.

Petrographic summary of basic
compositions

Stratiform ophiolites and tectonically
isolated remnants

The Sankaraman and £icekdag Ophiolites are
the best representatives of fragmented strati-
form bodies in the CACC; the former has
already been described by Yalmiz et al. (1996).

The volcanic portion of the £igekdag Ophio-
lite has many features in common with the
Sankaraman Ophiolite, exhibiting both massive
and pillowed basalts cut by various feeder
dykes, all of which have undergone low-grade
greenschist or pumpellyite facies metamorph-
ism. The C^igekdag sheeted dyke complex
comprises aphyric and plagioclase-phyric meta-
basalts and dolerites with any minor interstitial
glass replaced by chlorite. Carbonate, chlorite,
quartz and minor epidote are common replace-
ment minerals. The lavas may be aphyric, or
exhibit a number of phenocryst assemblages,
including olivine, plagioclase, plagioclase-clino-
pyroxene, all of which may be set in a variably
quenched matrix of serrated plagioclase micro-
rites, variolitic fans of crystallites and an opaque,
originally glassy, matrix. Secondary assemblages
are typically actinolite, chlorite or chlorite-
smectite, carbonate, epidote and rarer pumpel-
lyite. Interiors of pillow lavas and massive flows
are coarser grained and generally holocrystal-
line, whereas the margins are glassy and often
develop spherulites. Pillow breccias show simi-
lar textures and petrography. No systematic
petrographic changes have yet been noted with
stratigraphic height in the lava sequence, except
that the upper basalts tend to be generally
aphyric. Feeder dykes to the lavas are domi-
nated by aphyric and plagioclase-phyric basalts
and are commonly altered with variable propor-
tions of epidote, actinolite, carbonate and
chlorite.

The isolated outcrops of metagabbro and
dykes seen at the Bozkir Dam Quarry and the
Akta§ Dam and nearby Dokuzlar sites (loca-
tions 7,22 and 15, respectively in Fig. 1) are also
of assumed ophiolitic parentage. In each case, a
variety of massive and tectonised metagabbros
are exposed, cut by both basaltic and plagiogra-
nite dykes. The gabbros have been variably
amphibolitized and range from examples
showing relict subophitic clinopyroxene and

plagioclase surrounded by amphibole, to
foliated hornblende-plagioclase amphibolites
and massive granular-textured quartz-bearing
amphibolites with rare pyroxene relicts. The
basaltic dykes are generally plagioclase-phyric
and variably altered.

Other tectonically isolated remnants include
outcrops of pillow lavas, such as those which
form a local basement to Tertiary basin-fill
sediments in the £ankm Basin (location 1 in
Fig. 1). The pillow lavas, which are often highly
altered by carbonate and chlorite, are repre-
sented by aphyric and plagioclase + clinopyr-
oxene-phyric metabasalts.

Basement metabasites

Although the metabasites are mainly amphibo-
lites, some larger bodies retain relict textures
and mineralogy indicating that they were orig-
inally gabbros or dolerites. While this is in-
variably true of the boudins found in the
metamorphosed ophiolitic melange unit, it is
not seen in the concordant Kaleboynu For-
mation amphibolites. Throughout the base-
ment, metamorphism was broadly amphibolite
facies, although the variable colour of the
hornblende (pale green, brownish green and
blue-green) implies a range of conditions
within this facies (e.g. Miyashiro 1973). The
association of migmatitic sillimanite + garnet-
bearing gneisses with amphibolites in the south
of the CACC implies peak metamorphic con-
ditions of 600-700°C at 4 kbar for the lower-
most Gumus.ler Formation (Kogak & Leake
1994).

Metabasite blocks from the Upper Cre-
taceous ophiolitic melange (Fig. 2) range from
coarse-grained amphibolites with strongly pleo-
chroic hornblende (yellow to brownish green),
granular plagioclase and minor quartz, to horn-
blende-quartz schists. Some coarser varieties of
clear gabbroic parentage retain relict magmatic
clinopyroxene and exhibit a granoblastic mosaic
of sieve-textured clinopyroxene with plagio-
clase, quartz and abundant titanite. Progressive
amphibolitization produced various hornblende
schists, some with relict clinopyroxene, and
abundant sphene which appears characteristic
for this group of metabasites. Concordant Kale-
boynu Formation metabasites from the Nigde
area (Fig. 1) are dominated by fine-grained
amphibolites or hornblende schists, and are
characterized by variable secondary carbonate
and epidote, probably resulting from pen-
etration of these thin bodies by late circulating
fluids from the adjacent marbles.
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Analytical methods and alteration
effects

Representative metabasaltic lavas were col-
lected from the Qicekdag Ophiolite (Table 1)
and tectonically isolated (presumed ophiolitic)
gabbro bodies and pillow lava sequences (Table
2) for comparison with the Sankaraman Ophio-
lite [previously described by Yahniz et al.
(1996)]. A suite of basement metabasites repre-
sented by foliated and massive amphibolites
(Table 3), together with minor metafelsic and
meta-ultramafic rocks, were collected from the
Kaleboynu Formation and ophiolitic melange.
All were analysed for major and selected trace
elements on an ARL 8420 X-ray fluorescence
(XRF) spectrometer (Department of Earth
Sciences, University of Keele), calibrated
against both international and internal Keele
standards of appropriate composition. Details
of methods, accuracy and precision are given in
Floyd & Castillo (1992).

The metabasite samples show varying degrees
of low-grade mineralogical alteration (within
the pumpellyite to amphibolite facies) and as
such can be expected to have suffered selected
element mobility, especially involving the large-
ion lithophile (LIL) elements (e.g. Hart et al.
1974; Humphris & Thompson 1978; Thompson
1991). LIL element (e.g. K, Na, Rb, Ba, Sr)
abundances are often highly variable, together
with most major elements and ratios (e.g. FeO*/
MgO), and are unreliable as indicators of
petrogenetic relationships or tectonic discrimi-
nation. This is particularly true for the volcanic
sequence of ophiolites where mineralogical and
chemical alteration by submarine hydrothermal
processes are well known (e.g. Gass & Smewing
1973; Pearce & Cann 1973; Spooner & Fyfe
1973; Smewing & Potts 1976). However, charac-
teristic magmatic interelement relationships are
often maintained by those elements that are
considered relatively immobile during alter-
ation, such as high field strength (HFS) elements
and the rare earth elements (REE) (e.g. Pearce
& Cann 1973; Smith & Smith 1976; Floyd &
Winchester 1978). Under some circumstances,
such as the extensive carbonatization of meta-
basites, the REE and HFS elements can also be
mobilized and/or abundances diluted (e.g.
Hynes 1980; Humphris 1984; Rice-Birchall &
Floyd 1988), although this appears only to have
seriously affected the meta-ultramafic rocks
(see below).

Geochemistry of plagiogranites and
basement metafelsics

Trondjemites and rhyolites (plagiogranite suite)
of the Sankaraman Ophiolite associated with
the gabbros and basalts, respectively, have
compositions typical of other plagiogranites
worldwide (Floyd et al. 1998). Both sets of
plagiogranites from the stratiform Sankaraman
and Qicekdag Ophiolites have typically low and
uniform Nb values (Fig. 3). This feature distin-
guishes them from the late post-collisional
granitoids (that cut the ophiolites) which display
Zr/Nb ratios of c. 10. Various felsic or feldspar
porphyry dykes that cut isolated pillow lava
sequences and gabbro remnants also have simi-
lar chemical features to the plagiogranites. This
suggests that they are also part of the plagio-
granite suite and that their basic hosts represent
tectonically isolated Ophiolite remnants.

On the other hand, variably foliated meta-
felsic bodies within the basement (blocks from
the metamorphosed ophiolitic melange) have
similar Zr/Nb ratios to the late granitoids, but
tend to be less evolved (Fig. 3). Although these
metafelsic rocks generally have low HFS
element abundances they do not appear to
belong to an earlier basement plagiogranite
suite, but have features more akin to post-
collisional, or possibly arc-related, 'granites'
which commonly have Zr/Nb > 10 (Leat et al.
1986). It is suggested that the metafelsic rocks
are not comagmatic with the associated base-
ment metabasites but probably represent in-
dependent acid melts generated by crustal
melting within an arc, or during continent col-
lision, prior to incorporation in the ophiolitic
melange.

Geochemistry of meta-ultramafic bodies

Large boudins within segments of highly
deformed ophiolitic melange have many of the
features typical of 'knockers' (Karig 1980). High
MgO, Ni and Cr contents, together with a
serpentine-talc-carbonate mineralogy, indicate
an ultramafic parentage. However, most have
suffered variable Ca and Sr metasomatism rela-
tive to fresh ultramafic compositions (Fig. 4),
reflecting the mobility of these elements in the
surrounding carbonate-rich melange matrix
during shearing. On the basis of their Ni and Cr
contents (Floyd et al. 1993), the meta-ultramafic
rocks comprise two separate groups, some of
which have a clear ophiolitic affinity, while
others represent cumulates associated with con-
tinental intrusive gabbro bodies. The low Ni and



Table 1. Representative chemical analyses of basaltic lavas from the Sankaraman and £icekdag Ophiolites

Sankaraman ophiolite basaltic lavas

Sample number P-3 P-10 P-12 P-14

Major oxides (wt%) by XRF spectrometry
SiO2 53.26 55.27 38.62 50.53
TiO2 0.86 1.36 0.78 0.70
A12O3 16.07 12.57 14.28 13.05
Fe2O3t 10.32 13.37 8.61 8.38
MnO 0.09 0.26 0.41 0.34
MgO 3.68 7.93 13.66 13.89
CaO 12.10 4.03 9.25 3.36
Na2O 0.01 0.01 2.33 1.16
K2O 0.01 0.01 0.01 0.01
P205 0.06 0.08 0.05 0.05
LOI 3.16 4.99 11.83 8.51

Total 99.62 99.88 99.83 99.98

Trace elements (ppm) by XRF spectrometry
Ba 12 7 5 14
Ce 10 1 3 3
Cl 50 54 46 86
Cr 116 49 487 460
Cu 14 18 9 10
Ga 17 15 10 12
L a 1 1 1 1
N b 2 3 1 1
Nd 19 8 13 11
Ni 35 18 186 164
Pb 10 6 6 6
R b 3 5 4 3
S 65 72 70 76
Sr 325 103 76 34
V 327 442 219 262
Y 25 25 17 11
Zn 23 186 115 137
Zr 54 71 57 53

P-15

64.25
0.91

11.58
8.18
0.07
4.02
8.14
0.01
0.01
0.07
2.75

99.99

9
10
59

116
10
16
2
2

11
46
8
4

70
192
258

20
24
58

P-16

56.43
0.63

11.67
7.52
0.29

12.30
2.71
1.20
0.01
0.05
7.18

99.99

7
9

54
452

3
10
1
1
7

187
7
3

82
27

217
11

108
50

P-17

47.65
1.03

16.17
9.07
0.11
9.49
5.09
4.09
0.01
0.10
6.92

99.73

11
1

58
204

7
15
1
1
8

76
4
3

75
78

260
25
49
70

P-18

50.33
0.69

14.58
7.59
0.24

10.89
5.34
3.04
0.01
0.05
7.52

100.28

20
2

107
311

8
12
1
1

14
115

6
3

80
99

245
17

111
53

P-19

55.58
0.62

12.17
5.80
0.24
8.75
6.41
2.98
0.01
0.04
7.45

100.05

5
10
72

359
16
9
1
1
5

124
2
3

85
75

164
12
78
48

M-19

47.01
1.50

15.32
13.30
0.32
5.53
5.73
3.95
0.01
0.10
7.37

100.14

8
8

44
24
32
17
1
3

11
14
7
4

88
31

528
26

202
76

C-6

53.12
1.39

16.63
12.31
0.26
3.90
7.55
3.69
0.43
0.06
0.81

100.15

73
3

226
21
89
20
3
2
5
7

75
17

210
190
301
25

195
48

C-9

53.72
0.44

13.43
9.85
0.18
8.96
5.92
5.05
0.09
0.04
2.51

100.19

36
1
1

345
162
10
3
1
7

55
9
2
1

92
281

12
68
20

£i£ekdag

C-10A

51.59
1.20

15.91
15.39
0.20
5.43
2.53
5.73
0.17
0.08
1.55

99.78

25
10
5

24
161
13
1
2

15
17
9
2
2

66
576
23
80
43

C-10B

57.12
1.08

14.21
12.47
0.16
3.25
2.82
7.09
0.07
0.09
1.35

99.71

76
3
5
9

170
18
1
2
1

18
4
5

19
134
648
28

135
47

ophiolite basaltic lavas

C-ll

47.36
0.76

14.03
12.10
0.21
6.64
5.65
7.14
0.08
0.05
5.75

99.77

47
1
3

254
74
15
2
2
7

70
15
3

10
108
433

17
130
32

C-13

54.01
1.21

16.66
12.09
0.13
4.00
1.60
8.64
0.20
0.08
1.01

99.63

182
6
5

38
50
13
2
2

11
12
6
6
9

124
385
26
52
66

C-16

45.45
1.06

17.93
11.44
0.18
6.88

12.21
2.41
0.37
0.04
1.88

99.85

53
3
4

127
68
19
1
4
9

54
30
6
3

737
356
34
75
77

C-17

51.19
1.32

14.87
12.42
0.14
3.97
4.76
4.20
0.04
0.13
6.92

99.96

17
5
2

27
45
20
4
2

16
16
2
3

23
41

451
31

115
80

C-18

49.99
0.66

15.74
9.11
0.13
5.74
6.33
2.46
0.18
0.06
9.44

99.84

55
2
3

110
109
12
1
1
3

50
5
8

12
34

332
17
72
37

C-19

40.67
0.84

12.18
8.75
0.10
1.65

16.50
6.67
0.09
0.19

12.68

100.32

24
2
1

242
37
8
1
2
6

85
12
2

48
106
251
22
82
52



Table 2. Representative chemical analyses of metamorphosed gabbros and basaltic pillow lavas from technically isolated ophiolitic fragments

Sample
number

Aktas Dam gabbros

AK-1 AK-2 AK-3 AK-4 AK-5

Aktas Dam dykes

AK-12 AK-13 AK-6 AK-7 AK-8 AY-5 AY-8

Cankm Basin lavas

AY-9 AY-11 AY-18 AY-19 AY-20

£ankm Basin dykes

AY-6 AY-10 AY-21

Major oxides (wt%) by XRF spectrometry
SiO2

Ti02
A1203
Fe203l

MnO
MgO
CaO
Na20
K2O
P2O5
LOI

Total

51.10 50.50 49.44 48.24 49.91
0.25 0.16 0.46 0.44 0.46

21.30 14.65 12.74 15.33 13.60
5.76 5.92 9.76 9.89 9.43
0.13 0.11 0.18 0.17 0.15
5.10 11.60 13.89 9.95 12.22

12.08 14.82 10.84 13.68 10.62
2.11 0.78 1.30 0.94 1.53
0.85 0.29 0.17 0.37 0.18
0.01 0.01 0.03 0.02 0.03
1.01 1.14 0.97 1.25 1.54

99.70 99.98 99.78 100.28 99.67

48.45
0.42

11.23
8.99
0.15

15.64
12.00
1.09
0.12
0.03
1.37

99.49

52.77
0.59

18.81
7.36
0.14
4.75

10.55
3.53
0.19
0.43
0.78

99.90

49.33
0.47

14.22
10.40
0.18

11.28
11.72
1.76
0.22
0.04
1.25

99.75

51.65
0.74

18.20
12.18
0.18
5.28
9.70
3.67
0.11
0.08
0.42

100.43

48.77
0.51

11.91
17.19
0.23

11.95
12.15
1.44
0.20
0.01
0.53

99.88

45.47
1.65

16.94
11.86
0.21
6.39
1.96
5.74
0.03
0.12
4.63

100.33

49.65
1.28

17.13
9.60
0.25
5.42
4.78
5.70
0.09
0.15
3.28

99.59

50.46
0.96

17.68
10.30
0.16
4.18
6.16
6.14
0.02
0.12
4.14

99.62

54.89
1.27

15.73
4.54
0.15
4.38
4.31
5.99
0.05
0.16
2.70

99.93

53.00
0.58

19.77
13.65
0.11
1.69
4.49
4.69
7.12
0.25
4.19

100.43

47.62
1.54

16.52
12.88
0.22
4.37
7.55
4.10
0.17
0.14
5.98

100.38

47.43
1.27

15.73
13.07
0.20
5.29
5.44
5.32
0.03
0.16
5.73

100.27

52.16
1.40

16.01
7.46
0.13
3.40
4.01
6.94
0.04
0.17
2.67

99.72

54.71 50.05
1.03 1.06

15.74 17.90
9.22 8.75
0.28 0.22
3.50 5.82
5.17 4.70
6.66 5.38
0.03 0.02
0.16 0.14
5.47 5.46

100.48 99.97

Trace elements (ppm) by XRF spectrometry
Ba
Ce
Cl
Cr
Cu
Ga
La
Nb
Nd
Ni
Pb
Rb
S
Sr
V
Y
Zn
Zr

58 38 49 67 35
1 2 2 2 2
1 2 109 44 86

154 291 971 448 721
12 22 29 40 45
17 10 13 10 12
1 2 2 1 2
3 3 1 2 2

11 6 2 1 3
30 107 266 55 207
20 16 6 10 9
31 10 7 16 5
1 2 2 1 41

163 79 165 92 84
119 116 248 303 244
14 8 14 11 15
52 37 72 61 70
15 13 23 15 26

21
1

142
1443

41
11
1
2
2

241
1
8
3

56
229
11
59
20

52
1

287
167
36
18
5
3
6

33
3
8
4

215
116
21
55
40

13
12
65

647
23
13
2
2

18
191
11
5
3

94
247
15
65
24

38
1

97
35
48
17
3
3
1

15
7
2
2

187
257
23
84
33

15
1

93
699
22
14
1
3
4

172
11
3
1

64
344
16
93
21

68
3
3
1

18
17
2
5
6

11
2
1
2

66
420
18

148
54

48
15
4

19
95
17
2
5

15
18
2
3

27
149
356
29

108
89

41
11
2

38
15
14
3
4

11
24
5
2
3

138
246
22

111
66

63
17
3

20
31
14
2
5

17
13
5
1
1

126
308
29

101
91

31
4

31
42
79
20
1
4
6

22
9
1
6

345
295
19
82
61

116
2
2

13
54
17
1
3
8
8
6
3

17
170
420
19

112
36

33
8
3

62
20
14
1
5

10
33
7
1
1

72
351
26

104
90

47
3
2
1

20
18
1
6

11
9
5
1
2

77
368
29
87

100

38 52
12 2
3 4

59 123
14 40
14 15
4 2
6 5

17 4
27 45
5 3
1 1
2 2

88 104
219 252
22 18
64 104
90 80



Table 3. Representative chemical analyses ofmetabasites (massive and foliated amphibolites) in different segments of the CACC metamorphic basement

Metamorphosed ophiolitic melange

Sample
number

CM-9 CM-10 CM-11 CM-15 AD-1 AD-3 AD-5 ED-3 ED-4 ED-5 GT-8 GT-11 GT-14

Kaleboynu Formation

GT-17 CO-2 CO-4 CO-5 KV-1 KV-2 KV-3

Major oxides (wt%) by XRF spectrometry
Sio2
Ti02

A1203
FeaCV
MnO
MgO
CaO
Na2O
K20
P205
LOI

Total

51.47 47.01 49.96 45.12 52.35
0.50 0.91 1.44 1.09 1.00

14.80 17.40 15.38 13.98 16.93
8.65 8.90 12.21 13.08 9.65
0.17 0.17 0.18 0.21 0.17
8.82 7.03 6.32 9.84 4.14
9.96 12.31 9.20 11.14 9.20
4.21 3.98 4.47 2.23 4.99
0.25 0.32 0.36 0.34 0.35
0.08 1.64 0.08 0.01 0.27
0.93 0.58 0.64 2.84 1.35

99.84 100.25 100.24 99.88 100.40

51.56
0.86

15.69
9.25
0.17
5.67
9.82
4.68
0.42
0.24
1.50

99.86

52.72
1.29

14.35
9.80
0.20
6.09
9.29
3.84
0.36
0.24
1.55

99.73

55.69
1.53

14.18
12.31
0.16
4.12
7.78
3.47
0.22
0.14
0.28

99.88

54.36
1.51

15.17
12.59
0.18
4.34
8.37
2.93
0.55
0.11
0.39

100.50

50.01
1.68

15.56
13.39
0.20
5.67
8.68
3.23
0.45
0.14
0.73

99.74

44.70
3.43

12.62
15.32
0.16

10.17
9.00
2.73
0.14
0.41
1.59

100.27

48.38
0.97

15.50
8.05
0.19
6.68

11.48
3.90
1.87
0.13
3.15

100.30

44.24
1.53

12.02
13.27
0.27

10.05
12.67
1.85
1.51
0.23
2.74

100.38

48.73
1.57

12.05
12.85
0.23
8.37

11.11
2.72
0.79
0.29
1.29

100.00

48.19
2.68

13.77
16.26
0.20
6.00
9.10
3.17
0.49
0.28
0.23

100.37

45.63
0.86

13.04
6.65
0.11
4.19

21.06
1.55
2.10
0.15
4.68

100.02

53.26
0.93

14.19
6.97
0.11
3.67

16.55
1.30
1.89
0.15
1.51

100.53

46.19
0.60

15.81
12.05
0.20
7.43

13.62
1.85
0.58
0.10
0.94

99.37

52.29
0.86

11.26
7.31
0.21
5.60

17.49
2.32
1.49
0.16
1.51

100.50

52.34
1.00

11.41
6.94
0.18
6.21

17.06
2.18
2.04
0.20
1.03

100.59

Trace elements (ppm) by XRF spectrometry
Ba
Ce
Cl
Cr
Cu
Ga
La
Nb
Nd
Ni
Pb
Rb
S
Sr
V
Y
Zn
Zr

39 74 175 155 68
3 1 9 10 42
2 23 2 61 15

477 233 75 123 173
62 20 194 17 112
14 17 16 13 18
2 1 1 1 15
2 3 4 6 9
8 12 13 16 28

112 61 34 80 35
7 22 18 16 10
3 4 4 7 9
2 1 26 2 5

163 786 247 360 546
236 259 370 438 234

15 25 30 31 25
58 75 80 83 84
24 41 85 85 105

99
17
3

263
93
17
14
9

12
56
8

12
5

315
227
21
65
92

70
28

127
321
70
14
11
21
24

106
10
11
4

273
226
29
89

119

27
5

65
181
38
18
2
5

11
31
5
9

18
82

448
35
80
88

35
8

146
149
53
19
2
4

17
21
8

19
2

75
410
37
91
93

52
3

57
150
52
20
4
6

10
31
6

15
20
50

412
41

106
108

31
73

4
1129

33
22
26
38
40

244
12
3
2

175
378
27

122
204

200
20
2

357
68
15
4
8

17
104

1313
45

172
258
170
20

172
77

223
15
1

513
54
17
5

21
14

305
14
38
3

199
193
19

121
89

71
4
1

486
63
16
7

23
7

276
15
13
1

243
215
20

107
89

48
18
2

248
29
19
6
7

15
64
4

11
16

161
479
58

135
173

185
50

204
193
22
18
23
22
28
60
17
78
17

974
81
27
94

148

198
47
2

240
15
19
33
29
22
65
11
62
5

735
93
29

109
179

81
6

19
184
123
15
3
3

10
35

9
18
5

335
311

14
78
23

262
37

158
324
24
16
14
16
25

121
14
52
17

313
113
27

112
118

304
38
3

319
66
13
26
24
22

129
18
69
14

350
109
27
90

147
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Fig. 3. Nb v. Zr and TiO2 v. SiO2 diagrams for various felsic rocks from the CACC: Sankaraman and £ic,ekdag
ophiolitic plagiogranites [some data from Floyd et al. (1998)], metafelsics from the metamorphic basement, and
late cross-cutting granitoids. Ophiolitic plagiogranites with very low and uniform Nb values are distinguishable
from both basement metafelsics and the late granitoids. Ophiolitic plagiogranite field from Gerlach et al. (1981
and refs cited therein); data for southwest England granite field (high-level, post-collisional granites) from Exley
etal. (1983).

Fig. 4. Sr v. CaO and Ni v. Cr diagrams for meta-ultramafic bodies within the metamorphic basement complex of
the CACC. Two chemical groups of meta-ultramafic rocks are probably present, some of which have
subsequently been metasomatically enriched in Sr and Ca. Generalized ultramafic field from literature.

Cr values are not a consequence of metasomatic
dilution as the Ca contents are variable through-
out this group. The presence of ophiolitic ultra-
mafics is to be expected as many of the
associated metabasite blocks have mid-ocean
ridge basalt (MORE) chemical characteristics
(see below), both of which imply an oceanic
regime. The low-Ni + Cr group, on the other
hand, has chemical affinities with typical strati-
form gabbros and might represent early gabbros
intruded in a rifted continental setting prior to
major ocean development.

Geochemistry of stratiform ophiolites

The Sankaraman Ophiolite has previously been
shown to be a fragmented stratiform body with a
volcanic section exhibiting typical suprasubduc-
tion zone (SSZ) characteristics similar to other
Neotethyan ophiolites (Yalimz et al. 1996). The
£icekdag Ophiolite (location 4 in Fig. 1), of
which the volcanic section also makes up the
dominant exposed portion, has similar chemical
features to the Sankaraman Ophiolite, with
low, depleted incompatible element contents
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Fig. 5. (a) Representative multi-element patterns for Sankaraman and £icekdag ophiolite pillow lavas
(obducted stratiform ophiolites with suprasubduction zone features) compared with isolated remnants (gabbros
with dykes, pillow lava sequences) of suspected ophiolitic affinity, (b) Normalized multi-element comparison
between MORE and OIB in the CACC and Ankara Melange. Sankaraman data from Yalmiz et al (1996),
Ankara Melange data from Floyd (1993). Normalization factors after Sun & McDonough (1989).

Fig. 6. TiO2 v. Zr diagrams comparing basaltic lavas from the Sankaraman and f i$ekdag Ophiolites of the
CACC with other Neotethyan ophiolites with suprasubduction zone features. Data: Sankaraman (Yalmiz et al.
1996); Mersin (Parlak 1996); Oman (Alabaster et al. 1982); Pindos (Valsami 1990); Troodos (Pearce 1975;
Smewing & Potts 1976).
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Fig. 7. Cr v. Zr and Y v. Zr diagrams comparing data for obducted stratiform ophiolites and tectonically isolated
remnants represented by pillow lava sequences and gabbros with dykes, found within and adjacent to the CACC.
The Qankm Basin metabasalts define a similar trend to the pillow lavas of the ophiolites, but at a slightly higher
ratio approaching Zr/Y = 4. Sankaraman data from Yalmiz et al (1996).

relative to MORE (Fig. 5) that reinforces their
SSZ affinities. Both of these CACC stratiform
ophiolites have features that can be directly
compared with other ophiolites from the Neo-
tethyan zone (e.g. Pindos, Mersin, Troodos,
Oman). As seen in Fig. 6, they closely match
the variation (in terms of TiO2 and Zr) shown
by the Pindos Ophiolite, but lack the degree of
extensive chemical evolution shown by Mersin
(highly evolved, but restricted in composition)
or the range of Oman (to tholeiitic andesites).

Further evidence for the broad chemical over-
lap in composition between the two ophiolites is
shown in Fig. 7, where the range in composition
is largely a function of mafic + plagioclase
fractionation (decreasing Cr, with covariant
and increasing Zr and Y). Although there is a
dominant subduction-related signature similar
to island-arc basalts (IAB) rather than MORE
in terms of V v. TiO2 distributions (Fig. 8),

some metabasalts from both ophiolites spill
over into the MORE field. On comparison with
island-arc-back-arc basin pairs from the wes-
tern Pacific (Woodhead et al. 1993), the more
MORE-like components of the ophiolites
appear to have back-arc characteristics with
very low V/Ti ratios (Fig. 8). As many of these
basalts are stratigraphically uppermost in the
ophiolite lava sequence, the apparent change in
chemical designation might suggest a transition
to a back-arc environment.

Differences between the ophiolites are essen-
tially restricted to the (^icekdag metabasalt
lavas and dykes, showing a more limited range
of Zr and Y contents (less fractionated), and
lacking the special group of Sankaraman lavas
characterized by uniform Zr values (50-60 ppm
Zr) and variable Y contents (Fig. 7). However,
as the formation ages and basalt chemistries are
generally similar, they are considered to be
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Fig. 8. V v. TiO2 and V/Ti v. Zr diagrams comparing data for obducted stratiform ophiolites and tectonically
isolated remnants represented by pillow lava sequences and gabbros with dykes, found within and adjacent to the
CACC. The stratiform ophiolites show a dominant subduction-related signature (IAB field), although some late
lavas and dykes (including the £ankm metabasalts) have a more MORB-like affinity akin to back-arc basin
basalts. Sankaraman data from Yalimz et al. (1996). IAB, island-arc basalts; MORB, mid-ocean ridge basalts;
OIB, ocean island basalts; BABB, back-arc basin basalts. Ratios and fields in the V v. TiO2 diagrams from
Shervais (1982); IAB and BABB fields in the V/Ti v. Zr diagrams compiled from Woodhead et al (1993).

different slices of the same obducted ophiolitic
sheet.

Structurally isolated outcrops with suspected
ophiolitic affinities have been grouped litho-
logically into pillow lavas, metagabbros and
cross-cutting metabasaltic dykes, and plotted
on companion diagrams for comparison with
the stratiform ophiolites. As seen in Figs 5 and
7, the metagabbros and dykes have similar SSZ-
type features to the massive ophiolites and may
have originally been part of the same obducted
sheet. However, basaltic pillow lavas and associ-
ated dykes from the £ankm Basin generally
form a different trend, with higher Zr/Y ratios
(c. 4) and a MORB-like affinity. These chemical
distinctions are emphasized in Fig. 8, where the
pillow lavas predominantly have MORB-like

compositions similar to those of back-arc
basins, whereas the metagabbros and dykes are
akin to IAB. These features alone are not
sufficient to relate the £ankm Basin lavas to
the stratiform ophiolites, although they mirror
the chemistry of the uppermost basalt lavas
(with high Zr contents) of the Sankaraman
Ophiolite (Fig. 8). However, evidence of an
ophiolitic link is suggested by the composition
of cross-cutting quartz-feldspar porphyry dykes
(see above) which are similar to the Sankara-
man and Qigekdag plagiogranites rather than
late granitoids. It is therefore possible that the
£ankm Basin may have been floored by ophio-
litic lavas of largely back-arc derivation. Sup-
port for this suggestion is provided by the
association of the pillow lavas with bedded
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basic volcaniclastics, the latter of which are
often a significant feature of the back-arc and
forearc environments (Garcia 1978).

Geochemistry of basement metabasites

On the basis of current geotectonic models, the
amphibolite facies metabasites are compared
with the low-grade metabasalts of the Ankara
Melange which have been shown to be domi-
nated by alkalic basalts of ocean island basalt
(OIB) character, together with minor normal-
and enriched-type MORBs (Figs 5 and 9)
(Qapan & Floyd 1985; Floyd 1993). On the
basis of stable Nb/Y ratios (Winchester &
Floyd 1977), metabasites from the metamor-
phosed ophiolitic melange are predominantly
tholeiitic in character, whereas those from the
Kaleboynu Formation are dominantly alkalic

basalts. This latter group can be directly com-
pared chemically with OIB from the Ankara
Melange with similar normalized patterns (Fig.
5) and Zr/Y of c. 8 (Fig. 9). However, although a
chemical correspondence is indicated, no corre-
lation is necessarily implied between the Kar-
akaya Nappe of the Ankara Melange (being a
Sakarya unit) and the Kaleboynu Formation (a
Tauride unit). In a similar fashion, the tholeiitic
basalts largely have MORB-like features that
mirror similar rocks in the Ankara Melange
with both depleted and enriched compositions
(Figs 5 and 9).

One significant chemical feature to emerge
from the basement metabasites is the presence
of some clasts with an IAB chemistry exhibiting
low TiO2 and high V/Ti ratios (Fig. 10). The
association of the three eruptive settings, repre-
sented by IAB-MORB-OIB, is discussed
below.

Fig. 9. Cr v. Zr and Y v. Zr diagrams comparing data for MORE-type and OIB-type pillow lava blocks within
the Ankara Melange with similar chemical groupings within the metabasites of the meta-ophiolitic melange and
Kaleboynu Formation. A ratio of Zr/Y = 4 discriminates two chemical suites within the Kaleboynu Formation:
one MORB and the other with a similar chemistry to the Ankara Melange Kihslar suite (Floyd 1993), with Zr/Y
c.8.
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Fig. 10. V v. TiC>2 and V/Ti v. Zr diagrams comparing data for pillow lava blocks within the Ankara Melange
[data from Floyd (1993)] with similar chemical groupings within the metabasites of the meta-ophiolitic melange
and Kaleboynu Formation. Note the lack of subduction-related basaltic types relative to MORE and OIB in the
Ankara Melange. Fields in the V v. TiO2 diagram from Shervais (1982); IAB from Woodhead et al (1993); N-
MORB from Floyd & Castillo (1992); representative OIB are alkali basalts (AB) from St Helena, from Chaffey
etal (1989).

Interpretation of geochemical features

This section summarizes the main geochemical
characteristics of the stratiform ophiolites and
basement metabasites, and interprets the mag-
matic associations in the light of their tectonic
designations.

Stratiform ophiolites and tectonically
isolated remnants

Main features. (1) The large obducted sheets of
stratiform ophiolites (the Sankaraman and
Qigekdag Ophiolites) have similar and over-
lapping basaltic compositions, with SSZ features
similar to Neotethyan ophiolites of the eastern
Mediterranean. (2) Both ophiolites have similar
plagiogranite suites that differ chemically from

late cross-cutting granitoids and syenitoids. (3)
Isolated remnants of gabbroic bodies with basal-
tic and felsic dykes are chemically related to the
main SSZ ophiolites. (4) Pillow lava sequences
from the Qankm Basin are chemically distinct
from those in the stratiform ophiolites and
display a more MORB-like affinity similar to
back-arc basin basalts. These features are also
shown by some lavas and dykes high in the
ophiolite stratigraphic sequence.

The presence of a sheeted dyke complex
indicates that the CACC stratiform ophiolites
were generated in an extensional oceanic
regime. Comparison with back-arc basin-island
arc pairs suggests that the bulk of the SSZ
ophiolite lavas have an island-arc character,
whereas the (later) MORB-like lavas are more
akin to back-arc basalts. As all the basaltic
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lavas are submarine, there is little evidence for
the development of a major (subaerial) arc
edifice, although the chemistry suggests the
ophiolites represent a transition to, or an as-
sociation with, a more back-arc-type environ-
ment just prior to obduction. The main
evidence for the existence of a back-arc, how-
ever, is furnished by the separate Qankm Basin
pillow lavas which are also associated with
volcaniclastic activity that might be expected in
this setting. It is likely that the SSZ ophiolites
and the £ankm Basin basalts represent un-
coupled or different obducted slices of oceanic
crust from a broad arc-type setting.

Faunal evidence indicates that the SSZ-type
ophiolites were generated during the Late Cre-
taceous (c. 90-85 Ma) and probably obducted
soon afterwards, prior to late granitoid intrusion
(c. 76-71 Ma). The main feature to emerge is
that the SSZ-type ophiolites rapidly developed
under the influence of a short-lived subduction
zone and were subsequently obducted within
10 Ma or less.

Basement metamagmatic bodies

Main features. (1) Deformed metafelsic bodies
in the ophiolitic melange have enhanced HFS
element abundances and high Zr/Nb ratios dis-
similar to ophiolitic plagiogranites. (2) Boudin-
aged meta-ultramafic bodies are often Ca-Sr
metasomatized by the adjacent carbonate-rich
matrix. They appear to comprise two types with
variable MgO + Ni + Cr contents, reflecting
different origins: ultramafic rocks typically as-
sociated with ophiolite sequences and (possibly)
cumulates related to continental stratiform
gabbros. (3) Boudinaged ophiolitic melange
amphibolites ('knockers') are dominated by
tholeiites with MORB-like features (both
normal and slightly enriched types), although
some minor OIB and IAB types are also
present. (4) Kaleboynu Formation amphibo-
lites, conformable with massive platform
carbonates, are dominated by within-plate alka-
lic basalts of OIB type.

Although there is chemical correspondence
between the basaltic components of the base-
ment (ophiolitic melange and Kaleboynu For-
mation) and units of the Ankara Melange of
broadly the same age, the main differences are
in the proportion of MORB and OIB types, and
the presence of IAB in the former. The features
displayed by the ophiolitic melange can be
reconciled in a subduction-accretion setting
where seamount structures, standing above the
ocean floor, will be largely scraped off and

accreted, whereas the ocean floor is more likely
to be subducted. Thus, the dominant OIB in
Cretaceous ophiolitic units of the Ankara Mel-
ange represents the scraped off and accreted
relicts of alkalic seamounts (Floyd 1993),
whereas the CACC ophiolitic melange MORB
and IAB represents initially subducted ocean
floor, together with remnants of the adjacent
arc, respectively. The close association of these
three different basaltic components derived
from the island arc, the ocean floor and ocean
islands/seamounts are a feature of melanges in
forearc settings (Bloomer 1983; Johnson &
Fryer 1990; Macpherson et al 1990). Although
this scenario could well reflect the association of
metabasite clasts in the ophiolitic melange, the
origin of the OIB in the Kaleboynu Formation is
unlikely to be seamount-derived as in the
Ankara Melange. The conformable relationship
of many of the thin Kaleboynu Formation
amphibolites with the surrounding marbles indi-
cates that they were probably intrusive sheets
and/or basic volcaniclastic accumulations in
shallow rifted basins. Like the Ankara Melange
OIB, the Kaleboynu Formation OIB are alkalic
basalts of within-plate character; only in the
latter case does the geological situation suggest
a different environmental setting - rifted car-
bonate platform relative to that of a seamount.
That rifting had reached the stage of small
basins floored with ocean crust in some cases is
suggested by the presence of MORB composi-
tions within the Kaleboynu Formation meta-
basites.

Overall, the chemistry of the different mag-
matic lithologies in the deformed crystalline
basement (ophiolitic melange and Kaleboynu
Formation) suggests the admixture at different
stages of what was originally major ocean,
island-arc and rifted continent margin, environ-
ments. The oceanic setting is indicated by
MORB-type compositions typical of spreading
centres with scattered OIB-type seamounts
dominated by alkalic basalts. This type of
ocean floor is distinct from the SSZ character-
istics of the later stratiform ophiolites. On
subduction, the seamounts were fragmented
and incorporated into the forearc accretionary
prism. A few basaltic (as well as felsic) clasts
within the ophiolitic melange were derived from
the overriding active island arc. The continental
margin is represented by the metamorphosed
TAP carbonate platform with associated within-
plate alkalic basalts (Kaleboynu Formation
OIB). The association of minor MORB in this
predominantly continental setting suggests the
development of small rifted submarine basins
partly floored by ocean crust.
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Tectonic model

On the basis of the above geochemical charac-
terization, two features are clear: (1) the strati-
form ophiolites with SSZ features are distinct
from the metabasites in the underlying base-
ment; and (2) both the ophiolitic melange
metabasite blocks and the concordant Kale-
boynu Formation amphibolites have their corre-
sponding chemical counterparts in different
segments of the Ankara Melange. The actual
age of the basement metabasites is still a prob-
lem. Part of the Kaleboynu Formation is prob-
ably Triassic and similar in age to the Upper
Karakaya Nappe ('metamorphic block mel-
ange') of the Ankara Melange (Kocyigit 1991),
although it is recognized that they belong to
different crustal blocks - the Taurides and
Sakarya unit, respectively. On the other hand,
the basement ophiolitic melange is probably
equivalent to the Anatolian Nappe ('ophiolitic
melange') of Middle-Late Cretaceous age.

In many disrupted ophiolitic sequences, a
metabasite block-bearing melange tectonically
underlies an ophiolite nappe with its attendant
thrust-bound metamorphic sole (Parkinson
1996; Parlak 1996), and a genetic relation can

often be demonstrated between the blocks and
the ophiolite. A similar tectonic stacking se-
quence is indicated here for the CACC (Fig. 2),
although the N-MORB-dominated ophiolitic
melange blocks appear to be chemically unre-
lated to the SSZ-type ophiolites. In the model
below, however, a relationship between the two
magmatic groups is based on the premise that
the MORB-type blocks are representative of an
original (and older) oceanic crust on which the
later SSZ-type ophiolites developed.

The following tectonic model (illustrated in
Fig. 11) is based on the geochemical interpret-
ation of the data above and attempts to inte-
grate the CACC into a broad model for the
development of the Neotethys Ocean (e.g.
Robertson et al 1991; Yilmaz et al 1997). A
number of stages are envisaged:

• The northern margin of Gondwanaland rifted
in the Late Triassic with the eventual de-
velopment of small ocean basins. The associ-
ation of volcanic rocks and carbonates of
Triassic age indicate that the marginal plat-
forms were being subjected to an extensional
regime at this time. The concordant OIB-type
metabasites (mainly alkali basalts) of the

Fig. 11. Cartoon illustrating the closure of the Izmir-Ankara-Erzincan (I-A-E) Ocean by the collision of the
CACC with the Sakarya microcontinental block during the Late Cretaceous. The original eruptive settings of
various ophiolitic bodies (SSZ) and metabasites (MORE, OIB) now found in the CACC are exhibited.
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Kaleboynu Formation are evidence for
within-plate rifting, although the presence of
MORE indicates that continental crust at-
tenuation had been sufficient to generate
some true ocean floor during the Triassic.

• By the Early Jurassic and throughout the
Cretaceous, as the Neotethys Ocean gradu-
ally widened, a progression of microcontinen-
tal slices (Sakarya, Kirs,ehir-CACC), that had
been rifted off Gondwanaland, migrated
northwards towards Eurasia (Fig. 11 a). Ac-
cording to Ozgiil (1976), the CACC remained
attached to the carbonate TAP, although
Goriir et al. (1984) think that these two
blocks were separated by another seaway,
the Inner Tauride Ocean (Fig. 11 a). The
CACC block lagged behind the Sakarya
Block and became separated from it by the
tzmir-Ankara-Erzincan oceanic strand. Most
of this ocean was subducted under the
southern active margin of the Sakarya micro-
continent, so that evidence for its existence is
now largely found in tectonic melanges.
Taken together, metabasaltic blocks in seg-
ments of the Ankara Melange and the base-
ment ophiolitic melange record the existence
of MORB, OIB and minor IAB compositions,
typical of forearc accretionary wedges.
MORB compositions represent the subduct-
ing ocean crust, whereas the alkali basalts
were derived either from volcanic seamounts
developed on the ocean floor and/or earlier
rift-related ensialic environments. The huge
rafts of platform carbonate seen in part of the
Ankara Melange suggest that much of the
alkalic basalt could be associated with the
original Trias rifting, although OIB pillow
lavas intimately associated with Cretaceous
pelagic limestones indicate a true seamount
construct (Floyd 1993). The minor IAB and
subduction-related metafelsic blocks were
probably derived by tectonic erosion of the
subduction zone hanging wall or intersection
of deep-arc faults.

• As the CACC block approached the Sakarya
subduction zone, the intervening ocean crust
was largely subducted, whereas the seamount
constructs and rafted carbonate platforms
were mainly accreted into the trench mel-
ange. By the mid-Cretaceous, the leading
promontories of the CACC carbonate
platform collided with the Sakarya micro-
continent. Deeply subducted material, meta-
morphosed to amphibolite facies, was then
buoyantly disgorged and obducted south-
wards over the CACC margin (Fig. lib). The
higher grade material (amphibolite facies) is
now represented by the Central Anatolian

Metamorphics of the CACC, whereas the
lower grades (pumpellyite and greenschist
facies) are found in the Ankara Melange.
Southward stacking of the contents of the
subduction zone took place before the empla-
cement of post-collisional granitoids at c.
95 Ma (Fig. lib).

• Due to the irregular margin of the advancing
CACC microcontinent after initial collision,
small segments of oceanic crust remained that
had not yet been subducted. It was in these
remnants that the Late Cretaceous (90-
85 Ma) SSZ-type ophiolites would develop
(Fig. lie). It is speculated that, on initial
collision, subduction zone roll-back occurred,
thereby inducing extension in the remaining
ocean crust and the development of a new
subduction zone (Fig. lie). Another possi-
bility is that asymmetric collapse of any
remaining spreading ridge in the oceanic
segment engendered a subduction zone (e.g.
Clift & Dixon 1998). Either way, an incipient
arc developed with a limited degree of back-
arc spreading - environments which are now
represented by the SSZ ophiolites and the
£ankm Basin pillow lavas, respectively. This
phase lasted between 5 and 10 Ma.

• Further compression produced slicing and
imbrication of the SSZ oceanic lithosphere
and the eventual obduction of ophiolitic
fragments over the CACC metamorphic
basement (Fig. lie). The whole sequence
was then intruded by late granitoids at
c. 76 Ma.

In conclusion, the CACC and the Ankara
Melange are considered to represent variably
tectonized and subducted oceanic lithosphere
and continental carbonate platform that were
subsequently ejected from an accretionary-
subduction complex on collision with the
Sakarya microcontinent.
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Abstract: The Central Anatolian Ophiolites (CAO) comprise a number of little studied
Upper Cretaceous ophiolitic bodies that originally represented part of the northern branch
of the Neotethyan ocean. The £i£ekdag Ophiolite (CO) is an dismembered example of this
ophiolite group that still retains a partially preserved magmatic pseudostratigraphy. The
following units (bottom to top) can be recognized: (1) layered gabbro; (2) isotropic gabbro:
(3) plagiogranite; (4) dolerite dyke complex; (5) basaltic volcanic sequence; and (6) a
Turonian-Santonian epi-ophiolitic sedimentary cover. The magmatic rock units (gabbro,
dolerite and basalt) form part of a dominant comagmatic series of differentiated tholeiites,
together with a minor group of primitive unfractionated basalts. The basaltic volcanics
mainly consist of pillow lavas with a subordinate amount of massive lavas and rare basaltic
breccias. Petrographic data from the least altered pillow lavas indicate that they were
originally olivine-poor, plagioclase-clinopyroxene phyric tholeiites. Immobile trace
element data from the basalt lavas and dolerite dykes show a strong subduction-related
chemical signature. Relative to N-mid-ocean ridge basalt the £i$ekdag basaltic rocks
(allowing for the effects of alteration) have typical suprasubduction zone features with
similarities to the Izu-Bonin Arc, i.e. enriched in most large-ion lithophile elements,
depleted in high field strength elements and exhibiting depleted light rare earth element
patterns. The geochemical characteristics are similar to other eastern Mediterranean
Neotethyan SSZ-type Ophiolites and suggest that the CO oceanic crust was generated by
partial melting of already depleted oceanic lithosphere within the northern branch of the
Neotethyan ocean. The £i$ekdag body, along with the other fragmented CAO, is thus
representative of the Late Cretaceous development of new oceanic lithosphere within an
older oceanic realm.

Turkey occupies a critical segment in the CAO) found in the Central Anatolian Crystal-
Alpine-Himalayan orogenic system where rem- line Complex (CACC) have received little
nants of both the Palaeotethyan and Neoteth- attention until now. The CACC represents the
yan ocean basins crop out along broadly linear northern passive margin of the Mesozoic
tectonic belts. Turkey is divided into three main Tauride-Anatolide Platform that faced the
east-west trending belts of separate ocean VIAE ocean (Goncuoglu 1986; Goncuoglu et
basins (§engor & Yilmaz 1981): (1) a northern al 1991) (Fig. 1). The CAO are significant in
belt representing remnants of an Intra-Pontide that they were initially generated within the
ocean; (2) a median belt representing alloch- VIAE ocean and emplaced southwards onto
thonous units derived from the Vardar-lzmir- the CACC (Yahniz & Goncuoglu 1998). The
Ankara-Erzincan (VIAE) ocean [although majority of these Ophiolites are tectonically
Goriir et al. (1984) also consider a separate dismembered, although stratigraphic recon-
derivation for the Inner Tauride Belt]; and (3) struction reveals that they originally repre-
a southern belt, variably called the Peri-Arabic sented a complete ophiolitic sequence (Yahniz
Belt or southern Neotethyan ocean (§engor & & Goncuoglu 1998) (Fig. 1, inset b).
Yilmaz 1981) (Fig. 1, inset a). In terms of the pseudostratigraphic relation-

Most of the Ophiolites occurring in these belts ship of the magmatic units and their chemical
have been studied to varying degrees, although designation, the CAO exhibit a suprasubduction
the isolated outcrops of allochthonous ophiolitic zone (SSZ) character within the VIAE segment
rocks (termed the Central Anatolian Ophiolites; of the Neotethys (Yahniz 1996; Yahniz &

From: BOZKURT, E., WINCHESTER, J. A. & PIPER, J. D. A. (eds) Tectonics and Magmatism in Turkey and the
Surrounding Area. Geological Society, London, Special Publications, 173, 203-218. l-86239-064-9/00/$15.00
© The Geological Society of London 2000.
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Fig. 1. Generalized geological map of the Central Anatolian Crystalline Complex and the location of the
£i$ekdag Ophiolite. (a) Neotethyan suture map of Turkey and the location of the Central Anatolian Crystalline
Complex (CACC); IPSC, Intra-Pontide Suture Zone; IAESZ, Izmir-Ankara-Erzincan Suture Zone; SEASZ,
Southeast Anatolian Suture Zone, (b) Simplified columnar section of the Qisekdag Ophiolite: 1, Central
Anatolian Metamorphics; 2, metamorphic ophiolite-bearing olistostrome; 3, thrust boundary; 4, layered gabbro;
5, isotropic gabbro; 6, plagiogranites; 7, dyke complex; 8, massive and pillow lavas; 9, epiophiolitic sediments and
lavas; 10, granitoids; 11, Lower Tertiary cover sediments.

Gonciioglu 1998; Yahniz et al. 1996; Floyd et al
19980).

Objectives

The £icekdag Ophiolite (CO) is one of the most
complete and best exposed of the CAO bodies.
Although it has not been studied in detail, little
geochemical data being available, its general
character invites comparison with other better
known CAO, such as the Sankaraman Ophio-
lite (SO). New and extensive geochemical data
on the least altered volcanic rocks of the CO are
presented here. The purpose of this study is to
describe the compositional features of the vol-
canic rocks of the CO as a basis for determining
their original tectonic setting and a comparison
with other better known SSZ-type Central
Anatolian ophiolites. A further aim is to discuss
the genesis and the palaeotectonic setting of the
CO within the VIAE ocean to provide a fuller

picture for the geodynamic evolution of the
northern branch of the Neotethys.

Distribution of rock types and
stratigraphy

The CO technically overlies the CACC base-
ment along a moderately steep northward dip-
ping thrust just to the south of the (Jicekdag
Massif. Previous field studies in the <3cekdag
area were mainly carried out by Ketin (1959),
Erdogan et al (1996) and Yilmaz-§ahin &
Boztug (1997). Typical ophiolitic sequences are
exposed around Akgakent, in the core of a
roughly north-south trending antiform in the
Qicekdag region (Fig. 2). Well-preserved and
unfaulted successions are rare, although the
section along the Akgakent-Kilimli road exhi-
bits much of the original structure.

The CO pseudostratigraphy consists (from
top to bottom) of mainly pink pelagic cherty



GEOCHEMISTRY OF THE giQEKDAG OPHIOLITE 205

Fig. 2. (a) Simplified geological map of the Qicekdag Ophiolite and surrounding area. 1, Central Anatolian
Metamorphics; 2, layered and isotropic gabbros; 3, dyke complex; 4, lavas and epi-ophiolitic sediments; 5,
granitoids; 6, Eocene cover units; 7, Neogene continental elastics; 8, locations of geological cross-sections (S-l,
Qokelik section; S-2, Mezargedigi section), (b) Generalized geological cross-section from the Mezargedigi Pass;
1, spherulitic pillow lava; 2, pillow lava; 3, pillow breccia; 4, massive lava; 5, lavas interlayered with sediments; 6,
pelagic sediments; 7, feldspathoidal granitoids; 8, sample locations (numbers correspond to samples listed in
Table 1). (c) Generalized geological cross-section from £6kelik village; 1, Tertiary cover; 2, pillow lavas and
volcaniclastics; 3, pelagic sediments; 4, Group III dykes; 5, Group II dykes; 6, Group I dykes; 7, sample locations
(numbers correspond to samples listed in Table 1).
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limestone and pillow intercalations of
Turonian-Santonian age (Erdogan et al. 1996),
pillowed and massive basalts with basaltic
breccias, sheeted dyke complex, isotropic to
layered gabbros and rare associated plagio-
granites (Fig. 1, inset b). The lavas, which ex-
hibit typical pillow structures, are best
developed at the top of the volcanic sequence
where volcanoclastic intercalations are also
present. Massive basaltic flows, ranging in thick-
ness from c. 1 to 3 m, are also present. The
volcanic-volcanosedimentary successions are
known as the £6kelik Volcanics (Erdogan et al.
1996), which outcrop on the flanks of the
antiformal structure. The areas immediately to
the northeast of Korkorlu village and southwest
of Qokelik village on the western flank, and the
Mezargedigi area on the eastern flank of the
antiformal structure provide well-exposed sec-
tions through the basaltic extrusives. Due to the
rarity of volcanic rock exposures in the vicinity
of Qicekdag, these locations are particularly
important and were chosen for detailed sam-
pling (Fig. 2a and b). The sheeted dyke complex
is poorly exposed relative to the gabbros but
locally contains plagiogranite dykes. The gab-
broic sequence is mainly composed of isotropic
gabbros and subordinate layered gabbros. The
ultramafic part of the ophiolite sequence is not
observed in the Qigekdag area.

The ophiolitic succession is intruded by early
monzogranitic, and later syenitic, intrusions. To
the east and northeast of Korkorlu village,
gabbroic and basaltic rocks are found as roof
pendants within the granitoids. Dykes of felds-
pathoidal syenites are the last products of the
Late Cretaceous collision-type felsic magma-
tism and cross-cut the volcanic carapace. The
earliestfossiliferouscoversedimentsinthe^igekdag
region are Lutetian in age (Ketin 1959).

Petrography
The basaltic rocks of the CO are weakly to
strongly phyric, with plagioclase and subordi-
nate clinopyroxene as phenocryst phases set in a
variably quenched matrix of serrated plagio-
clase microlites, variolitic fans of crystallites
and an opaque matrix. In the £6kelik area,
basalts intercalated with the sediments higher
in the ophiolite sequence are distinguished from
the lower flows by the presence of sparse
'olivine' phenocrysts, which are usually pseudo-
morphosed by orange-red calcite and hematite
in these pervasively altered rocks.

Basaltic samples are all hydrothermally
altered to varying degrees. In many sections,
the effects of alteration are so intense that

primary mineral phases and magmatic textures
are strongly overprinted by secondary minerals.
As well as the matrix, secondary minerals are
also abundant in vesicles, veins and pillow
interstices, and include albite, chlorite, epidote,
quartz, calcite, actinolite and iron oxides. Fresh
clinopyroxene phenocrysts are the only relict
igneous phase, although they occasionally show
marginal alteration to actinolite. Actinolitic
amphibole crystals are also identified as needles
in the groundmass. Throughout the £ic,ekdag
basaltic lavas, plagioclase laths and phenocrysts
are mostly pseudomorphosed by albite. Chlorite
commonly occurs in the groundmass of these
lavas and also as massive, radiating fibrous
aggregates infilling vesicles and veinlets. Epi-
dote is found in vesicles at the margins of lava
flows, along the walls of fractures and in vein-
lets. Where it occurs as a vesicle infill, it forms
fan-shaped crystal aggregates often reaching
2-3 cm in diameter, commonly surrounded by
subhedral quartz crystals which line the vesicles.
Quartz is generally deposited together with
epidote and forms a vesicle infill. Calcite is
much less abundant than chlorite, epidote and
quartz in the £igekdag lavas, but similarly
occurs in rock spaces rather than replacing
previous minerals. Pillow breccias show similar
petrography and textures.

The dykes display an equigranular texture,
are medium to fine grained, and are character-
ized by ophitic, subophitic and intergranular
textures. They are mostly aphyric to sparsely
plagioclase-phyric dolerites. Although the pri-
mary igneous mineralogy of the dykes consists
of clinopyroxene, calcic plagioclase and opaque
minerals, most of these are replaced by a green-
schist facies assemblage made up of actinolite,
chlorite, epidote, plagioclase, quartz, sphene
and secondary Fe-Ti oxides and hydroxides.
Rare core relicts of clinopyroxene are also
locally identified at the base of the sheeted
dyke complex. Most dykes retain their primary
igneous textures but there are some that are
more severely altered to equigranular textured
quartz- and epidote-rich epidosites. These are
often green coloured compared to the more
normal grey dykes that are usually characterized
by dominantly albite-actinolite-chlorite assem-
blages.

Sampling and analytical methods

Sixty-three samples were collected from basaltic
lavas and dykes, many selected from the Mezar-
gedigi and Qokelik traverses (see location and
relative sampling positions in Fig. 2). Mafic
samples were taken from the crystalline



Table 1. Representative chemical analyses of basaltic lavas and dykes from the ficekdag Ophiolite

Sample
Rock type*

C-6
p.lava

C-9A C-10A C-10B
p.lava p.lava p.lava

C-ll
p.lava

C-66
p.lava

C-76
p.lava

C-77 C-78
p.lava p.lava

C-79
p.lava

C-31
p.lava

C-32
p.lava

C-33
p.lava

C-34
p.lava

C-35
p.lava

C-36
p.lava

C-37
p.lava

C-39
p.lava

C-40
p.lava

C-41 C-42
p.lava p.lava

Major oxides (wt%)
SiO2
Ti02

A1203
Fe203t
MnO
MgO
CaO
Na2O
K20
P205
LO1

Total

53.12
1.39

16.63
12.31
0.26
3.90
7.55
3.69
0.43
0.06
0.81

100.15

53.72
0.44

13.43
9.85
0.18
8.96
5.92
5.05
0.09
0.04
2.51

100.19

51.59
1.20

15.91
15.39
0.20
5.43
2.53
5.73
0.17
0.08
1.55

99.78

57.12
1.08

14.21
12.47
0.16
3.25
2.82
7.09
0.07
0.09
1.35

99.71

47.36
0.76

14.03
12.10
0.21
6.64
5.65
7.14
0.08
0.05
5.75

99.77

48.64
0.67

14.04
10.34
0.20

10.21
11.09
1.75
0.32
0.06
2.65

99.97

52.41
0.96

15.44
9.77
0.23
5.90
7.69
4.92
0.05
0.10
2.41

99.88

52.88 49.37
0.81 0.59

15.45 15.43
9.49 10.90
0.12 0.18
4.83 6.48
9.84 9.18
4.17 3.57
0.04 0.99
0.10 0.06
2.18 3.43

99.91 100.18

50.52
0.65

15.22
10.00
0.15
7.57
8.53
3.09
1.38
0.06
2.88

100.05

50.59
0.44

14.60
10.34
0.14
7.84
5.48
3.29
0.22
0.03
7.35

100.32

51.06
0.42

14.07
10.03
0.16
7.60
9.11
3.32
0.20
0.03
3.71

99.71

44.43
0.41

12.73
8.56
0.18
4.67

12.37
4.95
0.06
0.04

11.90

100.30

45.34
0.41

13.12
9.20
0.19
4.93

10.93
5.00
0.07
0.03

10.97

100.19

49.41
0.44

14.41
10.54
0.13
8.37
5.07
3.71
0.19
0.03
7.83

100.13

45.27
0.46

13.69
9.26
0.16
3.80

11.01
5.99
0.17
0.04

10.26

100.11

56.45
0.36

13.11
7.77
0.09
1.24
7.53
6.99
0.14
0.06
6.39

100.13

41.75
0.47

14.30
10.30
0.18
9.29
9.18
3.32
0.11
0.03

10.94

99.87

43.38
0.46

15.27
11.02
0.17

10.19
6.47
3.45
0.09
0.03
9.31

99.84

51.78 52.10
1.18 1.25

15.40 15.84
9.92 10.34
0.17 0.17
5.72 4.69
4.32 6.87
5.27 3.60
0.27 0.19
0.09 0.15
5.45 4.51

99.57 99.71

Trace elements (ppm)
Ba
Ce(XRF)
Cl
Cr
Cu
Ga
La(XRF)
Nb
Nd(XRF)
Ni
Pb
Rb
S
Sr
V
Y
Zn
Zr

73
3

226
21
89
20
3
2
5
7

75
17

210
190
301
25

195
48

36
1
1

345
162
10
3
1
7

55
9
2
1

92
281

12
68
20

25
10
5

24
161
13
1
2

15
17
9
2
2

66
576
23
80
43

76
3
5
9

170
18
1
2
1

18
4
5

19
134
648
28

135
47

47
1
3

254
74
15
2
2
7

70
15
3

10
108
433

17
130
32

37
2

28
531
147
13
2
2
4

165
8
8

47
72

292
20
92
39

25
2
3

179
112
15
2
2
6

47
6
1
1

188
330
23
83
51

7 156
3 1
3 2

194 182
13 78
15 11
2 1
2 2
7 5

47 66
10 10
1 21
3 2

151 203
298 296

19 14
59 64
44 25

87
1
2

330
94
13
1

0.5
1

95
6

24
2

164
293

15
109
33

22
3
4

272
27
13
3
1
2

53
2
5

22
135
371
11
71
14

11
2
2

220
23
13
1
2
1

59
4
5

14
160
312
11
70
14

15
1
2

220
86
11
1
1
7

47
5
3

29
72

319
9

71
12

41
3
1

244
38
10
2
1
2

52
4
2

26
76

311
8

71
12

20
2
1

245
637
13
2
2

13
60
2
4

32
110
377
11
74
14

20
1
3

177
52
10
1
1
2

32
3
3

63
101
367

13
64
15

19
8
2

160
29
8
1
1

16
52
3
4

35
49

119
7

67
13

2
1
2

240
57
12
1
1
6

62
1
2

26
154
373

12
73
15

27
2
2

334
85
15
3
1

13
60
1
2

27
160
389
11
80
15

18 50
1 12
1 1

119 77
16 25
15 19
2 3
2 2
7 17

28 27
1 4
4 3
3 1

145 176
286 272
22 26
82 86
48 59



Table 1. Continued

Sample
Rock type4

C-43C-44AC-44B
: p.lava p.lava p.lava

C-45 C-54 C-55 C-56 C-57 C-58 C-59 C-67 C-68 C-69 C-70
p.lava m.lava m.lava m.lava m.lava m.lava m.lava m.lava m.lava m.lava m.lava

C-72 C-13 C-16 C-17 C-18 C-19 C-21
m.lava breccia breccia breccia breccia breccia breccia

Major oxides (wt%)
Si02

TiO2
A12O3
Fe2O3t
MnO
MgO
CaO
Na2O
K2O
P205
LO1

Total

51.21
0.46

14.50
10.09
0.20
9.28
7.46
2.53
0.08
0.03
4.18

100.02

52.38
0.40

12.04
8.94
0.20

10.76
9.58
2.17
0.49
0.02
3.06

100.04

55.64
0.99

13.31
13.50
0.15
5.28
3.35
2.53
0.18
0.10
4.57

99.60

51.98
1.26

16.90
10.71
0.17
5.65
5.50
3.65
0.36
0.14
3.28

99.60

49.52
1.09

13.65
15.29
0.21
6.00
4.21
5.20
0.07
0.07
4.12

99.43

53.38
0.40

11.64
8.94
0.20

10.76
8.69
2.06
0.69
0.02
3.06

99.84

54.30 54.85
0.65 1.05

14.14 14.47
9.32 12.69
0.15 0.16
3.77 3.65
6.91 4.59
6.43 6.53
0.13 0.08
0.08 0.08
3.98 1.58

99.86 99.73

52.32
0.77

14.97
9.99
0.14
4.66
4.69
6.19
0.12
0.07
4.90

99.82

53.04
0.83

14.86
11.70
0.24
5.98
5.70
5.55
0.23
0.08
1.80

100.01

53.95
0.62

14.79
10.08
0.16
6.93
5.27
4.99
0.53
0.05
2.30

99.67

54.56
0.55

14.79
9.00
0.16
5.99
7.49
4.22
1.50
0.05
1.57

99.88

50.05
0.80

15.80
11.86
0.25
7.74
5.48
4.59
0.15
0.08
2.53

99.33

50.85
0.78

13.81
14.60
0.20
6.57
7.18
3.27
0.15
0.07
2.36

99.84

51.01
0.53

13.05
10.40
0.23

10.22
9.07
2.60
0.69
0.05
2.31

100.16

54.01
1.21

16.66
12.09
0.13
2.00
1.60
8.64
0.20
0.08
1.01

97.63

45.45
1.06

17.93
11.44
0.18
6.88

12.21
2.41
0.37
0.04
1.88

99.85

51.19
1.32

14.87
12.42
0.14
3.97
4.76
4.20
0.04
0.13
6.92

99.96

49.99
0.66

15.74
9.11
0.13
5.74
6.33
2.46
0.18
0.06
9.44

99.84

40.67
0.84

12.18
8.75
0.10
1.65

16.50
6.67
0.09
0.19

12.68

100.32

48.04
0.56

16.75
8.73
0.15
8.04

10.56
3.41
0.12
0.05
3.62

100.03

Trace elements (ppm)
Ba
Ce(XRF)
Cl
Cr
Cu
Ga
La(XRF)
Nb
Nd(XRF)
Ni
Pb
Rb
S
Sr
V
Y
Zn
Zr

29
2
1

197
172
14
2
1
6

53
3
2
2

148
312
11
73
14

111
2
1

519
74
11
2
1
9

120
5

18
6

131
241
11
66
19

52
7
2

20
112

15
1
3

15
16
3
4

13
70

322
28
44
69

91
2
1

103
46
22
1
3

13
28

4
5
3

169
245
28
88
65

34
7
2
9

70
18
2
2

14
21
3
2
2

101
613
25

132
43

98
1
2

515
75
10
3
2
6

124
7

18
3

130
232
11
67
18

46 30
13 3
1 1

219 17
249 81

14 18
1 1
1 2

22 12
47 17
58 6
3 2
5 2

115 113
395 580
20 22
79 76
28 42

39
2
2

265
256

12
2

0.41
9

63
25
4

17
106
443

19
95
32

125
9

201
71

104
14
2
2

12
44
9
7
2

138
334

22
106
46

98
4

26
128
82
13
1
2
8

46
7

10
3

76
244
21
87
41

262
7

60
118
143
13
2

0.41
13
43
8

27
26
84

286
19
72
39

19
3

28
336
84
16
2
2
8

95
7
3

62
28

357
22

100
46

39
5

59
259
53
15
1
2

13
83
7
3

169
65

384
21
88
45

116
4

24
537

14
11
1
2
8

187
11
15
2

91
266

14
113
27

182
6
5

38
50
13
2
2

11
12
6
6
9

124
385
26
52
66

53
3
4

127
68
19
1
4
9

54
30
6
3

737
356

34
75
77

17
5
2

27
45
20
4
2

16
16
2
3

23
41

451
31

115
80

55
2
3

110
109
12
1
1
3

50
5
8

12
34

332
17
72
37

24
2
1

242
37
8
1
2
6

85
12
2

48
106
251
22
82
52

42
1
1

223
61
15
2
2
6

92
3
2

20
161
228

15
63
30



Table 1. Continued

Sample C-60 C-61 C-62 C-63
Rock type* breccia breccia breccia breccia

C-64 C-65
breccia breccia

C-46
dyke

C-47
dyke

C-48
dyke

C-49
dyke

C-50
dyke

C-51 C-23 C-24 C-26 C-27 C-28 C-29 C-30
dyke sh.dyke sh.dyke sh.dyke sh.dyke sh.dyke sh.dyke sh.dyke

Major oxides (wt%)
Si02

TiO2
A1203
Fe203t
MnO
MgO
CaO
Na20
K2O
P205
L01

Total

Trace elements
Ba
Ce(XRF)
Cl
Cr
Cu
Ga
La(XRF)
Nb
Nd(XRF)
Ni
Pb
Rb
S
Sr
V
Y
Zn
Zr

0.82
1.42

16.84
3.22
0.27
4.88
2.21
6.86
0.16
0.05
2.40

99.13

(ppm)
113

5
33
5

39
22
3
2
8

18
4
5
2

77
354
21

115
74

58.27
1.24

14.49
12.38
0.13
2.08
2.48
7.90
0.12
0.12
0.85

100.06

56
6

18
18
14
14
2
3
6

13
5
3
9

92
447
29
54
65

54.06
1.26

15.98
13.05
0.17
2.89
2.54
7.58
0.30
0.10
1.48

99.41

91
5

338
28
25
16
2
2
9

18
48
12
9

88
376
25
90
65

57.82
1.28

15.63
12.65
0.05
0.56
1.82
9.35
0.08
0.15
0.31

99.70

64
5

154
12
21
12
1
3

14
14
5
2
8

75
377
35
25
67

59.06
1.15

14.41
11.59
0.15
2.33
2.58
7.73
0.20
0.10
0.76

100.06

156
2
2

27
28
13
1
2
3

18
2
6

39
143
369
30
54
62

60.11
1.23

15.68
11.55
0.10
1.02
1.50
7.62
0.18
0.09
0.43

99.51

150
2
5

52
69
11
1
2

10
13
9
5

21
127
430
29
50
64

48.68
0.64

14.53
10.12
0.21
8.96
5.00
3.28
0.04
0.05
8.45

99.96

14
1
1

543
133
14
2
2
4

172
1
1

16
127
266

13
72
37

47.45
0.62

14.94
10.10
0.23
8.84
5.32
3.56
0.04
0.05
8.63

99.78

19
3
3

453
188
13
3
1

11
147

1
2

14
135
254
13
73
37

43.37
0.63

15.14
9.84
0.26
8.78
7.64
3.83
0.05
0.05

10.08

99.67

15
2
1

467
328
12
1
1
7

145
1
1

16
143
237

14
75
38

45.54
0.66

15.09
9.78
0.19
8.65
6.89
3.64
0.11
0.06
9.57

100.18

17
2
1

423
68
14
1
2
8

145
1
2

14
120
306

17
76
40

49.66
0.49

14.12
9.45
0.15
8.04
8.36
2.99
0.08
0.03
6.28

99.65

9
3
1

201
194
13
1
1
2

59
2
1

21
148
324

10
75
14

53.25
1.21

14.33
9.02
0.14
3.14
6.34
7.37
0.05
0.10
5.18

100.13

10
5

52
56
9

12
4
2
6

21
2
2
5

74
224
23
55
55

59.50
1.43

14.82
10.11
0.33
3.43
1.45
6.14
0.01
0.32
2.61

100.15

25
15
18
6

200
17
1

0.68
18
4
4

0.3
66
35

118
35

228
96

48.06
1.02

14.64
10.70
0.34
5.78
6.70
4.96
0.04
0.07
7.60

99.91

33
2
8

57
21
15
1
1
4

26
8
2

141
79

449
22

171
41

52.46
0.99

15.78
11.78
0.32
6.24
3.19
5.45
0.03
0.08
3.64

99.96

14
3
5

50
48
16
2
2
9

23
1
1

100
78

375
22

199
44

51.49
1.01

15.86
11.90
0.32
7.43
1.48
5.33
0.09
0.14
3.99

99.04

29
7
2

37
16
14
1
2

13
23
1
2

990
68

426
24

236
47

52.74
1.42

15.07
12.96
0.30
6.04
2.57
4.96
0.05
0.13
3.62

99.86

30
9

93
25
52
17
2
2

16
17
2
2

319
69

455
33

394
69

51.67
0.96

15.30
11.22
0.33
7.02
3.49
4.57
0.06
0.07
5.13

99.82

31
18
80
62
48
16
3
2

22
23
1
2

149
74

430
20

191
42

46.85
1.17

15.57
11.49
0.34
6.54
6.46
5.19
0.01
0.09
6.45

100.16

16
11
1

48
16
17
1
2

16
37
5
2

22
64

367
28

268
54

p.lava, Pillow lava; m.lava, massive lava; breccia, pillow lava breccia; dyke, individual dykes cross-cutting lavas; sh.dyke, sheeted dyke complex.
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Rare earth elements
La
Ce
Pr
Nd
Sm
Eu
Gd
Tb
Dy
Ho
Er
Tm
Yb
Lu

(ppm)
1.59
3.63
0.65
3.64
1.27
0.50
1.83
0.34
2.22
0.49
1.46
0.25
1.50
0.24

1.47
3.94
0.67
3.73
1.34
0.56
1.97
0.37
2.41
0.54
1.60
0.26
1.61
0.26

1.18
3.39
0.57
317
1.13
0.45
1.64
0.31
2.05
0.45
1.32
0.22
1.35
0.22

1.43
4.30
0.76
4.39
1.63
0.60
2.42
0.45
2.96
0.65
1.87
0.32
1.92
0.31

interiors of pillows, pillow breccias, massive
lavas and dykes, and selected in order to mini-
mize the effect of vesiculation, alteration and
weathering. All samples were analysed for
major and selected trace elements, and a subset
of four samples for rare earth element (REE),
and Hf, Ta, Th and U (Tables 1 and 2). Analysis
for major oxides and most trace elements were
determined on an ARL 8420 X-ray fluorescence
spectrometer (Department of Earth Sciences,
University of Keele, UK) calibrated against
both international and internal Keele standards
of appropriate composition, whereas the REE
etc. were determined by instrumental neutron
activation analysis (Activation Laboratories
Ltd, Canada). Details of methods, accuracy and
precision are given in Floyd & Castillo (1992).

Chemical discrimination

As outlined above, all the basaltic lavas and
dykes in the CO have undergone greenschist
facies alteration and metamorphism. Thus, for
chemical discrimination of the volcanics, only
elements that are immobile during alteration
should be used. There is general agreement
that the high field strength elements (HFSE: P,
Ti, Y, Zr, Nb, Hf, Ta; Saunders et al 1980), Th
(Wood et al. 1979), the transition metals (Sc, V,
Cr, Ni) and REE are essentially immobile

during all but the most severe seafloor or hydro-
thermal alteration (e.g. Pearce 1975; Shervais
1982). SiO2 and most large-ion lithophile
elements (LILE: Na, K, Cs, Rb, Ba, Sr) are
almost certainly mobile under these alteration
conditions (Smith & Smith 1976; Coish 1977;
Humphris & Thompson 197'80, b). Thus, chemi-
cal discrimination mainly relies on the HFSE
and REE, which tend to be the least mobile in
aqueous fluids.

Geochemistry

General features

On the basis of their Nb/Y ratios (Winchester &
Floyd 1977), all the mafic samples are tholeiitic
(Nb/Y - 0.04-0.20) with generally low HFSE
contents (Table 1). Metabasaltic lavas from the
Mezargedigi and £6kelik traverses have over-
lapping compositions in terms of incompatible
element abundances, similar Zr/Y and Zr/Ti
ratios, and depleted REE patterns. These fea-
tures suggest that they represent a similar lava
sequence, possibly related to a single chemical
group, but now separated by tectonic dismem-
berment. However, direct chemical correlation
is not possible between the two lava sequences
throughout, as two characteristics found in the
£6kelik traverse are missing in the Mezargedigi

Table 2. Additional chemical data on fifekdag basaltic rocks

Sample
Rock type

C-58
Massive lava

Incompatible elements (ppm)
Os 3.08
Hf 0.73
Sc 38.77
Ta 0.03
Th 0.06
U 0.11

C-68
Massive lava

2.67
0.83

38.33
0.04
0.11
0.20

C-79
Pillow lava

0.97
0.73

46.67
0.04
0.07
0.12

C-23
Sheeted dyke

0.13
1.08

42.40
0.05
0.07
0.15
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Fig. 3. (a) N-MORB normalized multi-element diagram for £i$ekdag basalts showing HFSE element depletion
and LILE enrichment, (b) Chondrite-normalized REE patterns of £ic.ekdag basalts showing light REE
depletion. Normalization factors from Sun & McDonough (1989).

traverse. In particular, the former sequence
contains numerous feeder dykes towards the
base and a set of primitive lavas with low Zr
and Y contents that are missing from the
Mezargedigi sequence. On the grounds that the
lower volcanic portions of an ophiolite should
contain a greater density of feeder dykes than
the upper, it is suggested that the Qokelik se-
quence records a generally lower volcanic sec-
tion than the Mezargedigi sequence.

Normalized patterns for incompatible ele-
ments and REE (Fig. 3) illustrate a number of
features typical of the CO. All basaltic samples
show broadly parallel and depleted light REE
patterns with (La/Yb)N of c. 0.6, suggesting that
the samples plotted are probably related by

simple fractionation. Relative to N-mid-ocean
ridge basalt (MORE), the normalized incom-
patible element patterns show the depleted
HFSE and enriched LILE features of SSZ
ophiolites, although the later variable abun-
dances (apart from Th) are largely governed by
alteration effects.

Internal variation

Samples from the lavas and dykes of the
Mezargedigi and £6kelik traverses, and isolated
locations elsewhere, show internal variation that
is largely governed by fractional crystallization.
Using Zr as a fractionation index, increasing
FeO /MgO (Fig. 4a) and decreasing Cr (Fig.
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Fig. 4. Chemical diagrams illustrating internal variation for £icekdag lavas and dykes, (a) and (b), Effects of
mafic fractionation; (c) and (d), linear covariance suggests a single comagmatic suite for the basalts.

4b) implies mafic fractionation, as indicated by
the observed relict phenocryst phases. Some of
the scatter here is the consequence of alteration,
whereas the covariance of immobile elements
(Fig. 4c and d) indicate that all the samples
probably represent a single, fractionated,
comagmatic chemical group. The very low Zr
(< 20 ppm) and Y (c. 10 ppm) set of samples,
however, might be a different chemical group
from the rest, especially in view of their position
in the £6kelik traverse magmatic stratigraphy
(see below).

Chemostratigraphy

Systematic sampling along the Mezargedigi and
£6kelik traverses allows some monitoring of
chemical variability with height in the volcanic
portion of the CO. Due to tectonic dismember-
ment, stratigraphic height is only relative, being
measured from the arbitrary base of the traverse
in both cases. As seen in Fig. 5, the basal part of
each traverse is highly variable in terms of the
elements plotted, whereas the uppermost

Fig. 5. Chemical variation with height in the £i$ekdag
lavas. Height is relative and arbitrary starting at the
base of the traverse in both the Mezargedigi and
£6kelik sequences.
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Fig. 6. Discrimination of tectonic setting using chemical parameters, (a) Zr/Y v. Zr [after Pearce & Norry
(1979)]; (b) V v. TiO2 [after Shervais (1982)].

portion is more 'steady state', although this
effect may be more apparent than real (fewer
samples were collected here). The chemical
stratigraphy is interpreted here in terms of the
periodic tapping of a well-fractionated magma
chamber which, in the light of the similarity in
composition of the two traverses, might be the
same ponded magma body. However, this
simple picture must be modified to allow for
the presence of the primitive lavas with low
HFSE contents at c. 80-110 m from the base in
the £6kelik traverse. It is suggested that these
lavas represent an influx of pristine, largely
unfractionated, melt derived from another
source which were not involved with the main
fractionated magma chamber.

In general, the similarity of basaltic composi-
tions indicate that open-system processes were
limited throughout the section available and
only one (or possibility two) chemical groups
were involved.

Tectonic discrimination

A number of plots can be used to discriminate
the provenance of the CO basalt samples (Fig.
6). Despite some compositional overlap with the
island arc tholeiites (IAT) and MORE desig-
nated fields, most samples clearly fall within the
former, especially in the TiO2 v. V diagram. It is
also apparent that, relative to the majority of the
samples, the very low Zr-Y £6kelik samples
plot outside the IAT field (Fig. 6), again
emphasizing their different nature and origin.

N-MORB normalized multi-element plots for
the CO basalts (Fig. 3) show the depletion of
HFSE (Nb, Ta, Zr, Hf, Ti, P; generally < 1)
together with the relative LILE (K, Ba, Sr, Rb,
Th) enrichment features characteristic of sub-

duction-related arc magmas (e.g. Wood et al.
1979; Wood 1980; Pearce 1982; Pearce &
Parkinson 1993; Pearce et al. 1984). Within the
generally mobile LILE group, Th is a relatively
stable and reliable indicator, whose enrichment
relative to other incompatible elements (es-
pecially Nb-Ta) is taken to represent the sub-
duction zone component (e.g. Wood et al. 1979;
Pearce 1983). This feature is attributed to the
modification of the mantle source region of the
Qic.ekdag basalts by a 'subduction component',
i.e. metasomatism by aqueous fluids derived
from the underlying subducting slab (e.g.
Pearce 1982; Pearce et al. 1984; Hawkesworth et
al. 1977, 1993; Saunders & Tarney 1984; Mc-
Culloch & Gamble 1991). In general, the CO
has all the features typical of suprasubduction
oceanic crust (Pearce et al. 1984).

Normalized REE patterns (Fig. 3) for basalts
do not generally make good discriminants due
to similar patterns being generated in different
environments. For example, both MORB and
back-arc basin basalts (BABB) are character-
ized by patterns that display slight light REE
depletion relative to the heavy REE and are
generally enriched 10-20 times relative to chon-
drite. Distinguishing between basalts formed in
these two eruptive settings is therefore not
possible solely on the basis of REE patterns.
REE patterns of most IAT also display a large
degree of overlap with MORB-type patterns,
although the former can exhibit varying degrees
of light REE enrichment and depletion (e.g.
White & Patchett 1984; Brouxel et al. 1989).
Since normal IAT may exhibit variable light
REE patterns from extremely depleted (e.g.
Mariana forearc; Hickey & Frey 1981; Crawford
et al. 1986) to substantially flat (e.g. Tonga-
Kermadec; Ewart et al. 1977: Yap Trench;

GEOCHEMISTRY OF THE CI£EKD AG OPHIOLITE
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Fig. 7. (a) and (b) Chemical comparisons of £icekdag
and Sankaraman ophiolitic basalts; (c) Comparison of
Qigekdag and Sankaraman basalts with SSZ-type
eastern Mediterranean ophiolites (area 1) and
MORB-type western Mediterranean ophiolites (area
2). Comparison data selected from the Tethyan
ophiolite literature (e.g. Pearce et al 1984).
Discrimination fields after Wood (1980).

Beccaluval & Serri 1988) to slightly enriched
(e.g. Aleutians and Sunda; Kay 1977), it follows
that the components added to IAT mantle
sources generally carry minor light REE in
addition to K, Rb, Ba, Sr, Th, U, Cs and H2O.
However, strongly REE-depleted tholeiites are
generally interpreted as a product of immature
island arcs (Crawford et al. 1986; Brouxel et al.
1989). It is suggested that the REE patterns

shown by the CO can best be matched with arc
basalts similar to those found in immature
island-arc sequences such as the Izu-Bonin Arc.

Comparison with the Sankaraman and
other Neotethyan ophiolites

The CO and the Sankaraman Ophiolite (SO)
are representative members of the CAO (Gon-
ciioglu et al. 1991). Both are characterized by
the lack of ultramafic rocks in direct contact
with the rest of the ophiolitic slab. The lowest
section of the CO is composed of layered
gabbros, whereas isotropic gabbros are found
at the base of the SO (Yalimz et al. 1996). The
SO is remarkable in displaying a high portion of
the plagiogranite suite (Floyd et al. 19980) and a
late set of isolated dykes (Yalimz et al. 1996).
Neither of these features are as well developed
in the CO, nor exposed to the same degree.
Both ophiolites are overlain by a sequence of
Lower Turonian-Campanian pelagic sediments
and are also intruded by Upper Cretaceous-
Lower Palaeocene granitoids (Gonciioglu et al.
1991; Yahmzef al. 1996).

It has previously been shown that the volcanic
section of the SO exhibits typical SSZ charac-
teristics similar to other Neotethyan ophiolites
(Yalimz et al. 1996), including the CO. The CO
closely matches the variation shown by the SO
but lacks the extensive degree of chemical evol-
ution (Fig. 7); the lavas sampled are less
chemically evolved. A significant difference is
also exhibited by the latter cross-cutting dolerite
dykes of the SO which has a MORB-like affinity
(Yalimz et al. 1996). In general, minor differ-
ences are apparent in their stratigraphy,
although overall the basalts have a similar
chemistry and formation age.

The CAO are also part of a long chain of
Tethyan ophiolites that extend from the western
Mediterranean to the Far East. Petrological and
geochemical studies have shown that there are
important differences along the Tethyan ophio-
litic belt. Several workers have divided the
Tethyan ophiolites into two groups: (1) Jurassic
ophiolites in the western and central area (Alps,
Appennines, Carpathians, Dinarides, Hellen-
ides) which display MORB affinities; and (2)
Cretaceous ophiolites at the eastern Mediter-
ranean end (Troodos, Semail, Baer-Bassit,
Hatay) which exhibit SSZ features (e.g. Pearce
et al. 1984). Since the chemical signature of the
Cretaceous £ic.ekdag lavas also indicate that
they were generated in a SSZ, this ophiolite can
be fitted into the regional tectonic framework,
displaying a similar tectonic setting to other late
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Cretaceous Neotethyan ophiolites in the eastern
Mediterranean area (Fig. 7).

Genesis and emplacement of SSZ-type
Central Anatolian ophiolites

The geodynamic evolution of the Izmir-Ankara
branch of Neotethys has been the topic of
copious studies (e.g. Robertson & Dixon 1984;
Tiiysiiz et al 1995; Okay et al. 1998). All of these
studies are based mainly on very general ap-
proaches and broadly consider the geological-
geochemical aspects. Any model explaining the
tectonic evolution of the Izmir-Ankara branch
of Neotethys must be consistent with the follow-
ing local and regional constraints. Firstly, the
stratigraphic succession in the Central Ana-
tolian Metamorphic Complex is almost identical
with that of the less metamorphosed Palaeo-
zoic-Mesozoic platform margin sequences of
the Taurides-Anatolides (Gonciioglu et al.
1991). It differs from the later only by a complex
high-temperature-low-pressure (HT-LP) meta-
morphic overprint and the presence of collision-
type magmatism. Secondly, the upper part of
the metamorphic succession is represented by
an ophiolite-bearing olistostromal complex,
representing synorogenic flysch deposition on
the platform margin (Gonciioglu 1981). The
ophiolitic knockers within this meta-olistos-
trome display mainly MORE characteristics
with minor ocean island basalt (OIB) and IAT
(Floyd et al. 19986). Thirdly, the metamorphic
rocks are overthrust by dismembered ophiolites
with SSZ-type geochemical characteristics akin
to other eastern Mediterranean ophiolites
(Yahniz et al. 1996; Floyd et al. 19980, b).
Structural data clearly indicate an emplacement
direction towards the south and southwest. The
formation age is early Middle Turonian-Early
Santonian, based on palaeontological data from
the associated epi-ophiolitic sedimentary rocks
(Yahniz et al. 1997). The markedly high volume
of epiclastic volcanogenic sediments in this suc-
cession suggests the involvement of an island
arc. Finally, the accretionary wedge complex
(the Ankara Melange) to the north of the
CACC, which was formed within the converging
Izmir-Ankara branch of Neotethys, contains
slivers of ophiolitic rocks dominated by
MORE, OIB, and minor IAT compositions,
characteristic of forearc accretionary wedge
complexes (Floyd 1993; Floyd et al. 19986).
Associated sediments yield Late Triassic-Early
Cretaceous fossils.

These data suggest: (1) the oceanic crust of
the Izmir-Ankara branch of Neotethys has been

partly consumed along a north dipping intra-
oceanic subduction zone (Gonciioglu et al.
1991); and (2) the SSZ-type ophiolitic bodies,
observed both as allochthonous thrust sheets on
the Taurides-Anatolides and as blocks in the
melange complexes, were generated within the
MORE-type old hanging-wall block of the
Izmir-Ankara oceanic crust and emplaced
southwards onto the Tauride-Anatolide passive
margin.

However, oceanic crust formation in a SSZ
setting can involve quite different tectonic set-
tings, such as active island arcs, back-arc and
forearc basins. Thus, for a better understanding
of the evolution of the Neotethys it is critical to
determine the specific environment of litho-
sphere generation. The following model (Fig.
8) considers not only the geochemical and struc-
tural data, but also the geological relations to
adjacent terranes.

• The rapid convergence between Eurasia and
Africa, due to the opening of the south Atlan-
tic in the Early Cretaceous, resulted in a
compressional regime in the Tethyan realm.
This compression caused the formation of an
intra-oceanic subduction within the Izmir-
Ankara branch of the Neotethys, which led
to formation of a juvenile ensimatic arc (Gon-
cuoglu & Ttireli 1993; Tiiysiiz et al 1995) on
MORE-type oceanic crust during the Ceno-
manian (Fig. 8a).

• The old MORE-type oceanic crust, together
with trapped OIB-type volcanics and accre-
tion prism material, was obducted onto the
Tauride-Anatolide passive margin and gen-
erated the ophiolite-bearing olistostromal
sediments that overlie the slope sediments of
the CACC. The emplacement of ophiolitic
nappes resulted in crustal thickening and
early stage syncollisional granitoids (Erler &
Gonciioglu 1996). The trench rollback gener-
ated through subduction of the forearc basin
resulted in the extension of the overlying
forearc region and generation of SSZ-type
oceanic crust by the partial melting of already
depleted MORB-type lithosphere (Fig. 8b).

• Continuing convergence during the Cam-
panian caused the complete subduction of
the old oceanic slab and final collision of the
trench with the buoyant margin of the CACC.
This led to a switch from extension to com-
pression in the forearc region. The new and
hot SSZ-type oceanic crust is prevented from
subducting and will obduct onto the CACC
(Fig.Sc).

• Complete obduction of SSZ-type oceanic
crust is followed by post-collisional uplift at
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Fig. 8. Schematic representation of the tectonic evolution of the Central Anatolian ophiolites during the Late
Mesozoic; (a) > 90 Ma: intra-oceanic decoupling within the Izmir-Ankara branch of Neotethys and the
formation of an ensimatic arc; (b) 90-80 Ma: emplacement of old MORB-type oceanic crust onto the Tauride-
Anatolide passive margin resulting in deformation and formation of SSZ-type Central Anatolian ophiolites in an
arc-related setting; (c) 80-70 Ma: emplacement of SSZ-type ophiolites onto the CACC; (d) 70-65 Ma: initial
collision of the arc, post-collisional extension and intrusion of post-collisional granites.
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the CACC margin with Late Cretaceous post-
collisional intrusions that cut both the CACC
and the obducted SSZ-type ophiolites.

In conclusion, based on the geological and
geochemical data, it is suggested that the frag-
mented Central Anatolian ophiolites, with their
distinct SSZ geochemical features, were gener-
ated above an intra-oceanic subduction zone
within the converging Izmir-Ankara branch of
the Neotethys and emplaced southwards onto
the passive margin of the CACC.

Funding for this collaborative project was provided by
NATO (grant CRG 960549) and the Scientific and
Research Council of Turkey (TUBITAK; project no.
YDAB£AG-85) which are gratefully acknowledged.
Analytical data production was helped by D. W.
Emley and M. Aikin, Department of Earth Sciences,
University of Keele, UK.
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Suprasubduction zone origin of the Pozanti-Karsanti Ophiolite
(southern Turkey) deduced from whole-rock and mineral

chemistry of the gabbroic cumulates
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Abstract: The Pozanti-Karsanti Ophiolite Complex is situated in the eastern Tauride Belt
and represents a remnant of the Mesozoic Neotethyan Ocean. It consists of three distinct
nappes: (1) an ophiolitic melange; (2) a metamorphic sole; and (3) ophiolitic rocks. The
oceanic lithosphere section of the Pozanti-Karsanti Ophiolite comprises mantle tectonites,
ultramafic-mafic cumulates, isotropic gabbros, sheeted dykes and basaltic volcanic rocks.
These units are cut by isolated microgabbro-diabase dykes at all structural levels. New
results are presented on the whole-rock and mineral chemistry of the gabbroic cumulates.
Well-layered, low-Ti gabbroic cumulates, showing adcumulate to mesocumulate textures,
are represented exclusively by gabbronorites. The mineral chemistry of gabbronorites from
the Pozanti-Karsanti Ophiolite indicates that these cumulate rocks have been produced by
the low-pressure crystal fractionation of basaltic liquid. Magnesium numbers (Mg-
numbers) of clinopyroxene, orthopyroxene and amphibole range from 89 to 73, 80-66 and
80-72, respectively. Plagioclase compositions range from An94 to An84. The coexistence of
calcic plagioclase, magnesian clinopyroxene and orthopyroxene indicates that the cumulate
gabbronorites from the Pozanti-Karsanti Ophiolite were formed in an arc environment.
The covariation of A12O3 and Mg-numbers of both clinopyroxene and orthopyroxene show
features typical of low-pressure igneous intrusions such as the Skaergaard and Tonsina
Complexes, but differ from the high-pressure ultramafic cumulates found in the same arc.
The cumulate gabbronorites probably represent shallower levels in the arc which were
subsequently juxtaposed against deeper level ultramafic cumulates either during accretion
or later faulting.

Mesozoic ophiolites in southern Turkey are 1990), whereas the Upper Cretaceous ophiolitic
located either along the continent-continent bodies of Troodos in Cyprus, Baer-Bassit in
collision zone (Bitlis-Zagros Suture Zone) or Syria, and Hatay, Mersin, Pozanti-Karsanti and
on both sides of the Tauride calcareous axis Sankaraman in Turkey, suggest a suprasubduc-
(Ricou 1971; Juteau 1980; §engor & Yilmaz tion zone tectonic setting (Miyashiro 1973;
1981; Dilek & Moores 1990) (Fig. la). These Pearce et al 1984; Hebert & Laurent 1990;
ophiolites were subsequently obducted onto the Robertson 1994; Lytwyn & Casey 1993, 1995;
passive Gondwanaland continental margin as a Parlak et al. 1996; Yahniz et al. 1996; Parlak &
result of closure of the Neotethyan Ocean Hock 1998). On the other hand, the Jurassic
during the Late Cretaceous. The Tauride ophio- ophiolites along the Hellenic-Dinaric Belt ex-
lites, resting in tectonic contact with underlying hibit both MORB and island arc tholeiite (IAT)
platform carbonates, are generally associated character (Smith 1993).
with an ophiolitic melange and metamorphic Well-preserved ultramafic-mafic cumulates
sole (Juteau 1980; Dilek & Moores 1990; in the eastern Mediterranean ophiolites,
Parlak & Delaloye 1999). namely Oman (Pallister & Hopson 1980, 1981;

The ophiolites in the western Alps differ from Browning 1984), Troodos (Thy 19870, b, 1990;
the eastern Mediterranean equivalents in terms Hebert & Laurent 1990) in Cyprus, and Hatay
of their age and geodynamic environment of (Piskin et al. 1990), Mersin (Parlak et al. 1996,
formation. The Jurassic ophiolites in the wes- 1997), Antalya (Juteau & Whitechurch 1980)
tern Alps display mid-ocean ridge basalt and Pozanti-Karsanti (Parlak & Hock 1998) in
(MORB)-like composition (Koller & Hock Turkey, show evidence of high-pressure crystal

From: BOZKURT, E., WINCHESTER, J. A. & PIPER, J. D. A. (eds) Tectonics and Magmatism in Turkey and the
Surrounding Area. Geological Society, London, Special Publications, 173, 219-234. l-86239-064-9/00/$15.00
© The Geological Society of London 2000.
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Fig. 1. (a) Distribution of ophiolite bodies in southern Turkey [modified from Dilek & Moores (1990)].
(b) Geological map of the Pozanti-Karsanti Ophiolite (Bingol 1978).

fractionation beneath an island-arc tectonic
setting. Knowledge of igneous processes occur-
ring in an island-arc setting is very important in
understanding lower and upper crustal growth
(DeBari & Coleman 1986, 1989). Xenoliths of
gabbroic cumulates have been reported from
well-known volcanic arcs, namely the Aleutian
islands (Conrad & Kay 1984), New Guinea
(Gust & Johnson 1981), the Philippines (New-
hall 1979), Lesser Antilles (Arculus & Wills
1980), Japan (Aoki & Kuno 1971), Central
America (Walker 1984), Indonesia (Morrice et
al 1983) and the Marianas (Stern 1979; Meijer
& Reagan 1981). Beard (1986) documented
xenoliths of gabbroic cumulates from plutonic
rocks in eroded arcs and classified them into

three groups: (1) olivine-gabbro; (2) gabbro-
norite; and (3) amphibole-gabbro.

The scope of this study is to present whole-
rock and mineral chemistry of the gabbronorites
from the cumulates of the Pozanti-Karsanti
Ophiolite and evaluate their geodynamic en-
vironment of formation within the eastern
Mediterranean tectonic frame.

Geology of the Pozanti-Karsanti
Ophiolite

The Pozanti-Karsanti Ophiolite, exposed in the
eastern Tauride Belt (Aladag region) in
southern Turkey, is one of the largest Late
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Cretaceous oceanic lithospheric remnants
(Juteau 1980; Dilek & Moores 1990; Polat &
Casey 1995) (Fig. Ib). It covers an area of
c. 1300 km2 (80 km in length and 25 km in
width) between the left-lateral Ecemis Strike-
slip Fault to the west and the left-lateral East
Anatolian Strike-slip Fault to the east (Bingol
1978; gakir 1978; Qatakli 1983; Tekeli et al
1983; Polat & Casey 1995) (Fig. Ib).

An imbricated stack of thrust sheets (upper
and lower) resting upon the eastern Taurus
Autochthon is exposed in the Aladag region
(Blumenthal 1947; Polat & Casey 1995). The
upper thrust sheets are characterized by ophio-
lite-related rock assemblages, namely ophiolitic
melange, dynamothermal metamorphic sole
and oceanic lithospheric section (Fig. 2);
whereas the lower thrust sheets consist of plat-
form-type carbonates, ranging in age from Late
Devonian to Early Cretaceous (Tekeli et al.

Fig. 2. Synthetic log of the Pozanti-Karsanti
Ophiolite (Bingol 1978).

1983). The Upper Campanian-Maastrichtian
unmetamorphosed ophiolitic melange is com-
posed of a variety of igneous, metamorphic and
sedimentary blocks structurally dispersed in a
serpentinitic to pelitic matrix (Tekeli et al.
1983; Polat & Casey 1995). The mid-Upper
Cretaceous dynamothermal metamorphic sole
displays a typical inverted metamorphic se-
quence, grading from amphibolite facies
directly beneath the highly sheared harzburgitic
tectonite to lower greenschist facies near the
melange contact (Thuizat et al. 1978; Lytwyn &
Casey 1995). The Pozanti-Karsanti Ophiolite is
composed of harzburgitic to dunitic tectonites,
ultramafic and mafic cumulates, isotropic
gabbro, sheeted dykes and pillow lavas (Bingol
1978; £akir 1978; £atakh 1983). Swarms of
microgabbro and diabase dykes cut the ophio-
litic units at different structural levels as well as
the metamorphic sole. The dykes are observed
not to cut the underlying melange and Tauride
platform rocks, indicating that some dyke
emplacement postdated formation of the
Ophiolite and the metamorphic sole, but pre-
dated its final obduction onto the Tauride
Platform (£akir et al. 1978; Thuizat et al. 1981;
Lytwyn & Casey 1995).

Petrography

The gabbroic cumulates in the studied section of
the Pozanti-Karsanti Ophiolite are composed
almost exclusively of gabbronorite (two-
pyroxene gabbro). The gabbronorite exhibits
adcumulate-mesocumulate textures and shows
magmatic accumulation features such as
igneous lamination, crystal size grading and
rhythmic layering. Cumulus orthopyroxene
(Ens65_79Fsi9_34Woi_3), with grain sizes of be-
tween 0.4 and 2.6 mm, forms 15-30% of the
gabbroic rocks as euhedral-subhedral crystals
and is roughly equal in abundance to clinopyr-
oxene. Clinopyroxene (Ens4o_48 Fs6_i6 Wo4i_47),
with a grain size of between 0.4 and 2 mm, is
generally present as subhedral-anhedral crys-
tals and forms 20-30% of the gabbronorite.
Plagioclase typically forms 40-60% of the gab-
bronorite and is present as unzoned cumulus or
intercumulus grains. Minor amounts (com-
monly < 5%) of edenitic amphibole with high
magnesium numbers, (Mg-number; 0.70) are
present in the gabbronorites. Olivine is virtually
absent in the studied section whereas olivine-
rich gabbroic cumulates are documented in the
western part of the massif (Qatakh 1983).

Isotropic gabbro in the study area is repre-
sented by plagioclase (40-55%), clinopyroxene
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(25-35%) and amphibole (10-15%), and exhi-
bits a doleritic-subophitic texture. The primary
mineral assemblages have been modified by
hydrothermal alteration processes character-
ized by secondary albite, hornblende, epidote
and chlorite.

Geochemistry

Analytical method

A total of 20 samples from the cumulate gab-
bronorites and five samples from the isotropic
gabbros were analysed for major and trace
element contents. Rare earth element (REE)
analyses were carried out on three plutonic
rocks by the inductively coupled plasma-atomic
emission spectroscopy (ICP-AES) technique
(Voldet 1993). Major and trace element ana-
lyses were carried out at the University of
Geneva. Major elements were determined by
X-ray fluorescence (XRF) spectroscopy on glass
beads fused from ignited powders to which
Li2B4O7 was added (1:5), in a gold-platinum
crucible, at 1150°C. Trace elements were ana-
lysed on pressed powder pellets by the same
method. A total of 20 representative polished
sections were used for electron microprobe
analysis on a JEOL JXA-8600 in the Geology
and Palaeontology Department at Salzburg
University. The analytical conditions for the
elements were 13 s (10 s for peak and 3 s for
background) counting interval, a beam current
of -20 nA and on acceleration voltage of
-15 kV.

Whole rock

Major and trace element concentrations of the
cumulate gabbros and the isotropic gabbros are
given in Table 1. The cumulate gabbronorites
are represented by low TiO2 (0.09-1.32%), K2O
(0-0.02%), P205 (0.01-0.03%), large-ion litho-
phile (LIL) elements such as Ba (13-33 ppm),
Rb (10-11 ppm), other incompatible elements,
i.e. Zr (4-8 ppm), Y (6-16 ppm), Nb (2-5 ppm),
and REE. In contrast, the concentrations of
A12O3 (9.4-20.8%), CaO (11.8-15.1%) and
MgO (6.2-18.0%) are high (Table 1). The low
concentrations of the incompatible trace ele-
ments are attributed to the high proportion of
cumulate minerals and low amounts of inter-
cumulus-trapped liquid in the magma chamber
of the Pozanti-Karsanti Ophiolite. Parlak et al.
(1996) reported similar observations for the
Mersin Ophiolite in southern Turkey. The iso-
tropic gabbros are characterized by higher

concentrations of major and minor elements,
such as TiO2 (0.55-1.36%), K2O (0.09-0.37%),
P2O5 (0.09-0.13%), and incompatible trace ele-
ments, compared to the cumulate gabbros
(Table 1). Low Nb/Y ratios in the isotropic
gabbros (0.04-0.1) and in the cumulate gabbro-
norites (0.1-0.5) are characteristic of sub-
alkaline (tholeiitic) basalts (Winchester &
Floyd 1977).

Major element compositions of the cumulate
gabbros and isotropic gabbros are plotted on the
AFM diagram of Beard (1986). The gabbronor-
ites plot in the arc-related mafic cumulate field,
whereas the isotropic gabbros plot in the arc-
related non-cumulate field (Fig. 3). This implies
that both the cumulate and non-cumulate gab-
broic rocks formed in a suprasubduction zone
tectonic setting.

REE concentrations of two isotropic gabbros
and one cumulate gabbronorite are given in
Table 2. They exhibit slightly light rare earth
element (LREE) depleted to flat patterns (La/
Ybn = 0.8-1.1) and overall REE abundances of
between 5X and 14X chondritic (Fig. 4), sug-
gesting slightly differentiated comagmatic
tholeiitic suites. This reveals that the plutonic
rocks in the Pozanti-Karsanti Ophiolite are
compositionally similar to tholeiitic basalts and
basaltic andesites found in modern island-arc
environments.

Mineral chemistry

Clinopyroxene. Representative clinopyroxene
compositions from cumulate gabbronorites are
given in Table 3. The clinopyroxenes show
limited compositional variations (En4o_48

Wo4i_47Fs6_16) and plot in the diopside field of
the pyroxene ternary diagram (Fig. 5). On the
basis of clinopyroxene compositions, the gab-
bronorites from the Pozanti-Karsanti Ophiolite
are consistent with the gabbroic rocks formed in
an island-arc tectonic setting (Fig. 5). Mg-
numbers of the clinopyroxenes reach as high as
89 at the stratigraphic base and diminish to 75 at
the upper levels.

The Cr2O3 in clinopyroxene is plotted v. Mg-
number in Fig. 6a; the cumulate gabbronorites
exhibit a trend of decreasing Cr2O3 with
decreasing Mg-number. The clinopyroxenes
plot in the field of low-pressure Cpx derived
from 1 atm experimental studies of N-type
MORE (Elthon 1987). The Cr2O3 content and
Mg-number of clinopyroxenes from the ultra-
mafic cumulates are characterized by higher
values, consistent with the ultramafic cumulates
that formed in a high-pressure environment



Table 1. Major and trace element analyses of the cumulate and isotropic gabbro from the Pozanti-Karsanti Ophiolite (southern Turkey)

Cumulate gabbro

Sample

Si02

TiO2
A1203

FeO*
MnO
MgO
CaO
Na2O
K2O
P205

Cr203
NiO
LOI
Sum

Nb
Zr
Y
Sr
U
Rb
Th
Pb
Ga
Zn
Ni
Co
Cr
V
Ce

Ba
La
Hf
Sc

Mg-nun

H-30

50.03
0.22

11.06
10.84
0.20

14.22
13.04
0.60
0.00
0.02
0.20
0.02
0.00

100.45

2

8
15
51
4

10
4

24
15
97

155
54

1458
209

3

19

8
47

iber 56.744

H-31

50.78
0.19

10.32
10.18
0.19

15.43
12.35
0.65
0.00
0.02
0.19
0.03
0.41

100.73

2
8

16
57
4

10
2

24
15
94

205
59

1289
199

3
g

9

9
49

60.249

H-37

41.57
1.32

17.80
17.48
0.28
6.15

12.47
1.11
0.02
0.03
0.01
0.00
1.33

99.56

1
6

10
117

5
10
2

18
19

134
11
53
39

555
3

13

4
61

26.01

Y-l

47.96
0.30

11.78
11.63
0.20

13.89
12.53
0.42
0.00
0.01
0.09
0.02
1.26

100.09

1
6
8

44
6

11
2

27
15
59

133
67

575
407

3

16

6
53

54.429

Y-2

50.39
0.16
9.90
9.51
0.19

16.22
13.00
0.33
0.00
0.01
0.20
0.03
0.80

100.73

3
6
9

33
9

11
7

27
16
59

229
59

1377
197

3

9

13
49

63.03

Y-4

47.75
0.11

17.74
7.68
0.15

12.23
11.75
0.66
0.00
0.01
0.09
0.02
1.53

99.71

1
5
7

77
7

10
2

17
16
56
99
50

617
113

3
g
9

9
31

61.42

Y-7

47.06
0.12

17.86
6.60
0.13

10.53
13.91
0.71
0.00
0.01
0.11
0.03
2.44

99.50

1
6
8

98
2

10
2

13
16
41

177
40

723
114

3

9

6
23

61.45

Y-9

47.07
0.10

20.83
6.23
0.12
8.51

14.70
0.64
0.01
0.01
0.02
0.01
0.87

99.13

1
5
6

77
6

11
2

13
16
42
72
33

134
90
3
7
9

5
20

57.73

Y-10

44.96
0.61

18.12
13.30
0.18
8.71

13.25
0.58
0.00
0.01
0.01
0.00
0.56

100.27

1
6
8

75
7

11
2

22
16
74
13
65
44

437
5

10
9

5
30

39.584

Y-ll

46.90
0.17

19.35
7.91
0.15
8.90

14.32
0.59
0.01
0.01
0.05
0.01
0.94

99.31

1
6
8

73
7

11
2

17
16
46
59
44

301
168

3

9

6
21

52.92

Y-12

48.58
0.29

12.04
12.83
0.23

13.61
12.00
0.39
0.00
0.01
0.08
0.02
0.31

100.39

1
7
9
47
4

10
2

27
15
76

148
70

459
293

3
4

33

7
57

51.471

Y-13

50.30
0.21
7.68

10.08
0.20

16.04
14.01
0.25
0.01
0.01
0.22
0.02
1.27

100.30

5
7

10
19
8

11
4

29
16
59

175
61

1442
250

3
g

26

11
52

61.413

Y-14

50.04
0.19
9.40
9.95
0.19

16.39
12.64
0.34
0.00
0.01
0.22
0.03
0.85

100.25

4
7

10
35
8

11
5

29
15
64

186
59

1491
190

3

9

12
55

62.213

Y-15

49.17
0.18

11.49
8.62
0.17

14.56
14.21
0.37
0.00
0.02
0.15
0.02
0.62

99.57

1
6
9

40
8

11
2

27
15
55

164
52

982
186

3

9

9
38

62.8

Y-16

48.70
0.13

16.75
8.10
0.14

12.11
13.34
0.45
0.00
0.01
0.07
0.02
0.68

100.49

1
6
7

56
8

11
2

20
15
61

108
48

445
176

3
5
9

8
29

59.902

Y-17

46.46
0.09

19.04
6.45
0.12
9.20

13.75
0.67
0.01
0.01
0.01
0.01
4.48

100.29

1
4
7

64
5

10
2
9

16
49
50
43
64

119
3

9

4
23

58.971

Y-18

43.38
0.67

18.62
14.05
0.15
7.81

13.70
0.58
0.00
0.01
0.02
0.01
0.89

99.90

1
6
6

71
9

11
2

21
17
74
57
59

106
785

3

19

3
30

35.7

Y-19

50.42
0.16
6.17
8.66
0.17

18.00
15.10
0.22
0.00
0.02
0.30
0.05
1.01

100.26

6
8

11
16
8

11
6

34
15
60

437
65

1911
184

3

9

12
46

67.508

Y-20

47.47
0.09

19.11
6.69
0.13

10.21
14.19
0.45
0.01
0.01
0.01
0.01
1.09

99.47

1
4
6

62
2

10
2

15
15
55
59
45
57

132
3

9

5
23

60.4

Y-21

47.40
0.17

17.34
8.45
0.16

10.00
14.12
0.60
0.01
0.01
0.02
0.01
1.16

99.45

1
6
8

66
6

11
2

19
16
56
53
43

114
161

3

9

6
31

54.2

H-33

50.77
1.36

15.65
12.23
0.20
4.83
8.09
4.19
0.37
0.12
0.01
0.00
2.27

100.08

3
84
31

241
2

12
2
6

20
103
14
43
39

403
7

83

7
47

28.309

Isotropic gabbro

H-36

50.73
1.17

15.14
10.56
0.19
6.84

10.07
2.93
0.15
0.11
0.02
0.01
2.10

100.02

2
76
27

129
2

10
2

12
18
95
49
42

104
319

12

14

8
43

39.314

Y-3

49.98
1.17

15.18
11.33
0.18
6.40

10.32
2.44
0.18
0.09
0.01
0.01
2.90

100.20

1
58
24

119
5

12
2

14
18
81
39
43
81

350
10

35

7
39

36.09

Y-6

54.56
0.55

14.52
8.30
0.14
5.50
9.10
2.87
0.09
0.13
0.02
0.00
3.62

99.39

3
84
33

119
2
9
2

10
18
73
26
30

105
131

4

9
6
8

39

39.9

Y-8

51.99
0.94

15.23
10.09
0.16
5.98
9.69
2.47
0.18
0.09
0.01
0.01
3.35

100.21

1
57
24

102
3

12
2

12
18
79
30
38
40

309
3

11

7
40

37.222

* Total Fe is expressed as FeO.
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Fig. 3. AFM compositions of cumulate gabbronorites
(filled circles) and isotropic gabbro (open circles) in
the Pozanti-Karsanti Ophiolite. Fields of cumulate
and non-cumulate rocks are from Beard (1986).

such as Bay of Islands (Elthon et al. 1982) and
Mersin (Parlak et al. 1996).

Elthon (1987) suggested that clinopyroxenes,
formed at a moderate or higher pressure, also
have high A12O3 (> 3%) and TiO2 (> 1%)
contents. The A12O3 and TiO2 contents of the
clinopyroxenes from the cumulate gabbronor-
ites in the Pozanti-Karsanti Ophiolite are
plotted in Fig. 6b. The data from the gabbronor-
ites are represented by low TiO2 (< 0.4%) and
A12O3 (< 2.5%), and plot within the field of
low-pressure clinopyroxenes from the Semail
Ophiolite. The A12O3 content of clinopyroxenes

Table 2. REE results of cumulate and isotropic
gabbros from the Pozanti-Karsanti Ophiolite
(southern Turkey)

Samples Y-3 H-36 H-31

La
Ce
Pr
Nd
Sm
Eu
Gd
Dy
Ho
Er
Tm
Yb
Lu

3.20
6.80
1.10
6.00
2.20
0.89
2.90
3.70
0.78
2.2
0.33
2.00
0.30

3.40
8.20
1.30
7.60
2.70
1.09
3.50
4.40
0.89
2.40
0.37
2.20
0.31

1.20
n.d.
n.d.
1.90
0.80
0.33
n.d.
1.80
0.40
1.10
0.19
1.10
0.16

Y-3 and H-36 are isotropic gabbros;
H-31 is cumulate gabbronorite.
n.d., Not determined.

Fig. 4. REE patterns of the cumulate gabbronorite
(filled circles) and isotropic gabbros (open circles)
from the Pozanti-Karsanti Ophiolite. Normalizing
values are from Sun & McDonough (1989).

in the gabbronorites is very stable and does not
vary with increasing Mg-number. In Fig. 7b, the
variation of A12O3 v. Mg-number is perpendicu-
lar to the trend of a typical high-pressure field
defined by Medaris (1972), but is parallel to the
trend of typical low-pressure cumulates such as
the Semail Ophiolite, the Skaergaard Intrusion
and high-level gabbros from the Tonsina
Complex (DeBari & Coleman 1989). All the
evidence based on the clinopyroxene mineral
chemistry suggest that the cumulate gabbronor-
ites from the Pozanti-Karsanti Ophiolite
formed under low-pressure conditions represen-
tative of shallow levels of an island arc.

Orthopyroxene. Representative orthopyroxene
analyses from gabbronorites are given in Table
4. Orthopyroxene compositions are En79_
65Wc>3_iFs34_2o- Mg-numbers vary between 80
and 66. Orthopyroxenes are major cumulus
phases in the cumulate gabbronorites of the
Pozanti-Karsanti Ophiolite. The Cr2O3 content
of orthopyroxenes is negligible (< 0.2%) in
gabbronorites, whereas in ultramafic cumulates
the Cr2O3 content is higher (0.3%-0.5%),
related to magmatic differentiation in the
parent liquid. They are hypersthene in com-
position and are represented by high FeO (15-
21%) and low A12O3 (< 2%). The compositions
of the orthopyroxenes are consistent with the
compositions of gabbroic rocks that formed in
an island arc environment (Fig. 5).

The A12O3 content of orthopyroxenes are
plotted v. Mg-numbers in Fig. 7a. As observed
for the clinopyroxenes, the A12O3 contents of
the orthopyroxenes are very restricted in
compositional range with continuous differen-
tiation and almost parallel to the trend of well-
known plutonic intrusions (Skaergaard and
high-level gabbros from the Tonsina Complex),



Table 3. Representative clinopyroxene analysis from the cumulate gabbronorites

Sample

Si02
A12O3
Ti02
FeO*
MnO
MgO
Cr203
CaO
Na2O
K2O
Sum

Si
A1IV
A1VI
Ti
Fe3+

Fe2+

Mn
Mg
Cr
Ca
Na
K

Ens
Fors
Wol

Mg-number

Number of i<

Yl-lc

52.20
2.44
0.33
8.50

15.10
15.10
0.12

21.70
0.17
0.00

100.86

1.93
0.07
0.03
0.01
0.03
0.23
0.01
0.83
0.00
0.85
0.01
0.00

42.58
13.45
43.97

76.43

3ns on th

Y2-lc

52.40
2.27
0.24
6.50

15.10
15.10
0.31

22.80
0.19
0.00

99.98

1.93
0.07
0.03
0.01
0.02
0.18
0.01
0.83
0.01
0.90
0.01
0.00

42.87
10.62
46.51

80.55

ie basis c

Y4-lc

52.70
2.51
0.33
7.60

15.80
15.80
0.27

21.10
0.21
0.00

100.72

1.93
0.07
0.04
0.01
0.02
0.21
0.01
0.86
0.01
0.83
0.01
0.00

44.71
12.38
42.91

78.75

>f 6(O).

Y7-lc

52.70
2.31
0.32
7.00

15.10
15.10
0.23

22.40
0.21
0.00

100.42

1.94
0.06
0.04
0.01
0.01
0.20
0.00
0.83
0.01
0.88
0.01
0.00

42.89
11.39
45.72

79.36

Y9-lc

52.10
1.94
0.32
7.30

14.80
14.80
0.08

22.70
0.27
0.00

99.68

1.93
0.07
0.02
0.01
0.05
0.18
0.01
0.82
0.00
0.90
0.02
0.00

41.92
11.87
46.21

78.33

10-lc

52.50
2.03
0.38
7.60

15.10
15.10
0.07

22.40
0.27
0.00

100.56

1.93
0.07
0.02
0.01
0.05
0.19
0.01
0.83
0.00
0.88
0.02
0.00

42.44
12.32
45.24

77.98

11-lc

51.50
2.02
0.36
8.50

14.40
14.40
0.00

22.10
0.23
0.00

99.34

1.92
0.08
0.01
0.01
0.06
0.21
0.01
0.80
0.00
0.88
0.02
0.00

10.93
13.92
45.14

75.13

12-lc

51.90
2.24
0.38
8.60

14.40
14.40
0.00

22.30
0.29
0.00

100.36

1.92
0.08
0.02
0.01
0.06
0.20
0.01
0.79
0.00
0.88
0.02
0.00

40.69
14.06
45.28

74.91

13-lc

50.60
2.36
0.23
7.40

15.00
15.00
0.27

22.70
0.21
0.00

98.96

1.89
0.11

-0.01
0.01
0.11
0.12
0.01
0.83
0.01
0.91
0.02
0.00

42.17
11.97
45.86

78.33

14-lc

52.00
2.52
0.32
7.50

15.70
15.70
0.28

21.90
0.23
0.00

100.65

1.90
0.10
0.01
0.01
0.07
0.16
0.01
0.86
0.01
0.86
0.02
0.00

43.91
12.08
44.01

78.87

15-lc

52.30
2.49
0.31
6.70

15.30
15.30
0.24

23.00
0.26
0.00

100.80

1.91
0.09
0.02
0.01
0.06
0.14
0.01
0.83
0.01
0.90
0.02
0.00

42.86
10.84
46.30

80.28

16-lc

51.50
2.20
0.32
7.20

15.40
15.40
0.16

22.40
0.23
0.00

99.55

1.91
0.09
0.01
0.01
0.08
0.14
0.00
0.85
0.00
0.89
0.02
0.00

43.24
11.56
45.20

79.22

17-lc

50.90
2.11
0.27
8.20

15.70
15.70
0.00

21.50
0.21
0.00

99.12

1.89
0.11

-0.01
0.01
0.12
0.14
0.01
0.87
0.00
0.86
0.02
0.00

43.76
13.18
43.06

77.34

18-lc

51.20
2.18
0.32
8.80

14.60
14.60
0.00

21.40
0.33
0.00

99.15

1.91
0.09
0.01
0.01
0.08
0.19
0.01
0.81
0.00
0.86
0.02
0.00

41.64
14.50
43.86

74.73

19-lc

51.90
2.41
0.22
5.60

16.20
16.20
0.40

22.30
0.16
0.00

99.36

1.92
0.08
0.02
0.01
0.05
0.12
0.01
0.89
0.01
0.88
0.01
0.00

45.68
9.13

45.19

83.76

20-lc

51.80
2.13
0.24
7.30

15.30
15.30
0.00

22.50
0.22
0.00

99.69

1.92
0.08
0.01
0.01
0.08
0.15
0.01
0.84
0.00
0.89
0.02
0.00

42.88
11.80
45.32

78.89

H31-lc

52.20
2.35
0.36
7.30

14.70
14.70
0.33

22.10
0.34
0.00

99.84

1.93
0.07
0.04
0.01
0.03
0.20
0.01
0.81
0.01
0.88
0.02
0.00

42.28
12.04
45.68

78.21

H31-2c

52.20
2.43
0.33
7.30

14.70
14.70
0.34

22.00
0.35
0.00

99.85

1.93
0.07
0.04
0.01
0.02
0.20
0.01
0.81
0.01
0.87
0.03
0.00

42.34
12.12
45.54

78.21

*Total Fe is expressed as FeO.
c indicates core.
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Fig. 5. Pyroxene ternary diagram showing
clinopyroxene and orthopyroxene compositions from
the gabbronorites. Fields of island-arc gabbroic rocks
and Skaergaard trends are from Burns (1985).

interpreted as low-pressure igneous rocks (Fig.
7a). This implies that the gabbronorites were
formed at shallow levels, or under low pres-
sures, in an island arc.

Plagioclase. Representative plagioclase ana-
lyses from cumulate gabbronorites are given in
Table 5. Plagioclase is not observed in the basal
ultramafic cumulates and appears as a major
cumulus phase in the gabbronorites (Parlak &
Hock 1998). The plagioclase compositions are
highly calcic, ranging from An94 to An84, and do
not show variations in individual grains from
core to rim (Table 5). Highly calcic plagioclase,
and its limited compositional range in the
gabbronorites from the Pozanti-Karsanti
Ophiolite, is not consistent with gabbros
formed at mid-oceanic ridges (Burns 1985;

Hebert 1982), whereas they are comparable
with gabbroic rocks forming in a suprasubduc-
tion zone tectonic environment. Similar obser-
vations have been published from cumulate
gabbros of different ophiolite complexes
(Mersin Ophiolite - Parlak et al 1996, 1997;
Troodos Ophiolite - Hebert & Laurent 1990)
and arc-related igneous rocks (Arculus & Wills
1980; Dupuy et al 1982; Beard 1986; DeBari &
Coleman 1986; Fujimaki 1986; DeBari et al
1987).

Amphibole. Representative amphibole analyses
are given in Table 6. Amphiboles are present as
post-cumulus phases in the cumulate gabbro-
norites of the Pozanti-Karsanti Ophiolite.
Amphiboles, usually forming 2-3% of the rock
volume, are characterized by edenite based on
the Leake classification (Leake 1978). Edenite
and edenitic hornblende are reported from the
Peninsular Range Batholith (Smith et al. 1983).
Mg-numbers of the amphiboles ranges from 80
to 72; amphiboles in the gabbronorites are
characterized by low Ti (0.05-0.2) contents.
Green & Ringwood (1968) suggested that for-
mation of low Ti amphiboles requires equilib-
rium with Ti-depleted magma which contains
high amounts of water. Hydrous magmas are
related to arc regions where amphiboles are
commonly formed (Jakes & White 1972;
Arculus & Wills 1980; Foden 1983; Hebert &
Laurent 1990), whereas the water content of
ocean floor basalt magmas is very low (0.3%)
(Moore 1970).

Fig. 6. (a) Cr2O3 v. Mg-number in clinopyroxenes of the gabbroic cumulate. Low-pressure Cpx field from 1 atm
experimental studies of N-MORB (Elthon 1987). (b) A12O3 v. TiO2 contents in clinopyroxenes. The field of the
Semail Ophiolite is from Pallister & Hopson (1981).
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Fig. 7. Plot of A12O3 v. Mg-number in the
clinopyroxenes and orthopyroxenes from the
gabbronorites. The field of high-pressure peridotite
after Medaris (1972). The trend of gabbroic cumulates
is parallel to the trend of low-pressure cumulates such
as Skaergaard, the Semail Ophiolite and the Tonsina
Complex [from DeBari & Coleman (1989)].

Petrogenesis of the Pozanti-Karsanti
Ophiolite
Magmas erupted in destructive plate boundaries
are commonly considered to be derived from
sources initially more depleted than the sources
of MORE and subsequently selectively en-
riched by components derived from subducted
crust (Knittel & Oles 1994). Magnesian olivine
(Fo92_94) and Cr-rich chromite (Cr-number
> 0.65) in primitive island-arc basalts and low
abundances of high field strength (HFS) ele-
ments are additional evidence for initially
depleted sources (Woodhead etal. 1993).

On the basis of both petrographic and
mineralogical studies, the plutonic rocks in the
Pozanti-Karsanti Ophiolite evolved by frac-
tional crystallization and differentiation. Pro-
gressive decrease of Cr2O3 and TiO2 in ortho-
and clinopyroxenes (Fig. 6), with decreasing
Mg-number, are indicative of these processes.
Low Al contents in ortho- and clinopyroxenes
suggest relatively high SiO2 activity in the
parental and derivative liquids, indicating that
the magma had a tholeiitic or calc-alkaline
affinity (Le Bas 1962; Hebert & Laurent 1990).
Crystallization of calcic plagioclase (An94_84)
and a limited range of clinopyroxene composi-
tions are similar to the restricted compositional
variations observed in orogenic andesite suites
within an island arc (Hebert & Laurent 1990).
The presence of amphibole and An-rich plagio-
clase in the plutonic rocks of the Pozanti-Karsanti

Ophiolite indicates hydrous conditions at the
time of their magmatic differentiation. Accord-
ing to the experimental work of Spulber-Dixon
& Rutherford (1983), amphibole is stable in
basaltic magmas under a total pressure
> 2 kbar (3-6 km). Conrad et al. (1983) stated
that temperatures of amphibole stability range
from 1050 to 700°C.

In order to constrain pressure-temperature
(= depth) conditions of the ophiolitic magma
chamber where accumulation was taking place
during the generation of the Pozanti-Karsanti
Ophiolite, several calculation methods were
used on single and coexisting mineral pairs
from the gabbroic cumulates. A Cpx-Opx
geothermometer, based on the calculations of
Wood & Banno (1973), yielded 950°C. An Opx
geothermometer (Brey & Kohler 1990) yielded
temperatures of 805-1033°C. Application of a
Cpx-Pl geobarometer (Ellis 1980) to the cumu-
late gabbronorites yielded pressures of 2.3-
3.6 kbar, suggesting a depth of 3-6 km for the
crystallization of cumulate gabbronorites at the
time of oceanic crust generation.

All the evidence presented so far suggests
that the primary magma which created the
Pozanti-Karsanti Ophiolite was composition-
ally similar to that observed in modern island-
arc tholeiitic sequences.

Tectonic implications

Ophiolites in the eastern Mediterranean region
and the Middle East, including Oman, Baer
Bassit in Syria, the Zagros ophiolites in Iran,
and Kizildag (Hatay), Mersin, Sankaraman and
Pozanti-Karsanti in Turkey, originated in a
suprasubduction zone tectonic environment,
based on the geochemical studies of volcanic
and layered plutonic rock units (Pearce et al.
1984; Lytwyn & Casey 1993; Robertson 1994;
Parlak et al. 1996,1997; Yalimz et al. 1996).

Lytwyn & Casey (1995) and Polat et al. (1996)
concluded that the Pozanti-Karsanti Ophiolite
probably formed along a mid-ocean ridge north
of the Tauride Platform and constituted part of
the forearc mantle wedge as already formed
oceanic crust during the intra-oceanic sub-
duction zone, and was finally obducted onto the
Tauride Platform during Late Cretaceous or
Early Palaeocene time. They also pointed out
that the doleritic and gabbroic dyke swarms
intruding the Pozanti-Karsanti Ophiolite and
metamorphic sole were produced during intra-
oceanic subduction and thus are compositionally
similar to island-arc basalts and basaltic ande-
sites. Whole-rock and mineral chemistry of



Table 4. Representative orthopyroxene analysis from the cumulate gabbronorites

Sample

Si02
A1203
Ti02
FeO*
MnO
MgO
Cr203
CaO
Na2O
K20
Sum

Si
Al (IV)
Al (VI)
Ti
Fe3+

Fe2+

Mn
Mg
Cr
Ca
Na
K

Ens
Fors
Wol

Mg-number

Yl-lc

54.20
1.25
0.15

17.90
0.42

25.60
0.00
0.63
0.00
0.00

100.15

1.97
0.03
0.03
0.00
0.00
0.55
0.01
1.39
0.00
0.02
0.00
0.00

70.46
28.29

1.25

71.63

Y2-lc

54.40
1.59
0.10

15.90
0.37

26.70
0.25
0.74
0.00
0.00

100.05

1.96
0.04
0.03
0.00
0.00
0.49
0.01
1.44
0.01
0.03
0.00
0.00

73.43
25.11

1.46

74.58

Y4-lc

54.60
1.58
0.13

15.90
0.38

27.10
0.15
0.76
0.00
0.00

100.60

1.96
0.04
0.03
0.00
0.00
0.47
0.01
1.45
0.00
0.03
0.00
0.00

73.68
24.83

1.48

75.24

Y7-lc

54.40
1.35
0.10

16.50
0.33

26.80
0.15
0.60
0.00
0.00

100.23

1.96
0.04
0.02
0.00
0.01
0.49
0.01
1.44
0.00
0.02
0.00
0.00

73.08
25.75

1.18

74.33

Y9-2c

53.90
1.16
0.12

18.40
0.47

25.60
0.00
0.88
0.00
0.00

100.53

1.96
0.04
0.01
0.00
0.03
0.53
0.01
1.38
0.00
0.03
0.00
0.00

69.53
28.75

1.72

71.27

10-lc

53.60
1.13
0.16

18.60
0.41

25.90
0.00
0.69
0.00
0.00

100.49

1.94
0.06

-0.01
0.00
0.06
0.51
0.01
1.40
0.00
0.03
0.00
0.00

69.88
28.78

1.34

71.29

11-lc

53.10
1.13
0.13

21.30
0.55

23.80
0.00
0.87
0.00
0.00

100.88

1.94
0.06

-0.01
0.00
0.05
0.60
0.02
1.30
0.00
0.03
0.00
0.00

64.88
33.42

1.70

66.58

12-lc

52.10
1.29
0.14

20.30
0.44

24.20
0.00
1.12
0.00
0.00

99.59

1.92
0.08

-0.02
0.00
0.09
0.54
0.01
1.33
0.00
0.04
0.00
0.00

66.05
31.76
2.20

68.00

13-lc

53.90
1.42
0.13

17.50
0.37

26.50
0.15
0.58
0.00
0.00

100.55

1.94
0.06
0.01
0.00
0.04
0.49
0.01
1.43
0.00
0.02
0.00
0.00

71.73
27.14

1.13

72.97

14-lc

53.70
1.63
0.14

16.70
0.40

27.20
0.19
0.74
0.00
0.03

100.73

1.93
0.07

-0.01
0.00
0.07
0.43
0.01
1.45
0.01
0.03
0.00
0.00

72.87
25.70

1.42

74.38

15-lc

53.40
1.52
0.15

16.70
0.39

27.30
0.19
0.70
0.00
0.00

100.35

1.92
0.08

-0.01
0.00
0.08
0.42
0.01
1.46
0.01
0.03
0.00
0.00

73.01
25.64

1.35

74.45

16-lc

53.60
1.47
0.16

17.50
0.39

26.70
0.14
0.87
0.00
0.00

100.83

1.93
0.07

-0.01
0.00
0.07
0.45
0.01
1.43
0.00
0.03
0.00
0.00

71.46
26.86

1.67

73.12

17-lc

53.50
1.44
0.15

18.00
0.40

26.20
0.00
1.17
0.00
0.00

100.86

1.93
0.07

-0.01
0.00
0.08
0.47
0.01
1.41
0.00
0.05
0.00
0.00

70.12
27.63
2.25

72.18

18-2c

52.80
1.21
0.20

20.20
0.46

24.30
0.00
0.76
0.00
0.00

99.93

1.94
0.06
0.00
0.01
0.05
0.57
0.01
1.33
0.00
0.03
0.00
0.00

66.69
31.81

1.50

68.20

Y19-lc

53.80
1.56
0.09

13.00
0.26

29.50
0.22
0.88
0.00
0.00

99.31

1.92
0.08

-0.01
0.00
0.08
0.31
0.01
1.57
0.01
0.03
0.00
0.00

78.52
19.80
1.68

80.18

20-lc

53.60
1.31
0.11

17.40
0.37

26.50
0.00
0.99
0.00
0.00

100.28

1.94
0.06

-0.01
0.00
0.06
0.46
0.01
1.43
0.00
0.04
0.00
0.00

71.27
26.81

1.91

73.08

H31-lc

53.70
1.29
0.15

17.70
0.37

25.60
0.21
0.85
0.00
0.00

99.87

1.96
0.04
0.01
0.00
0.01
0.53
0.01
1.39
0.01
0.03
0.00
0.00

70.43
27.89

1.68

72.06

H31-2c

53.80
1.42
0.21

17.40
0.38

25.70
0.21
0.95
0.00
0.00

100.07

1.96
0.04
0.02
0.01
0.01
0.52
0.01
1.39
0.01
0.04
0.00
0.00

70.69
27.44

1.88

72.48

H31-3c

53.90
1.32
0.11

17.70
0.39

25.70
0.23
0.75
0.00
0.00

100.10

1.96
0.04
0.02
0.00
0.01
0.53
0.01
1.39
0.01
0.03
0.00
0.00

70.63
27.89

1.48

72.13

Number of ions on the basis of 6 (O).
* Total Fe is expressed as FeO.
c indicates core.



Table 5. Representative plagioclase analysis from the cumulate gabbronorite

Sample Yl-lc Y2-lc Y4-lc Y7-lc

SiO2 45.10 45.20 45.00 45.20
A1203 35.20 35.00 35.30 35.20
FeO 0.34 0.33 0.28 0.35
CaO 18.60 18.40 18.80 18.60
Na20 0.83 1.00 0.78 0.94
K2O 0.00 0.00 0.00 0.00
Sum 100.07 99.93 100.16 100.29

Si 2.08 2.09 2.07 2.08
Al(IV) 0.92 0.91 0.93 0.92
Al(VI) 0.99 0.99 0.99 0.99
Fe2+ 0.01 0.01 0.01 0.01
Ca 0.92 0.91 0.93 0.92
Na 0.07 0.09 0.07 0.08
K 0.00 0.00 0.00 0.00

Or 0.00 0.00 0.00 0.00
Ab 7.47 8.95 6.98 8.38
An 92.53 91.05 93.02 91.62

Number of ions on the basis of 16 (O).
Total Fe is expressed as FeO.
c indicates core.

Y7-5c

45.40
35.20
0.33

18.50
0.99
0.00

100.42

2.08
0.92
0.99
0.01
0.91
0.09
0.00

0.00
8.83

91.17

Y9-lc

44.90
34.50
0.37

18.50
1.09
0.00

99.36

2.08
0.92
0.97
0.01
0.92
0.10
0.00

0.00
9.63

90.37

10-lc

45.20
34.40
0.31

18.40
1.10
0.04

99.45

2.09
0.91
0.97
0.01
0.91
0.10
0.00

0.23
9.74

90.03

11-lc

45.20
34.70
0.39

18.50
1.05
0.00

99.84

2.09
0.91
0.98
0.02
0.92
0.09
0.00

0.00
9.31

90.69

12-lc

44.90
34.50
0.42

18.60
1.09
0.00

99.51

2.08
0.92
0.96
0.02
0.92
0.10
0.00

0.00
9.59

90.41

13-lc

44.10
34.60
0.35

19.10
0.72
0.00

98.87

2.06
0.94
0.97
0.01
0.96
0.07
0.00

0.00
6.39

93.61

14-lc

43.80
34.40
0.31

18.90
0.84
0.00

98.25

2.06
0.94
0.96
0.01
0.95
0.08
0.00

0.00
7.44

92.56

15-lc

44.30
35.00
0.37

18.50
0.90
0.00

99.07

2.06
0.94
0.98
0.01
0.92
0.08
0.00

0.00
8.09

91.91

16-lc

44.70
35.00
0.49

18.20
0.94
0.00

99.33

2.08
0.92
0.99
0.02
0.91
0.08
0.00

0.00
8.55

91.45

17-lc

44.50
35.00
0.46

18.50
0.82
0.00

99.28

2.07
0.93
0.99
0.02
0.92
0.07
0.00

0.00
7.43

92.57

18-lc

45.50
34.60
0.37

18.20
1.11
0.00

99.78

2.10
0.90
0.99
0.01
0.90
0.10
0.00

0.00
9.94

90.06

20-lc

44.40
34.90
0.42

18.90
0.82
0.00

99.44

2.06
0.94
0.97
0.02
0.94
0.07
0.00

0.00
7.28

92.72

31-3c

46.90
33.60
0.28

16.90
1.83
0.00

99.51

2.16
0.84
0.99
0.01
0.84
0.16
0.00

0.00
16.38
83.62

31-4c

46.30
34.00
0.29

17.30
1.52
0.00

99.41

2.14
0.86
1.00
0.01
0.86
0.14
0.00

0.00
13.72
86.28



Table 6. Representative amphibole analysis from the cumulate gabbronorites

Sample

SiO2

A1203
TiO2
FeO
Cr203
MnO
MgO
CaO
Na20
K2O
Sum

Si
Al(IV)
Al(VI)
Ti
Fe2+

Cr
Mn
Mg
Ca
Na
K

Mg-number

11-lc

50.50
5.99
1.05

11.10
0.00
0.19

16.80
11.40
0.80
0.05

97.88

7.23
0.77
0.24
0.11
1.33
0.00
0.02
3.59
1.75
0.22
0.01

0.73

ll-3c

50.00
6.30
1.07

10.50
0.00
0.15

16.70
11.90
0.73
0.10

97.45

7.18
0.82
0.25
0.12
1.26
0.00
0.02
3.58
1.83
0.20
0.02

0.74

ll-4c

48.50
7.53
0.75

11.20
0.00
0.23

16.60
11.20
1.21
0.17

97.39

7.01
0.99
0.30
0.08
1.35
0.00
0.03
3.58
1.74
0.34
0.03

0.73

ll-6c

53.40
3.63
0.43
9.00
0.00
0.15

18.40
12.30
0.37
0.07

97.75

7.56
0.44
0.16
0.05
1.06
0.00
0.02
3.88
1.86
0.10
0.01

0.78

Y9-lc

48.70
8.00
0.73

10.60
0.08
0.15

16.50
12.00
1.02
0.22

98.00

6.99
1.01
0.34
0.08
1.27
0.01
0.02
3.53
1.84
0.28
0.04

0.74

Y9-2c

49.40
6.75
1.01

11.10
0.00
0.12

16.50
11.90
0.82
0.08

97.68

7.11
0.89
0.25
0.11
1.34
0.00
0.01
3.54
1.83
0.23
0.01

0.73

Y9-3c

50.80
6.14
1.02

10.50
0.00
0.16

17.30
11.80
0.70
0.06

98.48

7.21
0.79
0.24
0.11
1.25
0.00
0.02
3.66
1.79
0.19
0.01

0.75

Y9-4c

50.40
6.22
0.93

10.40
0.08
0.13

16.90
12.10
0.72
0.06

97.94

7.20
0.80
0.25
0.10
1.24
0.01
0.02
3.60
1.85
0.20
0.01

0.74

Y9-5c

48.80
6.86
0.98

11.30
0.08
0.13

16.50
11.70
0.89
0.09

97.33

7.06
0.94
0.23
0.11
1.37
0.01
0.02
3.56
1.81
0.25
0.02

0.72

13-lc

48.90
7.09
0.81
9.30
0.20
0.09

17.20
12.00
0.84
0.08

96.51

7.07
0.93
0.28
0.09
1.12
0.02
0.01
3.71
1.86
0.24
0.01

0.77

13-2c

49.40
6.53
0.71
9.40
0.20
0.13

17.40
11.80
0.72
0.06

96.35

7.15
0.85
0.26
0.08
1.14
0.02
0.02
3.75
1.83
0.20
0.01

0.77

13-3c

47.80
7.05
0.87
9.30
0.39
0.12

17.00
12.10
0.91
0.07

95.61

7.00
1.00
0.22
0.10
1.14
0.05
0.01
3.71
1.90
0.26
0.01

0.77

13-4c

49.50
6.57
0.74
9.10
0.26
0.11

17.20
12.10
0.83
0.06

96.47

7.15
0.85
0.27
0.08
1.10
0.03
0.01
3.70
1.87
0.23
0.01

0.77

Yl-lc

49.60
7.27
1.02
9.80
0.12
0.12

16.90
11.80
0.91
0.04

97.58

7.10
0.90
0.32
0.11
1.17
0.01
0.01
3.60
1.81
0.25
0.01

0.75

Y2-2c

49.40
7.80
0.76
8.70
0.45
0.12

17.40
11.80
0.97
0.00

97.40

7.05
0.95
0.36
0.08
1.04
0.05
0.01
3.70
1.80
0.27
0.00

0.78

Y4-lc

48.80
8.60
0.90
9.20
0.29
0.09

16.90
12.00
1.22
0.04

98.04

6.95
1.05
0.39
0.10
1.10
0.03
0.01
3.59
1.83
0.34
0.01

0.77

Y4-2c

47.80
8.90
0.98
9.20
0.33
0.10

16.80
12.10
1.19
0.00

97.40

6.87
1.13
0.37
0.11
1.10
0.04
0.01
3.60
1.86
0.33
0.00

0.77

Y4-5c

50.60
6.79
0.71
8.10
0.29
0.10

17.80
12.00
0.95
0.00

97.34

7.19
0.81
0.33
0.08
0.96
0.03
0.01
3.77
1.83
0.26
0.00

0.80

Y4-6c

51.00
6.39
0.68
8.00
0.35
0.10

18.30
12.00
0.93
0.03

97.78

7.22
0.78
0.28
0.07
0.95
0.04
0.01
3.86
1.82
0.26
0.01

0.80

Y7-lc

48.80
8.10
1.02
9.20
0.34
0.10

16.60
11.90
1.03
0.10

97.19

7.01
0.99
0.38
0.11
1.10
0.04
0.01
3.55
1.83
0.29
0.02

0.76

Number of ions on the basis of 23 (O).
Total Fe is expressed as FeO.
c indicates core.
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Fig. 8. (a) Composition of coexisting plagioclase (An mol%) and clinopyroxene (Mg-number) in the
gabbronorite of the Pozanti-Karsanti Ophiolite. Fields of MORE and arc gabbro are from Burns (1985). The
field of the Mersin Ophiolite is from Parlak et al. (1996). (b) Anorthite content in plagioclase (mol%) v. enstatite
content in orthopyroxene (mol%) for the Pozanti-Karsanti Ophiolite. The Troodos Trend is from Hebert &
Laurent (1990). R, Rindjami Volcano (Foden 1983); B3a, B2, Boisa Volcano (Gust & Johnson 1981); U, Usa
Volcano (Fujimaki 1986).

cumulate gabbronorites from the Pozanti-
Karsanti Ophiolite indicate an arc rather than
mid-ocean ridge affinity. Figure 8a shows the
covariation of plagioclase and clinopyroxene
from both the Pozanti-Karsanti and the Mersin
Ophiolites. Gabbroic rocks which originated in
an arc environment differ from those formed in a
mid-ocean ridge environment in terms of their
high anorthite content of plagioclase (Burns
1985; Hebert & Laurent 1990; Parlak et al
1996). The gabbroic cumulates of the Pozanti-
Karsanti Ophiolite clearly plot in the arc gabbro
field defined by Burns (1985). As indicated in the
petrography section, olivine does not occur in the
studied gabbroic section. Figure 8b presents the
covariation of plagioclase and enstatite from the
Pozanti-Karsanti and Troodos Ophiolites, and
known island arcs. This diagram clearly indicates
that covariation of coexisting minerals evolved
similarly to the trends of the Troodos Ophiolite
and island arcs, and differs from the oceanic
cumulate spectrum. All the evidence presented
so far suggests that the Pozanti-Karsanti Ophio-
lite originated during intra-oceanic subduction
and is compositionally similar to the plutonic
rocks of the Mersin Ophiolite (Parlak et al. 1996)
in southern Turkey and the Troodos Ophiolite
(Hebert & Laurent 1990) in Cyprus.

To summarize, in the north of the Anatolide-
Tauride Platform, the Pozanti-Karsanti Ophio-
lite represents an important element for regional

reconstruction. It originated at the beginning of
Late Cretaceous time in a suprasubduction zone
tectonic setting related to the north dipping
subduction of the northern branch of Neoteth-
yan Ocean. This intra-oceanic subduction led to
the formation of a metamorphic sole followed by
dykes intruding both the metamorphic sole and
the oceanic crust. This sole contains remnants of
ocean island rocks and oceanic crust carried into
the subduction zone (Lytwyn & Casey 1995).
The isolated diabase/dolerite dykes exhibit the
chemical signature of island-arc basalts (Lytwyn
& Casey 1995). The Pozanti-Karsanti Ophiolite
continued to accrete melange after the dyke
emplacement and was finally obducted over the
Tauride Platform during Late Cretaceous or
Early Palaeocene time (Lytwyn & Casey 1995;
Polat & Casey 1995).

Conclusions
• The major and trace element (including

REE) geochemistry, as well as mineral
chemistry, of the plutonic rocks suggests that
the primary magma generating the Pozanti-
Karsanti Ophiolite is compositionally similar
to those observed in modern island-arc
tholeiitic sequences.

• The mineral chemistry of the basal ultramafic
cumulates (dunite, wehrlite, websterite)
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show evidence of high-pressure crystalliz-
ation (c. 10 kbar), typical for the base of an
island-arc system, whereas the mineral chem-
istry of the cumulate gabbronorites exhibits
lower pressure crystallization (2.3-3.6 kbar),
owing to the presence of amphibole. These
gabbronorites probably represent shallower
levels in the same arc which were juxtaposed
against the basal ultramafic cumulates either
during accretion or later faulting.

• The results of this work suggest that the
Pozanti-Karsanti Ophiolite had a similar
tectonic setting to other Late Cretaceous
Neotethyan ophiolites, namely the Sankara-
man (Yahniz et al. 1996) and Mersin (Parlak
et al. 1996,1997) ophiolites in Turkey and the
Troodos ophiolite in Cyprus (Hebert &
Laurent 1990), in the eastern Mediterranean
region, rather than along a mid-oceanic ridge
during the opening of Neotethyan ocean as
suggested by Lytwyn & Casey (1995).
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Abstract: Comparison of two sets of structural and thickness maps of the Black Sea Basin
produced by Russian and Italian workers revealed important differences in the interpret-
ation of thickness and structure of the lower sedimentary unit, referred to in both works as
Talaeocene-Eocene'. The map based on the Italian data shows two depocentres with
> 5 km of sediment in the westernmost part of the Western Black Sea Basin (WBSB), while
in the rest of the WBSB and in the Eastern Black Sea Basin (EBSB) the thickness is 2-3 km.
Analysis of the land and submarine geology suggests that depocentres correspond to two
segments of an early back-arc rift system formed in the late Early Cretaceous. The third
segment of this system is represented by the Karkinit Graben on the northern shelf of the
Black Sea. Submarine studies reveal that the graben originated behind an Early Cretaceous
volcanic arc situated on the present day continental slope and rise.

Most of the WBSB and the EBSB opened in the Eocene. For the EBSB this age is
supported by data on its landward extension - the Adjaro-Trialet Basin. The EBSB could
not open due to anticlockwise rotation of the Shatsky Rise because there was no
corresponding subduction or shortening in the Greater Caucasus Basin. An alternative
hypothesis is that of simultaneous opening of the EBSB and the WBSB as a result of
southward drift of the Pontides and clockwise rotation of the Andrusov Rise.

Sedimentary fill of the Black Sea Basin has been
studied by seismic methods since the 1950s. At
the end of the 1980s the great volume of ac-
cumulated data was analysed and processed by
two groups of workers in Russia and Italy. The
Russian group, led by D. A. Tugolesov, pub-
lished a set of structural and thickness maps for
the Cenozoic sequence of the basin in 1985 and
1989 (Tugolesov et al. 1985; Tugolesov 1989)
(isopachs and depths were presented in metres).
Italian work was originally based on a joint
Italian-Russian project and a collection of
maps was compiled and published in Italy
(Finetti et al. 1988). In this publication a two-
way time travel (TWTT) scale was used for
maps of thicknesses and structures.

The different methods of presentation made
comparison between the two sets of maps
extremely difficult. At the same time, it was
clear that important differences existed in in-
terpretation of the distribution and structure of
sedimentary sequences. To facilitate compari-
son, the maps of the Italian authors were
recalculated by converting the TWTT to a
depth scale, using interval velocities adopted by
Finetti and co-authors (Finetti et. al. 1988, plates
6-10). (Transformation and computer drawing
of maps was carried out at the Moscow State
University by a group of geophysicists led by V.
P. Melikhov and A. A. Bulychev.)

The next step was to establish correlation

between seismostratigraphic schemes used in
each analysis. At first sight the differences in
the stratigraphic volume of the mapped units
prevented any meaningful correlation (Fig. 1).
Only the lower unit termed Talaeocene-
Eocene', was interpreted identically by Russian
and Italian authors. In the Eastern Black Sea
Basin (EBSB) and at the margins of the Wes-
tern Black Sea Basin (WBSB), its lower bound-
ary coincides with the top of the pre-Cenozoic
(Cretaceous?) sequence and in the central part
of the WBSB - presumably with the top of the
basaltic crust (Neprochnov et al. 1974). The top
of the unit is marked by a strong reflector at the
contact between the Palaeocene-Eocene car-
bonates and Maikopian clays. The stratigraphic
volumes of other units do not coincide. How-
ever, close inspection of publications (Finetti et
al 1988; Tugolesov 1993) clearly shows that in
both schemes the same reflectors were mapped
as unit boundaries, although the ages ascribed to
them were different. The reason for discrep-
ancies was very simple: Russian interpretators
used drillholes and outcrops on the northern
and northwestern shelves and on the Caucasus
coast of the Black Sea for seismic profile cali-
bration, while the stratigraphic scheme applied
by the Italian geophysicists tied the profiles to
drillholes on the Bulgarian or Turkish shelves
and also used local stratigraphy. For example,
the top of Maikopian was identified in the same

From: BOZKURT, E., WINCHESTER, J. A. & PIPER, J. D. A. (eds) Tectonics and Magmatism in Turkey and the
Surrounding Area. Geological Society, London, Special Publications, 173, 235-249. l-86239-064-9/00/$15.00
© The Geological Society of London 2000.
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Fig. 1. Main reflectors and Cenozoic seismic complexes.

way in both works, but in the Russian version it
was dated as the top of Early Miocene, whereas
in the Italian one as the top of the Oligocene.
The situation with other seismostratigraphic
boundaries is the same. Their correlation is
presented in Fig. 2, with the Russian version of
stratigraphy accepted as being supported by
better biostratigraphic evidence.

In this paper only the data on the lower
(Palaeocene-Eocene) part of the basin se-
quence are examined. In the compared publi-
cations the differences concerning this part are

most striking and have the most important
implications.

The thickness and structure of the
Palaeocene-Eocene sediments and their
implications for the early stages of the
Black Sea opening

The deep basin of the Black Sea consists of two
sub-basins: the WBSB and the EBSB (Fig. 3).
Until the Middle Miocene they were separated
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Fig. 2. Correlation of reflectors and Cenozoic seismic complexes.

by a massive elongated crustal block including
the Andrusov and Arkhangelsky Rises. In many
publications the block is described as the Cen-
tral Black Sea Rise (CBR). Since Middle Mio-
cene times, sediments overlapped the rise and
the sub-basins have merged into a single deep-
water basin.

According to Tugolesov and co-authors
(Tugolesov et al 1985; Tugolesov 1989, 1993),
the Palaeocene-Eocene sedimentation pattern
in the two sub-basins was different (Fig. 4). In
the EBSB the sediments, 2-3 km thick, reveal a
rather complicated structure with deeps and
rises of a roughly northeast-southwest trend. A
greater thickness (up to 6 km) is characteristic
only for the southeastern corner of the EBSB,
which forms an extension of the Adjaro-Trialet
Basin of the Transcaucasus (Adamia et al 1974;
Kopp & Shcherba 1998).

The maximum thickness of the Palaeocene-
Eocene sediments in the WBSB is 5-6 km; this is
characteristic of the central and eastern portion
of the sub-basin. In its western part the thick-

ness decreases from 5 to 1 km. The greatest
thickness, up to 6 km, occurs in a narrow zone
in the extreme southwest, roughly correspond-
ing to the Lower Kamchian foredeep. Another
small area of 6 km thick sediments is in the
eastern corner of the WBSB between the CBR
and the Pontides. The much greater thickness of
Palaeocene-Eocene sediments in the WBSB
compared with the EBSB could be interpreted
as an indication of significant differences in the
history of two sub-basins.

A very different picture appears from the
map based on Finetti's data (Fig. 5). As in
Tugolesov's map, the configuration of isopachs
is more complex in the EBSB. However, in most
of the WBSB and the EBSB the thickness of
Palaeocene-Eocene sediments is similar and
varies between 2 and 3 km. Only in the western
part of the WBSB are there two very distinctive
depocentres with a maximum thickness of the
Palaeocene-Eocene up to 5-6 km and, perhaps,
even more. The depocentres are elongated
northeast-southwest and are situated at the
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Fig. 3. Main structural elements of the Black Sea [after Tugolesov et al (1985)]. 1, Precambrian platform; 2,
Palaeozoic (Scythian) platform; 3, fold belts; 4, major sedimentary basins; 5, foredeeps; 6, faults - a, nappes; b,
normal faults; thick line, transverse fault. EE, East European Platform; GC, Greater Caucasus; M, Moesian
Platform; ND, North Dobrogea. Encircled numbers: 1, Western Black Sea; 2, Eastern Black Sea; 3, Karkinit
Graben; 4, Indolo-Kuban Basin. Foredeeps: 5, Kamchian; 6, Sorokin; 7, Tuapse; 8, Gurian and Rioni. Uplifted
blocks: 9, Andrusov; 10, Arkhanglevsky; 11, Shatsky; 12, Kalamit; 13, Kilian. Transverse faults: 14, Pechenega-
Camena; 15, West Crimea; 16, St George Fault.

base of the Black Sea western continental slope.
The northern depocentre is partly overlapped
by sediments of the Danube Delta, which form
the prograding shelf. However, its position at
the base of the palaeoslope is clearly seen in the
reconstructed map (Tugolesov et al. 1985;
Fig. 6).

The depocentres are separated by a saddle
lying along-strike of a major continental fault

zone - the Pechenega-Camena Fault. This zone
forms the northeastern limit of the Moesian
Plate, separating it from the early Cimmerian
North Dobrogea Fold Belt. Along the supposed
extension of the Pechenega-Camena Fault, the
depocentres are sinistrally disposed. The steep
northern slope of the northern depocentre is
also along-strike of one of the most important
faults in the adjacent portion of the continent -

Fig. 4. Palaeocene-Eocene thickness map from Tugolesov (1989). Isopachs are at 1 km intervals.
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Fig. 5. Palaeocene-Eocene deposit thickness maps from Finetti et al. (1988) transformed by the present authors
into the metric thickness scale. Isopachs are drawn with 0.5 km intervals.

the St George Fault. This fault bounds the
North Dobrogea Orogen from the northeast
and, as well as the Pechenega-Camena Fault, is
traced across the shelf and up to the western
continental slope of the Black Sea (Finetti et al.
1988). It seems, that in the structure of the
depocentres, both faults acted as transverse or
transcurrent features.

The maps provide important information
about the relief of the basement top. In Tugole-
sov's map (Tugolesov 1989) the basement (seis-
mic horizon K) in most of the WBSB is at 14 km
or more depth, the deepest area coinciding with
the flat central-eastern part of the sub-basin
(Fig. 7). In the area of the depocentres, de-
scribed above, the basement shallows to c. 9-10
km; by contrast, the EBSB displays a more
complex basement relief with several highs and
lows up to 11-12 km deep.

The map based on Finetti's data (Fig. 8)
shows quite a different pattern. A depression of
15 km, i.e. the deepest part in the whole Black
Sea, corresponds to the southwestern depo-
centre of the Palaeocene-Eocene sediments.
This depression is separated from the rest of
the WBSB by a vaguely defined barrier or ridge
with a northwesterly trend in line with the

Pechenega-Camena Fault. A less deep (up to
14 km), but still pronounced, basement de-
pression corresponds to the northeastern depo-
centre. In the northeast this depression is
limited by a northwesterly trending scarp,
which sharply displaces the continental slope of
the WBSB. In other words, both depocentres
coincide with deep depressions in the pre-
Cenozoic basement.

Speculating on the tectonic nature of the
depressions and the corresponding depocentres,
one can consider the possibility that they rep-
resent the oldest part of the Black Sea. Opening
of the WBSB began in the Barremian-Aptian
(Okay et al. 1994; Robinson et al 1996), or in the
Albian (Kazmin 1997; Schreider et al 1997), as a
result of back-arc rifting in the rear of the
Pontide volcanic arc. If the depressions are
early rifts they may contain not only the
Palaeocene-Eocene sediments but also older
(Lower and Upper Cretaceous) syn- and post-
rift deposits; thus explaining the great thickness
of the sedimentary pile in the depocentres. The
shape of the depocentres, their relative displace-
ment and apparent control by transcurrent
faults favours a rift origin.

Important data in support of this concept



Fig. 6. Continental palaeoslopes of the Black Sea Basin [after Tugolesov et al (1985)]. 1, Present-day continental slope; 2, major present-day delta; 3, ancient
(Cretaceous-Palaeogene) continental slope; 4, outer limits of the Oligocene-Quaternary foredeeps; 5, concentration of faults on the slope.
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Fig. 7. Depth to the top of the pre-Cenozoic (in places pre-Late Cretaceous?) basement [after Tugolesov et al
(1985)]. 1, Isolines in km; 2, areas where basement was not resolved; 3, faults; 4, outcrops of Mesozoic rocks; 5,
outcrops of pre-Mesozoic rocks; 6, present coastline.

Fig. 8. Structural map of Pre-Cenozoic basement surface prepared by the present authors and based on data of
Finetti et al. (1988). Isolines of the surface depth drawn with 2.5 km interval (and additional with 0.5 km interval).
Tooth-line, front of folded Balkanides.
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Fig. 9. (a) Position of the Lomonosov Massif (arc). 1, magmatic rocks; 2, position of cross-section, (b) Cross-
section, based on seismic line [after Shnyukov et al, (1997)].

comes from the northern shelf and continental
slope of the Black Sea, where the main tectonic
feature is a system of grabens extending from
Karkinit Bay and Tarkhankut Peninsula of
Crimea, westwards for > 200 km. The system
consists of at least two half-grabens with major
faults on their southern sides (Bogaetz et al.
1986). A major phase of subsidence was appar-
ent in Albian time when a sharp transition from
thin Aptian shallow-water elastics to very thick
(up to 2000 m) clastic, volcanic and volcaniclas-
tic rocks of Albian age occurred. Volcanic rocks
(mainly tuffs) belong to the basalt-andesite-
dacite association and are usually referred to as

'calc-alkaline' (Bogaetz et al. 1986). Wide de-
velopment of calc-alkaline material indicates
the proximity of a volcanic arc, presumably
south of the Karkinit Graben system (Zonen-
shain & Le Pichon 1986).

Indeed, the existence of this arc was proved
by submarine geological studies. Early traverses
by scientists from the Institute of Oceanology
(Moscow), in the manned submersible Argus,
discovered outcrops of andesitic-basaltic rocks
on the continental slope of western Crimea
(Zhigunov 1986). Even more important data
were derived by Ukrainian scientists during
submarine studies of the continental slope of
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Fig. 10. Histogram of K-Ar ages obtained from
magmatic rocks [after Shnyukov et al. (1997)].

the Black Sea west of Crimea (Fig. 9). Here
extensive outcrops of basalts, andesito-basalts,
dacites and rhyolites of the Lomonosov Massif
were discovered at the base of the slope in the
course of submarine traverses. Lavas and tuffs
associated with intrusive rocks, including plagi-
ogranites, tonalites, quartz diorites, diorites and
gabbros (Shnyukov et al. 1997); the outcrops
were traced for several tens of kilometres.

Geochemistry and petrology show that these
rocks belong to boninitic and calc-alkaline
series. The relationships between them were
not established; however, the island-arc nature
of the magmatic complexes is clear.

K-Ar age determinations of 36 samples
yielded ages ranging from 140 to 70 Ma, with
two peaks in the histogram corresponding to
130-110 and 90-70 Ma (Fig. 10). The most
reliable determinations, based on quartz dior-
ites, yielded ages from 103 to 126 Ma (Shnyukov
et al 1997), proving that the arc was of Cre-
taceous, most probably Aptian-Albian, age.
However, a possibility remains that volcanism
continued until the end of the Cretaceous up to
c. 70 Ma (Maastrichtian).

Fig. 11. Palaeotectonic reconstruction for Albian time. 1, subduction zone; 2, transverse fault; 3, normal fault; 4,
Early Cretaceous grabens; 5, Early Mesozoic back-arc basin; 6, ocean; 7, Eocene back-arc basin; 8, block
movement direction relative to Eurasia; 9, volcanic arc; 10, fragment of Moesian Platform; LM, Lomonosov
Fault; P-C, Pechenega-Camena Fault.
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Relative to this arc, the Karkinit grabens
occupied an apparent back-arc position. Follow-
ing initial rifting in the Albian (or Aptian?), the
Karkinit Basin went through a long period of
post-rift subsidence in the Late Cretaceous and
Palaeocene, accompanied by accumulation of
c. 4000 m of marine sediments (Bogaetz et al.
1986). In this respect it resembles the two
depocentres in the west of the WBSB, where
Palaeocene-Eocene and Upper Cretaceous(?)
sediments attain a comparable thickness. The
present authors believe, therefore, that the
Karkinit grabens constituted the third segment
of the early rift system of the WBSB, a sugges-
tion strongly supported by the disposition of the
described structures (Fig. 11).

The continental slope of the Lomonosov
Massif has a step-like morphology, suggesting
the presence of normal faults (Shnyukov et al.
1977). These faults are also interpreted from
multichannel seismic lines, crossing the Odessa
Shelf and continental slope (Finetti et al. 1988).
The large Lomonosov Fault was detected at the
base of the slope (Shnyukov et al. 1997), which
was apparently formed in the course of rifting.
This rifting split the volcanic arc and led to the
opening of the greater portion of the WBSB,
which is interpreted here as an interarc basin.
The time of opening was definitely post-Albian
and possibly, if the K-Ar determinations are
taken at face value, latest Cretaceous or post-
Cretaceous.

The Early Cretaceous history of the EBSB is
not clear. According to Goriir (1988), opening
of the EBSB and the WBSB was simultaneous,
starting in the Aptian-Albian but mainly occur-
ring in the Cenomanian. However, in contrast to
the Western-Central Pontides, the Eastern
Pontides lack shallow-marine clastic rocks of
Aptian-Albian age, interpreted as synrift
deposits. In the Cenomanian-Campanian, the
Eastern Pontides were overthrust from the
south by an ophiolite nappe and display no
evidence of extension and/or rifting (Okay &
§ahinturk 1997).

Some indication of Albian(?) opening of the
EBSB comes from Transcaucasus. In a north-
south cross-section from the Gagra-Java zone
(landward continuation of the Shatsky Rise),
towards Adjaro-Trialetia, a transition from
thin shallow-marine carbonates to thick clastic
and volcaniclatic rocks can be seen (Tugolesov
et al. 1985). These were most probably depos-
ited in a back-arc basin behind the Eastern
Pontides Arc (Fig. 12). This basin apparently
constituted the landward extension of the
EBSB, inverted later in the course of the
Arabia-Eurasia collision. The time of opening

of the remaining (and greater) portion of the
EBSB is uncertain. In seismic lines interpreted
by Finetti et al. (1988), tilted blocks of Mesozoic
rocks onlapped by the Palaeocene-Eocene sedi-
ments can be observed. Systems of tilted blocks
are interpreted on both margins of the EBSB
(the Andrusov and Shatsky Rises) from where
they subside below thick sediments of its axial
zone. Consequently, the age of rifting was
defined by the Italian authors as the end of
Mesozoic to the beginning of Cenozoic.

Robinson et al. (1996) dated the major rifting
in the EBSB as Early Palaeocene. They did not
present any direct evidence for this age but
emphasized that Eocene sediments onlap the
Upper Cretaceous rocks on the Shatsky Rise
and in the Pontides. Important evidence for the
age of opening comes from land observations.
According to Adamia et al. (1974), the EBSB
continued eastwards to the Adjaro-Trialet
Basin, which originated in the Eocene and was
filled with a thick succession of volcanic and
volcaniclastic rocks. The basin occupied a back-
arc position relatively to the East Pontides
volcanic arc and perhaps evolved with some
limited spreading in the Middle Eocene
(Adamia et al. 1974). Thus, the probable age of
the EBSB is Early(?)-Middle Eocene.

If this is the case, the opening immediately
followed a major compressional event in the
Pontides in the Palaeocene-Early Eocene. Ac-
cording to Okay & §ahinturk (1987), at this time
the Eastern Pontides collided with Taurides.
The major compressional event, caused by this
collision, was followed by regional extension
and basaltic volcanism in the Middle Eocene
coinciding with the opening of the EBSB. The
situation with back-arc extension immediately
following collision of an arc with a terrane is
very common in the Tethyan belt and elsewhere
(Kazmin 1999).

Discussion

In the early models of the Black Sea opening a
simple solution was usually accepted (Zonen-
shain & Le Pichon 1986; Finetti et al. 1988;
Kazmin 1997). Both the WBSB and EBSB
were considered to have opened simultaneously
in the Late Cretaceous, or earlier, due to south-
ward drift of the Pontides Arc and clockwise
rotation of the Andrusov Rise. This inter-
pretation was revised by Okay et al. (1994),
who suggested that in Albian-Cenomanian
time a block, called the 'Istanbul Zone', rifted
from the northern passive margin of the Black
Sea by back-arc extension. In the east, this block
was bounded by the West Crimea Fault. In



Fig. 12. Albian-Cenomanian sections of the Shatsky Rise and the Rhioni Depression [after Tugolesov et al. (1985)]. 1, Overthrust complexes of the Scythian Platform; 2,
complexes of the Greater Caucasus marginal Basin; 3, Shatsky Rise; 4, Dzirula Massif; 5, Adjaro-Trialet volcanic zone; 6, foredeep; 7, alkaline basalts; 8, overthrust; 9,
prospecting areas; 10, marl; 11, limestone; 12, sandstone; 13, volcanic rocks.
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Santonian-Campanian time, the Istanbul Zone
drifted southwards, leaving behind it the open
WBSB. Simultaneously, the Mid Black Sea
Ridge (the Andrusov Rise) and the Shatsky
Rise were separated by a rift, i.e. the opening
of the EBSB. According to this scheme, the
Shatsky Rise rotated anticlockwise, implying
subduction and/or shortening in the Greater
Caucasus Basin.

The weak point of the model, from the
kinematic point of view, is the mechanism of
the EBSB opening. There is no evidence of
Senonian subduction or compressional defor-
mation in the Greater Caucasus. Moreover,
there is no indication of what kind of tectonic
regime caused anticlockwise rotation of the
Shatsky Rise.

In another interpretation, suggested by
Robinson et al (1995, 1996), the kinematic
model is a simplified version of the solution
proposed by Okay et al. (1994). Robinson and
co-authors open the WBSB by back-arc rifting
of the Pontides from the northern Black Sea
margin in the Mid-Cretaceous (Late Barre-
mian-Albian). Using data on syn- and post-rift
sequences in the rift structures of Western
Pontides, they suggest that rifting in the WBSB
was followed by spreading in Cenomanian time.
However, in another interpretation the be-
ginning of spreading is dated as middle-late
Senonian (Tuysiiz 1998). According to Robin-
son et al (1996), the EBSB is much younger
than that and opened in the Late Palaeocene
and Early-Middle Eocene, again due to anti-
clockwise rotation of the Shatsky Rise. The last
point meets the same objection as given above,
i.e. there is no evidence of subduction or of any
significant compressional deformation in the
Greater Caucasus Basin at that time (Kopp &
Shcherba 1998). As will be discussed below, the
diachronous opening of the WBSB and the
EBSB, implied by the model, is also doubtful.
However, the Eocene age of the EBSB opening
finds support in both marine and land geology.
The Cenozoic sediments of the EBSB (and also
the WBSB) were not affected by compressional
deformation older than Late Eocene (Finetti et
al 1988; Kazmin 1997). The Late Eocene (pre-
Maikopian) compression caused overthrusting
of the Crimea, Pontides and Caucasus onto the
EBSB and the WBSB, formation of the Oligo-
cene-Miocene foredeeps (Tuapse, Gurian,
Sorokin) and thrust faulting on the northwes-
tern shelf of the Black Sea (Robinson et al
1996). If the Cainozoic sedimentary pile of the
EBSB included Palaeocene or older rocks, some
evidence of the strong Palaeocene compression,
known in the Pontides (Okay & §ahinturk

1997), should be seen in the basin. This, in
combination with data from the Adjaro-
Trialetia (Adamia et al 1974) firmly points to
an Eocene age for the EBSB.

According to interpretation in Figs 5 and 11,
the width of the early post-rift basins in the
WBSB did not exceed 150 km; the Early Cre-
taceous rifts at their base were probably nar-
rower still. It is not likely that the transition to
spreading occurred in these narrow grabens,
which were probably continental rifts of the
same type as the Karkinit Graben.

Data on the Lomonosov Massif show that
opening of the greater part of the WBSB re-
sulted from splitting of the Cretaceous volcanic
arc - the time of this event is uncertain. It could
have immediately followed the opening of the
Karkinit back-arc basin in post-Albian time. On
the other hand, volcanic activity in the Lomo-
nosov Massif possibly continued until the end of
Cretaceous times (Fig. 10) and so the splitting
could be post-Cretaceous.

Of great importance in this respect are data
on the thickness of the oldest sedimentary se-
quence in the central-eastern part of the WBSB.
Assuming similar rates of terrigenous supply
and subsidence, these data point to similar
histories of WBSB and EBSB opening. In other
words, both basins were actively opening in the
Eocene.

In the western Pontides there is evidence of
strong compression at the end of the Late
Cretaceous (Yigitbas, et al 1998), possibly
related to the Kirsehir-Pontides collision. After
that sedimentary basins were opened under a
transtensional regime and closed at the end of
Early Eocene time. A period of extension fol-
lowed in Middle Eocene time and it seems likely
that this corresponds to opening of the central-
eastern WBSB.

As mentioned above, the Eocene opening of
the EBSB can hardly be explained by anti-
clockwise rotation of the Shatsky Rise. A
simple alternative model suggests clockwise ro-
tation of the Andrusov Rise, implying simul-
taneous opening of both the EBSB and the
WBSB, associated with southward drift of the
Pontides (Fig. 13). This model seems attractive
because it has analogues in present-day rift
structures. Two rift depressions are often separ-
ated by a diagonal crustal block or hinge and
open simultaneously (e.g. the Danakil Block in
the southern Red Sea and the Academician
Ridge in Baikal). The driving force in the sug-
gested model is also common: it is oceanward
motion of the Pontides Arc induced by roll-back
or other similar processes.

Finally, one more point should be discussed.
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Fig. 13. Palaeotectonic reconstruction for Eocene time. Symbols as in Fig. 11.

A model was developed recently to describe
syn- and post-rift stratigraphies and subsidence
history of the WBSB and the EBSB (Robinson
et al. 1995; Spadini et al. in press). This model is
based on the assumption of basic differences in
the evolution of the WBSB and the EBSB. For
the WBSB, Mid-Cretaceous rifting and Ceno-
manian spreading are assumed, while for the
EBSB the age of opening is Late Palaeocene-
Eocene. Another assumption is that the thick-
ness of sediments in the WBSB is much greater
than in the EBSB (13 and 11 km, respectively).
To explain these variations in sedimentation
rates, thicknesses and facies, the authors accept
the age and thickness of rifted lithosphere as
basic parameters of the model (Robinson et al.
1995, table 1). They suggested that the WBSB
opened due to rifting of thick (200 km), cold and
mechanically strong lithosphere of the Moesian
Platform, while in the case of the EBSB the
rifted lithosphere was only 80 km thick, hot and
weak.

It is easy to demonstrate that only a small
portion of the WBSB originated due to rifting of
the Moesian Platform. The latter is bound to the
northeast by the Pechenega-Camena Fault
(Figs 3 and 11), hence only the southwestern
segment of the rift system shown in Fig. 11 is
likely to have 'Moesian' basement. The remain-
ing (and much greater) part of the WBSB
originated by rifting of the much younger
('epihercynian') basement of the Scythian Plat-
form. Similar basement is known in the Eastern
Pontides (§engor et al. 1984; Okay & §ahintiirk
1997) and in the landward extension of the

Shatsky Rise (the Dzirula Massif of Georgia).
There is no doubt that the EBSB also formed on
the 'epihercynian' basement and in this respect
did not differ from the WBSB. In both basins
this pre-rift basement was modified by a long
succession of Mesozoic-Cainozoic rifting and
collision events, and suprasubductional magma-
tism. So, it is unlikely that any part of the rifted
lithosphere in the Black Sea region, except the
westernmost segment of the WBSB, was thick,
cold and mechanically strong. Since lithospheric
properties are crucial for the discussed model, it
can hardly be accepted without serious recon-
sideration.

Conclusion

The thickness map of the lower seismostrati-
graphic unit in the Black Sea Basin and the
basement surface topography map (Finetti et al.
1988) were converted to a depth (metric) scale
and compared with analogous maps of Tugole-
sov and co-authors (Tugolesov et al. 1985;
Tugolesov 1989). Important differences were
recognized between the two sets of maps.

In maps based on Finetti et al.'s (1988) data,
two deep sub-basins were revealed in the
western part of the WBSB and were interpreted
as post-rift depocentres which evolved above
Mid-Cretaceous rifts. A third segment of the
early rift system is represented by the Karkinit
grabens.

The rifts opened in Barremian-Albian times
behind the Pontide volcanic arc, remnants of
which were recently discovered on the northern
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continental slope of the WBSB. The central-
eastern part of the WBSB opened as an interarc
basin after splitting of the Cretaceous volcanic
arc. The EBSB opened in Eocene times, mainly
in the Middle Eocene, following a compres-
sional phase in the Pontides (Okay & §ahintiirk
1997). This opening, and the simultaneous open-
ing of the central-eastern part of the WBSB,
resulted from the southward drift of the Pon-
tides, accompanied by clockwise rotation of the
Andrusov Rise, a diagonal barrier connecting
the two rift depressions.

The authors are very grateful for both reviewers of the
paper for criticism and editing of the text. They are
also greatly indebted to Erdin Bozkurt for his help in
their work.

References
ADAMIA, SH., GAMKRELIDZE, I. P., ZAKARIADZE, G. S.

& LORDKIPANIDZE, M. B. 1974. Adjharo-Trialet
trough and the Black Sea formation problem.
Geotectonik, 1, 78-94 [in Russian].

BELOUSOV, V. V. & VOLVOVSKY, B. S. (eds) 1992.
Structure and Evolution of the Black Sea Earth
Crust. Nauka, Moscow [in Russian].

BOGAETZ, A. T., BONDARCHUK, G. K., LESKIN, I. V.,
NOVOSILETSKY, R. M., PAVLYUK, PALYI, A. M. ET
AL. 1986. Geology of the Ukrainian Shelf. Kiev,
Naukova Dumka [in Russian].

CHUMAKOV, I. S. 1993. The Paratethys Late Cenozoic
Radiometric scale. Priroda, 12, 68-75 [in Rus-
sian].

DERCOURT, J., ZONENSHAIN, L. P. Ricou, L.-E.,
KAZMIN, V. G., LE PICHON, X ET AL. 1986. Geo-
logical evolution of the Tethys belt from the
Atlantic to the Pamir since the Lias. Tectonophy-
sics, 123, 241-315.

FINETTI, I., BRICCHI, G., DEL BEN, A., PIPAN, M. &
XUAN, Z. 1988. Geophysical study of the Black
Sea. Bollettino di Geofisika Teorica ed Applicata,
30,197-324.

GORUR, N. 1988. Timing of opening of the Black Sea
basin. Tectonophysics, 147, 247-262.

HARLAND, W. B., ARMSTRONG, R. L., Cox, A.V.,
CRAIG, L. E., SMITH, A. G. & SMITH, D. G. 1989.
A Geologic Time Scale. Cambridge University
Press.

KAZMIN, V. G. 1987. The East African Rifts - Con-
tinental Break-up and the Origin of the Ocean.
Nauka, Moscow [in Russian].

1990. Early Mesozoic reconstructions of the
Black Sea-Caucasus region. In: RAXUS, M. ET AL.
(eds) Evolution of the Northern Margin of Tethys.
Memoires de la Societe Geologique de France,
Paris, Nouvelle Serie 154 (III, pt. 1), 147-158.
1997. Mesozoic to Cenozoic history of the back-

arc basins in the Black Sea - Caucasus region.
Cambridge Arctic Shelf Program (CASP),
Report, N656, Cambridge.
1999. Mobility of subduction zones and subduc-

tion belts. Doklady Rossiyskoi Akademii Nauk,
366, 525-529 [in Russian].

KOPP, M. L. & SHERBA, I. G. 1998. Caucasian basin in
the Paleogene. Geotektonika, 2, 29-50 [in
Russian].

NEPROCHNOV, Yu. P. 1960. Deep seismic structure of
the crust under the Black Sea. Bulletin Moskovs-
kogo Obshchestva Ispytatelei Prirody (MOIP),
Otdel Geologicheskiy, 35, 30-35 [in Russian].
, NEPROCHNOVA, A. F. & MIRLIN, E. E. 1974. Deep
structure of the Black Sea basin. In: DEGENS, E. T.
& Ross, D. A. (eds) The Black Sea Geology,
Chemistry and Biology. American Association of
Petroleum Geologists (AAPG) Publications,
Tulsa, 35-49.

OKAY, A. 1. & ^AHINTURK, O. 1997. Geology of the
Eastern Pontides. In: ROBINSON, A. G. (ed.)
Regional and Petroleum Geology of the Black
Sea and Surrounding Region. American Associ-
ation of Petroleum Geologists (AAPG) Memoir,
68, 291-311.
, SENGOR, A. M. C. & GORUR, N. 1994. Kinematic
history of the opening of the Black Sea and its
effect on the surrounding regions. Geology, 22,
267-270.

ROBINSON, A. G., RUDAT, J., BANKS, C. & WILES, R.
1996. Petroleum geology of the Black Sea. Marine
and Petroleum Geology, 13,195-233.
, SPADINI, G., CLOETINGH, S. & RUDAT, J. 1995.
Stratigraphic evolution of the Black Sea: infer-
ences from basin modelling. Marine and Pet-
roleum Geology, 12, 821-835.

SANDULESCU, M. 1995. Dobrogea within the Car-
pathian Foreland. IGCP Project No. 369. Field
Guidebook: Central and North Dobrogea. Geo-
logical Institute of Romania, 1-4.

SCHREIDER, A. A., KAZMIN, V. G. & LYGIN, V. S. 1997.
Magnetic anomalies and the Black Sea basin age
problem. Geotektonika, 1, 59-70 [in Russian].

SENGOR, A. M. C., YILMAZ, Y. & SUNGURLU, O. 1984.
Tectonics of the Mediterranean Cimmeridas:
nature and evolution of the western termination
of Paleo-Tethys. In: DIXON, J. A. & ROBERTSON,
A. H. F. (eds) The Geological Evolution of the
Eastern Mediterranean. Geological Society,
London, Special Publications, 14, 77-112.

SHCHERBA, I. G. 1994. The Black Sea Paleogene basin.
Bulletin Moskovskogo Obshchestva Ispytalelei
Prirody (MOIP), Otdel Geologicheskiy, 69, 71-
80 [in Russian].

SHNYUKOV, E. F., SHCHERBAKOV, I. B. & SHNYUKOVA,
E. E. 1997. Palaeo-island Arc in the Northern
Black Sea. Ukrainskaya Akademiya Nauk, Kiev
[in Russian].

SPADINI, G., ROBINSON, A. & CLOETHING, S. Western
versus Eastern Black Sea tectonic evolution: Pre-
rift lithspheric controls on basin formation.
Marine and Petroleum Geology, in press.

TUGOLESOV, D. A. (ed.) 1989. Album of Structural and
Thickness Maps of Black Sea Cenozoic Sedi-
ments. Glavnoe Upravlenie Geodezii I Kartgrafii
(GUGK), Moscow [in Russian].
(ed.) 1993. Explanatory Notes to the Album of

Structural and Thickness Maps of the Black Sea



EVOLUTION OF THE BLACK SEA 249

Cenozoic Deposits. Gosudarstvennoe Predpriya-
tie Nauchno-Issledovatelskiy i Proektny Institut
(GP NIPI) Oceangeofizika, Gelendjik [in Rus-
sian].
, GORSHKOV, A. S. & MEISNER, L. B. 1985.
Tectonics of the Black Sea Mesozoic Deposits.
Nedra, Moscow [in Russian].

TuYsiiz, O. 1998. Cretaceous-Eocene tectonic evol-
ution of western Pontide sedimentary basins. The
Third International Turkish Geology Symposium,
METU - Ankara, Abstracts, 249.

YioiTBA§, E., ELMAS, A. & YILMAZ, Y. 1998. The
geological evolution of the western Pontides.
The Third International Turkish Geology Sym-
posium, METU - Ankara, Abstracts, 250.

ZHIGUNOV, A. S. 1986. Mesozoic deposits of the
Alushta sector of the Crimea continental slope.
Okeanologia, 326, 655-666 [in Russian].

ZONENSHAIN, L. P. & LE PiCHON, X. 1986. Deep basins
of the Black Sea and Caspian Sea as remnants of
Mesozoic back-arc basins. Tectonophysics, 123,
181-211.



This page intentionally left blank 



Neogene Paratethyan succession in Turkey and its implications
for the palaeogeography of the Eastern Paratethys

NACl GORUR,1 NAMIK ^AG AT AY,2 MEHMET SAKIN^,1 REMZI
AKKOK,1 ANDREY TCHAPALYGA3 & BORIS NATALIN1

Istanbul Teknik Universitesi, Maden Fakilltesi, Jeoloji Muhendisligi Bolumil,
Ayazaga, TR-80626, Istanbul, Turkey (e-mail: cagatay@itu.edu.tr)

^Istanbul Universitesi, Deniz Bilimleri ve Isletmeciligi Enstitilsu, Vefa, TR-34470,
Istanbul, Turkey

3Institute of Geography, Russian Academy of Sciences, 10917 Moscow, Russia

Abstract: The Neogene marginal succession of the Eastern Paratethys (EP) crops out along
the southern Black Sea coast and in the Marmara region of Turkey, and provides important
clues to the tectono-sedimentary and palaeoceanographic conditions.

In the Tarkhanian stage, the southern margin of the EP basin was largely a carbonate
platform covered by warm, marine waters. From the end of the Tarkhanian to the Early
Chokrakian there was an overall emergence throughout the basin, which is indicated by an
influx of siliciclastic sediments. The fossil assemblage indicates that normal marine
conditions persisted during most of this period, except for a salinity reduction towards the
end due to an eustatic isolation of the basin, which in turn led to anoxic bottom water
conditions. The Late Chokrakian isolation became even more severe during the Kara-
ganian as indicated by the endemic fossil assemblage indicating brackish-marine con-
ditions. Carbonate platform conditions prevailed in the northern Pontides during this time.
In the Early Konkian, the basin was reconnected briefly with the world ocean by a
transgression from the Indo-Pacific Ocean. In the Late Konkian there was a return to
brackish-marine conditions.

Lower Sarmatian sediments are absent in the southern margin of the EP, but elsewhere
in the basin this stage is characterized by a widespread marine transgression. In the Middle-
Late Sarmatian, the EP basin was partially isolated with freshening and anoxic bottom-
water conditions. During this time there was a brief marine transgression from the
Mediterranean into the Marmara region, but it did not reach the Paratethyan basin. The
Pontian is characterized by an extensive transgression from the EP that inundated the
Marmara and northeastern Aegean regions. The connection with the Marmara Basin was
cut off during the Kimmerian and re-established during the Late Akchagylian, when the EP
basin was inundated by the Mediterranean waters via the Sea of Marmara as a result of
increased North Anatolian Fault activity and a short-term global sea level rise.

The Neotethys Ocean, which is identical with changed and distinct facies with endemic fossils
Suess's (1888, 1893) classical Tethys, was oblit- accumulated. As a result, a concept of regional
erated mainly during the Late Cretaceous- stages for this intracontinental marine realm
Tertiary by the collision of the dispersed pieces was established (Nevesskaja et al. 1985; Mura-
of Gondwanaland with Eurasia (§engor 1984, tov & Nevesskaja 1986). Owing to the develop-
1987; §engor et al. 1988). In the Neogene, this ment of different ecosystems along its length,
obliteration resulted in the formation of several the east-west trending Paratethys was sub-
basins of various sizes, including Paratethys and divided into three parts, namely the Western,
the Mediterranean Sea (Buchbinder & Gvirtz- Central and Eastern Paratethys (EP) (Senes
man 1976; Nevesskaya et al 1985; Rogl et al. 1959; Rogl & Steininger 1984). The Western
1978). Paratethys extended from the Rhone Valley to

The Paratethys occupied a vast area between Bavaria. The Central Paratethys occupied the
the Rhone Valley in the west and the Aral Sea Alpine-Carpathian foredeep, and the intermon-
in the east (Fig. 1). It was generally a land- tane basins between Austria and Ukraine,
locked basin, although recurring connections to Finally, the EP covered the Ponto-Caspian or
the Mediterranean Sea and the Indo-Pacific Euxinian regions, including the areas of the
Ocean were established throughout its history. Black, the Caspian and the Aral Seas. A large
During isolation from these marine realms, its number of studies have been carried out on the
palaeoceanographic conditions were drastically Paratethys in general and the EP in particular

From: BOZKURT, E., WINCHESTER, J. A. & PIPER, J. D. A. (eds) Tectonics and Magmatism in Turkey and the
Surrounding Area. Geological Society, London, Special Publications, 173, 251-269.1-86239-064-9/00/S15.00
© The Geological Society of London 2000.
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Fig. 1. Paleogeography of Paratethyan basins [after Rogl & Steininger (1983)].

(e.g. Andrussov 1918; Senes 1959, 1971; Gillet
1961; Jiricek 1975; Steininger et al 1975; Dumi-
trica 1978; Khrushchov & Petrichenko 1979;
Paramonova et al. 1979; Semenenko 1979;
Baldi 1980, 1982; Cita 1981; Vavra 1981; Popov
& Voronina 1983; Rogl & Steininger 1983,1984;
Nevesskaja et al. 1985; Muratov & Nevesskaja
1986; Jones & Simmons 1996, 1997). However,
this topic has not attracted much interest in
Turkey and therefore the Paratethyan geology
of the country is relatively unknown (Chaput &
Gillet 1938; Yalcmlar 1958; Ozsayar 1977;
Gorur et al. 1998).

Neogene sediments representing the southern
margin of the EP are well exposed in Turkey
along the Black Sea coast and in the Sea of
Marmara region (Fig. 2). They range in age
from Tarkhanian to Akchagylian (Middle Mio-
cene-Pliocene), with each stage being repre-
sented by distinct facies and diagnostic fauna.
Their detailed examination provides important
clues to both tectonosedimentary and palae-
oceanographic conditions that prevailed during
the Neogene on the southern margin of the EP
in Turkey. The aim here is both to unravel these
conditions and, by combining this group's and
published data from the northern Black Sea
region, reach more general conclusions on the
palaeogeographic evolution of the EP as a
whole.

Although in this paper mainly original data
from the Pontides of northern Turkey are

discussed, this group's palaeogeographic syn-
thesis data from all around the Paratethys are
also included. All these data are presented using
seven palaeogeographic maps for the Tark-
hanian-Cimmerian time interval (Figs 4-10).
For the northern part of the EP region the
main sources of data are from Muratov &
Nevesskaya (1986) and Vinogradov (1967).

The Eastern Paratethyan succession
along the Black Sea coast of Turkey

This succession crops out in the Sinop Penin-
sula, Trabzon, Akcaabat, Pazar and Igneada
(Fig. 2). It is well exposed and most complete in
the Sinop Peninsula, where it ranges in age from
Tarkhanian to Sarmatian (Middle-Late Mio-
cene). The succession is divided into eight for-
mations and, for the first time, reliable data on
the presence of the Konkian (Middle Miocene)
and Cimmerian (Pliocene) stages in this region
are reported (Fig. 3).

The Akliman Formation

This formation crops out in several sea cliffs in
Akliman, 10 km west of Sinop, with a thickness
of >15 m. It rests on Upper Cretaceous volcanic
rocks above an angular unconformity and is
itself disconformably overlain by the Kurt-
kuyusu Formation of Chokrakian age (Middle
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Fig. 2. Map showing the location of stratigraphic sections and observation points along the southern margin of
the Eastern Paratethys (AE, Aegean Sea; MS, Sea of Marmara).

Miocene). The formation consists mainly of
yellow, medium- to thickly bedded bioclastic
and oolitic limestones that become marly
upwards in the section. The bioclasts are repre-
sented by bivalves, echinoderms and small
benthic foraminifera. The bivalves are particu-
larly common in the limestones and include the
following species: Crassostrea gryphoides,
Ostrea digitalina, Chlamys opercularis domgeri,
Chlmys digitalina domgeri and Gibbula bajar-
unasi. The foraminifera are mostly found in the
marly beds and belong mainly to amphisteginid,
rotaliid and globigerinid types. Based on these
fossils, a Middle Tarkhanian (Terskian) age is
attributed to the Akliman Formation. This fossil
assemblage also leaves no doubt that this for-
mation was deposited in a carbonate-shelf en-
vironment with normal salinity.

The Kurtkuyusu Formation

This formation is well exposed in Kurtkuyusu,
on the western side of the Sinop Peninsula,
where it is c. 36 m thick and disconformably
overlies the Akliman Formation. At the base

are dark coloured mudstones, containing silici-
fied wood and plant fragments, and a small
number of blocks and pebbles from the Akli-
man Formation. The mudstones are in part
organic rich, pyritized, and contain thin fossil
horizons with abundant bivalves, ostracods,
worm tubes, bryzoans and miliolids. In the
lower part of the formation, they alternate with
thin, yellow to grey, friable bioclastic and oolitic
limestones, which become dominant higher in
the section. The bivalves, which were collected
from both the mudstones and the limestones,
contain: Nuculana fragilis, Gibbula chokraken-
sis, Nassarius limatus, Bella costulata, Bittium
digitatum, Bittium agibelicum, Spiratella tarcha-
nensis, Abra scythica, Alvenius nitidus, Ditrupa
sp. and Cardium sp., and indicate a Chokrakian-
(?)Karaganian age (Middle Miocene). A Chok-
rakian age is assigned to the formation because
the overlying sediments contain Lower Kara-
ganian fossils.

As indicated by the presence of both the
silicified wood fragments and the limestone
blocks derived from the underlying formation,
the boundary between the Kurtkuyusu and
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Fig. 3. Generalized stratigraphic sections for the Neogene in southern Black Sea and Marmara regions.

Akliman Formations is a disconformity. The
lithology of the Kurtkuyusu Formation repre-
sents a shallowing-upwards succession. Its upper
parts were deposited under reduced salinity
conditions.

The Hidirhk Tepe Formation

This formation crops out in the Sinop Peninsula
and Igneada. It is c. 50 m thick and well exposed
at Hidirhk Tepe in Sinop, where it consists of
yellow to beige, medium- to thinly bedded, and
locally cross-bedded, bioclastic and oolitic lime-

stones. The formation rests conformably on the
Kutkuyusu Formation. Allochems of these
grain-supported carbonates include bioclasts,
oolites, peloids, grapestones, lithoclasts and
intraclasts. The bioclasts predominate, together
with the oolites, over the other grains and are
represented mostly by bivalves, benthonic and
encrusting-type foraminifera, bryozoa and
algae. In Inceburun (Sinop) the formation is 15
m thick and is composed mainly of fossiliferous
sandstones and limestones (Ozsayar 1977).

The following bivalves are found in these
sediments in the Hidirhk Tepe and Akliman
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Formations, yielding an Early Karaganian
(Arkhashenian) age: Spaniodontella gentilis, S.
(Davitaschvilia) intermedia, S. umbonata and
Sevanella andrussovi (Ozsayar 1977). These
molluscan species are endemic to the Paratethys
and lived during the complete isolation of this
sea from the world oceans (Nevesskaja et al
1985).

The Sankum Formation

This formation crops out in the Sankum area on
the western coast of the Sinop Peninsula and in
Akgaabat, west of Trabzon. It disconformably
overlies the Hidirhk Tepe Formation and is, in
turn, disconformably overlain by the Kayikbasi
Burnu Formation. At its type locality in
Sankum, it is c. 15 m thick and composed
mainly of grey and laminated to thinly bedded
mudstones and siltstones, which contain abun-
dant well-rounded quartz grains and faecal
pellets with some fossils, such as bivalves,
echinoderms and ostracods. The bivalves are
represented by Acanthocardia andrussovi and
Abra alba, indicating a Konkian age for these
sediments. In Ak^aabat, the formation is litho-
logically similar but contains pelagic foramini-
fera (Ozsayar 1977). The character of fossils in
the Sankum Formation in general indicates that
it was deposited in a marine environment with
normal salinity.

The Kayikbasi Burnu Formation

This formation crops out at Kayikbasi Burnu on
the eastern coast of the Sinop Peninsula. It is
>10 m thick, although its exact thickness is not
known because the base is not exposed. At the
base of the exposed part of the formation it
consists of conglomerates, passing upwards into
a yellow and pebbly limestone package. The
conglomerates are moderately sorted and clast
supported. Most of the clasts are small and
rounded quartz pebbles. The limestone package
is represented by bivalves- and foraminifera-
bearing limestones in the lower part, and by
pebbly and oolitic limestones in the upper part.
The bivalves consist mostly of Mactra fabreana,
Cardium fittoni, Mytilaster volhynicus, Barbo-
tella intermedia and Calliosterna hommairei. The
foraminifera are characterized by various
species of Elphididae, including Elphidium regi-
num, E. flexuoseum grilli, E. Koberi and E.
aceleqtum minoriformis. This fauna yields a
Middle Sarmatian age for these sediments
(Bessarabian, Middle-Late Miocene). The

basal conglomerate and the Middle Sarmatian
age indicates that this formation disconformably
overlies the Sankum Formation (Fig. 3). The
nature of both the bivalves and the foraminifera
indicates that the Kayikbasi Burnu Formation
was laid down in a brackish-marine environ-
ment.

The Yaykil Formation

This formation is well exposed in coastal cliffs
12 km south of Sinop. It comprises > 1300 m
thick bluish grey mudstones with sandy, silty,
marly and carbonaceous intervals. In Yaykil
village, it dips at c. 60° to the south-southeast
and is overlain with angular unconformity by
Quaternary terrace deposits. In Kayikbas,!
Burnu, the Yaykil Formation conformably over-
lies the Kayikbas,! Burnu Formation. Thin bed-
ding, lamination and burrowing are common in
the Yaykil mudstones. These fine-grained sedi-
ments contain no diagnostic fossils other than
some species of Elphidiidae (mostly Elphidium
reginum). Therefore, a Late Sarmatian age was
attributed to the Yaykil Formation mainly on
the basis of the age of the underlying Kayikbasi
Burnu Formation.

The Bostanci Formation

This formation crops out in Trabzon and Bafra.
In its type locality in the Bostanci district of
Trabzon, it is c. 120 m thick and consists of
laminated to thinly bedded marl, clay (mostly
smectite) and silt, locally with slump structures.
It overlies Eocene volcanic rocks with angular
unconformity and is itself unconformably over-
lain by Quaternary terrace deposits of Uzunlar-
ian age (Pleistocene). It contains a fauna
consisting of Eupatorina littoralis, Paradacna
abichi, Congeria spv Dreissena sp., Valencien-
nius sp. and Prosodacna, indicating an Early
Pontian age (Novorussian, Late Miocene).

East of Bafra, the Bostanci Formation is
composed mainly of 10-20 m thick, beige marls
with a rich ostracod fauna of Caspiolla cf.
acuminata, C. cf. acronasuta, Loxoconcha cf.
graciella, L. cf. subgranifera, Pontoniella cf.
acuminata, Typhlocyprela sp., Hastacondana
sp., Reticulocondana cf. reticulata, Euxino-
cythere div. sp., Euxinocythere aff. multicristata
and Candona sp. (Ozsayar 1977). This ostracod
fauna also supports a Pontian age for the Bostanci
Formation. The lithology and slump structures
suggest a possible slope environment for the
deposition of this formation.



256 N. GORIJRETAL.

The Akgaabat Formation

This formation crops out in the Osmanbaba
district of Akgaabat where it unconformably
rests on Cretaceous volcanic rocks and is itself
unconformably overlain by Quaternary depos-
its. The formation consists of 150 m thick, very
coarse elastics, including mainly boulder and
pebble conglomerates with some gravel and
sand intercalations. The upper part of the for-
mation is fossiliferous and contains Dreissena
inequivalvis and Viviparus cf. bifarcinatus. This
bivalve fauna gives a Kimmerian age (Early
Pliocene). The facies changes indicate a tran-
sition from an alluvial fan in the lower part to a
near-shore coastal environment in the upper
part of the formation.

The Eastern Paratethyan succession in
the Marmara region

In the Early-Middle Miocene, the Sea of Mar-
mara region was characterized by a fluvio-
lacustrine environment, where variegated con-
glomerate, sandstone, mudstone and fanglome-
rates were deposited (the Gazhanedere and
Pinarba^i Formations) (Fig. 3) (Goriir et al.
1997; Sumengen et al 1987; Siyako et al. 1989).
The fluvio-lacustrine conditions continued
during the deposition of the lower part of the
siliciclastic Anafarta and Kirazli Formations. In
the early Late Miocene (Late Serravalian-Early
Tortonian), a marine transgression took place
along the northern coast of the future Sea of
Marmara, depositing Ostrea-bearing calcareous
sandstone, with shale interbeds (the Qinarh
Member of the Kirazli Formation) (Gortir et al.
1997); this was the first marine transgression
from the Aegean Sea. It followed the shear
zone of the incipient North Anatolian Fault
(§engor et al. 1985) but did not reach the EP
basin. This conflicts with earlier studies that
infer connections of the EP basin with the
Mediterranean via the Marmara region during
the Chokrakian, Karaganian and Konkian (e.g.
Muratov & Nevesskaya 1986).

Following this first marine transgression, the
Marmara region became a transitional water-
way between the Paratethys in the north and the
Mediterranean in the west (Fig. 2). The Para-
tethyan succession in this region is characterized
by both marine and quasi-marine facies, in
places alternating with one another. In the
southern Marmara region, the succession con-
sists of the Pontian (latest Miocene) Bayraktepe
Formation and the Akchagylian-Chaudian
(Pliocene-Pleistocene) Ozbek Formation (Fig.
3), separated by the Truva and Tevfikiye

Formations (latest Miocene-early Late Plio-
cene). The latter two formations consist of
fluvio-lacustrine clastic sediments and algal
limestones that indicate disconnection with
both the Paratethyan and the Mediterranean
realms. In the northern Marmara region, the
only Paratethyan formation is the Bayraktepe
Formation, which is there overlain by the
Mediterranean Ostrea bank facies of the Goz-
tepe Formation (£agatay et al. 1998), in turn
overlain by alluvial fan deposits of the Conkbayin
Formation (Yaltirak 1995).

The Bayraktepe Formation

The Bayraktepe Formation crops out exten-
sively in circum-Sea of Marmara regions
(Chaput & Gillet 1938; Sumengen et al. 1987;
Siyako et al. 1989; Goriir et al. 1997; Cagatay et
al. 1998) (Fig. 2). Around the Dardanelles
Strait, it conformably overlies the Anafarta and
Kirazli Formations (Fig. 3). The formation
consists mainly of up to 250 m thick oolitic and
bioclastic limestones with basal clastic rocks.
The bioclastic limestones are rich in Mactra,
gastropods and ostracods. In Enez, these lime-
stones contain abundant Dreissena sp., Para-
dacna abichi and Cardium edulis. The
molluscan fauna of the Pontian Bayraktepe
Formation is endemic to Paratethys and indi-
cates deposition in a shallow, brackish-marine
environment.

The Ozbek Formation

The Ozbek Formation crops out south of the
Dardanelles Strait and is intercepted in offshore
wells in the Sea of Marmara (Marathon Pet-
roleum 1975; Erol & £etin 1995; Toker &
§enguler 1995; Gorur et al. 1997) (Fig. 2). It
consists of fossiliferous conglomerate and
sandstone at the base and limestone at the top.
The fauna in the clastic rocks is predominantly
brackish-marine gastropods (e.g. Bittium reticu-
latum) of Parathethyan affinity, whereas the
fauna in the limestone includes both brackish
and normal marine (Mediterranean) types, such
as bivalves (e.g. Veneripus aurea and Ostrea
edilus), foraminifera and nannofossils (Braaru-
dosphaera bigelowi, Coccolithus pelagicus, C.
pliopelagicus, Helicosphaera kaptneri, Gephyr-
ocapsa caribbeanica, Pseudoemiliana lacunosa
and Discoaster brouweri) (Toker & §engiiler
1995). On the basis of this faunal content, the
Ozbek Formation is of Akchagylian age. The
depositional conditions were initially shallow
and brackish-marine but later became marine.



Fig. 4. Palaeogeographic map of the Eastern Paratethys and adjacent regions during the Tarkhanian (16.5-15.5 Ma BP).
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Palaeogeographic evolution

The Tarkhanian (16.5-15.5 Ma BP)

The Tarkhanian fauna of the EP indicates that
during this time this basin was largely marine
with warm waters (Fig. 4). A connection to the
world's oceans probably existed through the
Western Paratethys, as the Bitlis-Zagros
Ocean was being obliterated during Tarkhanian
time (§engor 1979; §engor & Yilmaz 1981;
Dewey et al 1986; Goriir 1988). Various sedi-
mentary facies accumulated in the EP. In the
northern Black Sea region, including the
Crimea, Ciscaucasus and the Transcaucasus,
large amounts of mixed deposits, comprising
claystones, marls and limestones, were de-
posited. However, two contrasting facies
occurred in the Armenian and the Nakheche-
van Basins of the Transcaucasus. In the former,
the Tarkhanian (and actually the whole Neo-
gene) was represented by volcanic and volcani-
clastic rocks [Palaeontological Institute (RAS)
1996], and in the latter by calcareous sandstones
(Fig. 4). At this time, the Nakhechevan Basin
was a northern embayment of the Indo-Pacific
Ocean.

In the northern Black Sea region, the Tark-
hanian sediments accumulated on the Mayko-
pian facies with a transitional contact, indicating
continuation of marine sedimentation from the
Early Oligocene. The angular unconformity at
the base of the equivalent deposits in the
Pontides (the Akliman Formation) implies that
the depression did not extend to this region in
the south. During the Maykopian, the Pontides
were elevated and eroded. Their northernmost
part was transgressed by the sea in Middle
Tarkhanian time and became a carbonate plat-
form with bioclastic and oolitic limestones (the
Akliman Formation). The absence of detrital
sediments in the lower part of the carbonate
succession indicates that the northern Pontides
were beyond their reach during Early Tark-
hanian time. Such sediments began entering the
area at the end of this time, as indicated by the
marly facies in the upper part of the carbonate
succession.

The Chokrakian (15.5-13.8 Ma BP)

At the end of the Tarkhanian, there was prob-
ably an overall emergence throughout the EP
region, indicated by a decrease in salinity, the
regional disconformity between the Tarkhanian
and the overlying Chokrakian deposits, and, in
places (e.g. Ciscaucasus), by erosion of the
Tarkhanian sediments. In the Transcaucasus

region, however, the Tarkhanan-Chokrakian
succession is continuous.

The presence of Tarkhanian limestone clasts
in the Chokrakian sediments of the northern
Pontides (the Kurtkuyusu Formation) implies
that erosion was also associated with emergence
on the southern margin of the EP. The reason
for this emergence was probably tectonic
because, following the final closure of the
Neotethys Ocean in the south, the tectonic
regime in both the Pontides and the Transcau-
casus switched from extensional to com-
pressional during the Miocene (§engor &
Yilmaz 1981; Banks et al. 1997; Okay & §ahin-
tiirk 1997; Yilmaz et al. 1997; Goriir et al. 1998).
Thrust faulting and folding in the outer part of
this belt began in the Early Miocene and
reached a peak during the Late Miocene. How-
ever, emergence may also result in part from a
significant eustatic contribution, since the global
sea-level curve also shows a worldwide drop in
sea level at the end of the Tarkhanian (Haq et al.
1988).

During the Chokrakian, the isolation of the
EP continued and the palaeogeographic picture
of the EP was similar to that of the Tarkhanian.
However, thicker accumulation of fine clastic
sediments persisted and extended over a larger
area (Fig. 5). The carbonate platform in the
northern Pontides was also converted into a
clastic shelf. In all of these areas, deposition
took place mainly under quasi-marine con-
ditions with a gradual decrease of salinity, as
inferred from the fossil content of the Cho-
krakian sediments. Benthonic foraminifera,
such as Elphidium, Nonion and Quinquelocu-
lina, in the upper part of the Chokrakian suc-
cession indicate a significant salinity reduction,
particularly towards the end of this time inter-
val (Nevesskaya et al. 1985; Jones & Simmons
1997). Isolation from the open oceans led, in
part, to the development of H2S-rich anoxic
bottom waters, as indicated by the dark colour,
and organic-rich and authigenic mineral (i.e.
pyrite and jarosite) contents of the Chokrakian
sediments. It also enhanced the endemic faunal
evolution throughout the EP (Goncharova
1989). The stratigraphic signature of this iso-
lation appears to be in a good agreement with
the global sea-level chart (Haq et al. 1988),
thus indicating a eustatic contribution to this
event.

The Karaganian (13.8-12.5 Ma BP)

In contrast with the dominant carbonate
deposition in the northern Pontides (the
Hidirhk Tepe Formation), most of the EP



Fig. 5. Palaeogeographic map of the Eastern Paratethys and adjacent regions during the Chokrakian (15.5-13.8 Ma BP).



Fig. 6. Palaeogeographic map of the Eastern Paratethys and adjacent regions during the Karaganian (13.8-12.5 Ma BP).



Fig. 7. Palaeogeographic map of the Eastern Paratethys and adjacent regions during the Konkian (12.5-10.5 Ma BP).
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remained during the Karaganian as a site of
mainly fine-grained siliciclastic sedimentation
with little carbonate deposition (Fig. 6). The
fossil assemblage of these sediments indicates
that sedimentation took place under brackish-
marine conditions. The Chokrakian isolation of
the EP from the neighbouring basins became
more effective during this time, except perhaps
in the Late Karaganian when a brief connection
with the world ocean was established (Muratov
& Nevesskaya 1986). A similar restriction also
developed in the Central Paratethys where thick
evaporites were deposited in the northern part
of the basin during the Middle Badenian,
including the Karaganian (Rogl et al. 1978;
Jinaridze 1979; Khrushchov & Petrichenko
1979; Rogl & Steininger 1984). Evaporite depo-
sition was otherwise not common in the EP and
seems to have been restricted since the Tarkha-
nian mostly to the Nakhechevan Basin of the
Transcaucasus. This basin established its first
connection with the EP during this time.

The Konkian (12.5-10.5 Ma BP)
Although the Konkian sediments of the North-
ern Pontides mostly contain normal marine
fauna, the equivalent deposits in most parts of
the EP include both marine and brackish marine
fossils; the latter occur in the upper part of the
Konkian sections. This distribution of the fauna
indicates that communication with the world's
oceans was re-established at the beginning of
this time, with the inflow of saline waters into
the EP. A coeval transgression also took place
in the neighbouring Central Paratethys. The
transgression was most probably from the Indo-
Pacific Ocean because, by this time, the Bitlis-
Zagros Ocean had already closed and the Sea of
Marmara was a site of continental deposition
(Buchbinder & Gvirtzman 1976; Rogl et al.
1978; Goriir et al. 1995, 1997) (Fig. 7). The
Early Konkian transgression flooded the pre-
vious brackish-marine areas and deposited, in
most places, dark coloured claystones and marls
with sandstones and limestones. The equivalent
rocks in the Armenian and Nakhechevan Basins
were characterized by volcanic rocks and brown
claystones, with minor amounts of sandstones,
siltstones and salts. The normal marine con-
ditions were short lived because, towards the
end of the Konkian, brackish-marine conditions
prevailed throughout the EP, as indicated by the
brackish-marine fauna of the Upper Konkian
sediments.

The Sarmatian (10.5-8.2 Ma BP)
The faunal content and the stratigraphy of the
Sarmatian sections from various regions of the
EP indicate that, during this time, notable
changes in both the depositional environment
and the palaeogeographical framework took
place. In the Early Sarmatian, relatively
deeper, normal (or near-normal) marine con-
ditions were widespread (Fig. 8). Under these
conditions coarsening-upward, regressive silici-
clastic successions developed. Towards the end
of the Sarmatian, the salinity of the EP was
greatly reduced (Papp 1963) and most of its
basins were filled with lagoonal or fluvio-lacus-
trine sediments. At this time, in the Black Sea,
as a part of the EP, mainly black clays were
deposited (Hsu 1978). It was probably cut off
from coarse clastic sources and devoid of bio-
genie sediments. Similar conditions also existed
in the northern Pontides (the Yaykil For-
mation). The great thickness of the Yaykil For-
mation can be explained by subsidence caused
by the Neogene thrusting, which is well estab-
lished by seismic profiling on the southern Black
Sea margin (Finetti et al. 1988). The Black Sea
became isolated from the Caspian Sea for the
first time towards the end of the Sarmatian
(Tchapalyga 1985; Jones & Simmons 1997).

The marine to quasi-marine character of the
Early Sarmatian fauna indicates that, after the
Late Konkian isolation, a well-marked and far-
reaching transgression took place in the EP
region. Following this transgression, the huge
intracontinental Paratethyan sea was progres-
sively freshened during the Middle-Late Sar-
matian, with a rapidly changing endemic faunal
development. At the same time, a brief incur-
sion of Mediterranean waters into the future
Marmara Basin occurred along the broad shear
zone of the incipient North Anatolian Fault, but
it did not reach the EP basin (Goriir et al. 1997)
(Fig. 8). Therefore, at this time, the EP basin
was isolated from any marine influence and
began breaking down into small local basins.

The Pontian (6.9-5.5 Ma BP)
Brackish-marine conditions prevailed over the
EP during the Pontian and resulted in the
accumulation of fine-grained clastic sediments,
marls and limestones [Palaeontological Institute
(RAS) 1996] (Fig. 9). The existence of these
sediments around the Dardanelles Strait and
north of the Saros Gulf (the Bayraktepe For-
mation) indicates that, during the Pontian the
Paratethys was linked with the incipient Sea of
Marmara and the northeastern Aegean region



Fig. 8. Palaeogeographic map of the Eastern Paratethys and adjacent regions during the early Middle-Late Sarmatian (10.5-9.2 Ma BP).



Fig. 9. Palaeogeographic map of the Eastern Paratethys and adjacent regions during the Pontian (6.9-5.5 Ma BP).



Fig. 10. Palaeogeographic map of the Eastern Paratethys and adjacent regions during the Cimmerian (5.5-3.2 Ma BP).
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(Gorur et al 1997; Cagatay et al. 1998). This link
was established when the Mediterranean was
experiencing a salinity crisis in the Messinian
(Hsu 1972,1974,1978; Ryan & Cita 1978).

The Cimmerian (5.5-3.2 Ma BP)

During the Cimmerian, brackish-marine and
continental conditions prevailed over the EP
basin (Fig. 10) [Degens et al. 1986; Palaeonto-
logical Institute (RAS) 1996]. The faunal con-
tent of the Cimmerian sediments indicates lower
salinity than that in the Pontian. The nature of
the Cimmerian sediments in the northern Pon-
tides indicates that, at this time, the Pontides
served as the main source of coarse detrital
sediments along the southern coast of the Black
Sea. This region and the Marmara region were
perhaps being elevated during this period. The
previously marine areas during Pontian time in
this region became continental areas with
fluvio-lacustrine sedimentation (Fig. 10). How-
ever, a marine transgression occurred in the
northeastern Aegean region during the Kim-
merian, depositing the Ostrea bank facies of the
Goztepe Formation. The transgression, related
to the Pliocene reconnection of the Mediter-
ranean with the Atlantic Ocean after the Messi-
nian desiccation (Hsu & Bernoulli 1978), did
not reach either the Sea of Marmara or the EP
basin (Fig. 10).

The Akchagylian (Kuyalnikian) (3.2-1.8
Ma BP)

Sediments of this age are found only in the
southern Marmara region (the Ozbek For-
mation). Their age equivalents in the northern
Black Sea region consist of brown ironstone,
sand, silt and clay deposits. They contain a rich
bivalve fauna, including Lymnocardium lim-
anicium, Dreissena theodori and Unio in the
lower part of the sections, and Avimactra sub-
caspia and Cerastoderma dombra in the upper
part of the sections [Palaeontological Institute
(RAS) 1996]. The presence of zonal coccolith
species (e.g. Discoaster brouweri) in these beds
(Toker & §engiiler 1995) allows their corre-
lation with the Ozbek Formation in the Mar-
mara region.

Both the stratigraphy and the faunal assem-
blage of the Akchagylian sediments indicate
that brackish-marine conditions prevailed
during the Early Akchagylian, followed by
marine conditions and then a return to brack-
ish-marine conditions during the Late Akcha-
gylian (Nevesskaya et al. 1985). Most of the

Akchagylian bivalves are of Mediterranean
origin, indicating the connection with this sea
through the Sea of Marmara, as shown by the
faunal content of the Ozbek Formation. The
Sea of Marmara became a waterway between
the EP and the Mediterranean, being first
inundated by the Paratethys and then by the
Mediterranean. These connections with the ad-
jacent seas resulted from the increased activity
of the North Anatolian Fault and a rise in the
short-term global sea level (Haq et al. 1987;
Gorur et al. 1997).

Conclusions

The Neogene marginal succession of the EP,
cropping out along the Black Sea coast and in
the Marmara region of Turkey, provides im-
portant evidence about the tectonosedimentary
and palaeoceanographic history of the basin.
Despite the differences in the lithofacies be-
tween the southern and northern marginal
successions, the timing of marine transgressions
and isolations from the world ocean, as well as
the tectonic events, can be correlated across the
EP basin.

In the Tarkhanian, the southern margin of the
EP basin was largely a carbonate platform with
normal marine waters. During the Late Tark-
hanian-Early Chokrakian there was an overall
emergence of the basin. However, normal
marine conditions prevailed during most of this
period, except for a salinity reduction and
stagnation induced by a eustatic isolation
towards the end. This isolation became even
more severe during the Karaganian, when car-
bonate sedimentation prevailed in the northern
Pontides. The basin was briefly inundated by
marine waters from the Indo-Pacific Ocean in
the Early Konkian, with a return to brackish-
marine conditions at the end of this stage.

After a widespread transgression in the Early
Sarmatian, the EP basin was partially isolated in
the Middle-Late Sarmatian, with freshening
water and anoxic bottom-water conditions. The
EP was connected with the Marmara and north-
eastern Aegean regions during the Pontian, as a
result of an extensive transgression from the
Paratethys itself. The passage of the Mediter-
ranean waters to the EP basin via the Marmara
region did not take place until the Late Akcha-
gylian. These results disagree with the earlier
claims that the Marmara region was a gateway
between the Mediterranean and the Para-
thethys during most of the Middle Miocene.
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and Geophysics Programme (NG, Coordinator)
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Tectonosedimentary evolution of the Miocene Manavgat Basin,
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Abstract: The Manavgat Basin is a northwest-southeast oriented basin that developed on
the eastern side of the Isparta Angle, south of the Late Eocene thrust belt of the western
Taurides. The Miocene fill of the basin lies unconformably on an imbricated basement,
comprising a Mesozoic para-authocthonous carbonate platform overthrust by the Antalya
Nappes and Alanya Massif metamorphics. The sedimentary fill is represented by clastic-
dominated deposits consisting of, in ascending order, a conglomeratic wedge, reefal shelf
carbonates, limy mudstones, and calciturbidites with subordinate breccias and conglomer-
ates.

Process-oriented facies analysis of the basin fill indicates a variety of depositional
environments ranging from fluvial/alluvial fan and fan-delta complexes through reefal
carbonate shelf and forereef slope to slope fan and basin floor. Fluvial/alluvial fan and fan-
delta deposits are Burdigalian-Early Langhian in age and represent the initial conglom-
eratic valley-fill sedimentation during a relative sea-level rise balanced by important
sediment supply from relief in the north-northeast hinterland. The continuous relative
sea-level rise and a decreasing rate of sediment supply allowed the deposition of
transgressive reefal shelf carbonates of Langhian age. Tectonic activity demonstrated by
synsedimentary faults resulted in block faulting of the narrow carbonate shelf and
foundering of the basin. The rest of the sedimentation consists of the fill of newly created
accommodation space. The overall coarsening-upward succession consists of Upper
Langhian-Serravallian limy mudstones-calciturbidites and debris flows, overlain by Torto-
nian coarse-grained fan-delta deposits. The gravity induced character of most of this
progradational wedge implies a progressive uplift of the hinterland.

Situated between the Late Miocene Hellenic-
Lycian Arc and the Late Eocene Taurus Arc,
the Isparta Angle is a conspicuous syntaxis
within the Alpine Chain in southern Turkey
(map insert in Fig. 1). It has resulted from a
complex tectonic history related to the emplace-
ment of different tectonic units (e.g. Lycian
Nappes, the Bey^ehir-Hoyran Nappes, the
Antalya Nappes and the Alanya Massif) from
Late Cretaceous to Late Miocene (Bizon et al.
1974; Monod 1977; Gutnic et al. 1979; Poisson et
al. 1983; Marcoux 1987; Kissel et al. 1993; §enel et
al 1993; Frizon et al 1995; Barka et al 1997). It
is presently occupied in part by the Miocene and
Pliocene sediments of the Antalya Gulf which
opens southward to the Mediterranean Sea. As

shown below, the Miocene sedimentation in the
Isparta Angle was strongly dependent upon pre-
existing structures, and its content and defor-
mation reflect the latest stages of the orogenic
development of the chain. In this paper a broad
outline of the sedimentary sequences of the
eastern part of the Antalya Gulf (Manavgat
Basin) is presented, illustrating the tectonosedi-
mentary relationships of the area with some
regional implications.

Structural and stratigraphic setting

The Manavgat Basin is located on the eastern
flank of the 'Isparta Angle' (Blumenthal 1963).
As shown by the map and cross sections (Figs 1

From: BOZKURT, E., WINCHESTER, J. A. & PIPER, J. D. A. (eds) Tectonics and Magmatism in Turkey and the
Surrounding Area. Geological Society, London, Special Publications, 173, 271-294. l-86239-064-9/00/$15.00
© The Geological Society of London 2000.



Fig. 1. Cicological map of the Manavgat Basin, modified after Akay & Uysal (1985).
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Fig. 2. Three representative cross-sections from the Manavgat Basin. Location in Fig. 1.

and 2, respectively), the Miocene deposits of the
Manavgat Basin unconformably lie on a
Mesozoic carbonate platform overthrust by the
Antalya Nappes units and the Alanya Massif
metamorphics. This tectonic imbrication
occured during the Late Eocene. In contrast,
the overlying Miocene formations are relatively
undeformed, although the highest Miocene
deposits have been uplifted to an altitude of
1401 m (Erkibet Tepe; Figs 1 and 2).

The basic knowledge of the geology of the
Manavgat Basin was established by Blumenthal
(1951), who mapped the area and defined four
of the main formations with a rough Miocene
chronostratigraphy. Subsequently, many refine-
ments to the dating of the formations have
been made (Bizon et al 1974; Erk et al 1995)
and a general study by Akay & Uysal (1985)
produced the first synthesis of the Neogene
formations in the entire Antalya Gulf, with a
detailed map and many logs and sections
(Akay et al. 1985). Recently, a general in-
terpretation of Miocene sedimentary features

in the Antalya Basin was presented by Flecker
(1995) and Flecker et al. (1995, 1998). On
tectonic grounds, Frizon et al. (1995) have
pointed out two major compressive events post-
dating the Tortonian which are responsible for
the main present-day physiographic features of
the Antalya area.

Several formation names have been used for
the four lithological units that have been recog-
nized in the Manavagat Basin [see review in
Flecker (1995)]. Except for the lowermost con-
glomerates, the nomenclature used by Akay &
Uysal (1985) in their synthetic report is fol-
lowed here. From base to top these are: the
Tepekli Conglomerate, the Oymapmar Lime-
stone, the Geceleme Formation and the Kar-
puzgay Formation. Additional names refer to
lithological bodies of more local extent which
are included here as members (e.g. the Qakallar
Member in the Geceleme Formation or the
Yal£itepe Member in the Tepekli Conglomer-
ate).

Three cross-sections across the Manavgat
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Fig. 3. Schematic logs illustrating lateral and vertical relationships between the formations and the inferred
depositional environments. Log numbers refer to their location in Fig. 1.

Basin (Fig. 2) illustrate the present-day
geometry of the Miocene deposits. Addition-
ally, nine schematic logs, from northwest to
southwest, are presented in Fig. 3 to illustrate
the thickness and facies changes. Beneath the
Oymapmar Limestone, which is chosen here as
a datum line, there is a spectacular variation in
thickness of the Tepekli Conglomerate (Fig. 2).
Wells drilled by DSI (the State Water Works)
for the dam and outcrop constraints indicate
that these conglomerates vary from 0 (west of
Erkibet Tepe) to 280 m (S7) and over 600 m
west of Sirtkoy. The Oymapmar Limestone,
although present in all sections, also varies
considerably, from thick reef buildups in the
northwest (the Sirtkoy-Oymapmar area, logs 1
and 2 in Fig. 3), to thin pelagic facies in the
southeast (Orens,ehir, log 9 in Fig. 3). Above,
the Geceleme mudstones are thickest in the
southeast (logs 7-9 in Fig. 3), but cannot be

defined in the northwest (log 1 in Fig. 3) where
turbidite and debris flow deposits characteristic
of the Karpuz$ay Formation prevail instead.
Locally, breccias of the £akallar Member are
intercalated in the lower half of the Geceleme
Formation (logs 2, 5, 7 and 8 in Fig. 3).

Several normal faults of limited importance
offset the Miocene formations. In most cases
these do not appear to be related to pre-existing
faults. In particular, none of the large thrusts of
Late Eocene age that are responsible for the
imbrication of the Antalya Nappes were reacti-
vated during the Miocene or subsequently, as
shown in sections A and B (Fig. 2). In the
southeastern part of the basin, between Orense-
hir and Halitagalar (Fig. 1), a broad anticlinal
fold is present (section CC in Fig. 2). Its east-
west orientation is roughly parallel to the
tectonic boundary of the Alanya Massif to the
north. The age of this anticlinal folding may be



Table 1. Fades description and interpretation of depositional environments of the Tepekli Conglomerate and Oymapmar Limestone

Facies

Fades 1
Microcodium limestone
breccia and pebbly
limestone

Facies 2
Matrix-supported
disorganized
conglomerate

Facies 3
Clast-supported
organized conglomerate

Facies 4
Sandstone-siltstone
interbedded mudstone

Facies 5
Peloid mollusc-echinoid
wackestone-packstone

Facies 6
Algal wackestone-
packstone

Facies 7
Benthic foraminiferal
wackestone-packstone

Facies 8
Benthic-planktic
foraminiferal
wackestone-packstone-
grainstone

Facies 9
Massive coral-algal
boundstone

Facies 10
Reefal rudstone-
floatstone and debris

Description

Highly fractured, metalimestone of Alanya Massif (AM) with Microcodium-bearing lime
mudstone infills and well-bedded, monogenetic metalimestone breccia and subrounded pebbly
limestone containing borings. The matrix of limestones is represented by fosillifereous lime
wakestone-packstone comprising benthic foraminifers, bioclasts, pelloids and fine elastics

Massive to thickly bedded, poorly sorted, boulder conglomerates with muddy matrix. Well-
rounded coarse pebbles and abundant boulders (1 m) with large clasts floating within the bed or
protruding into the overlying bed. Conglomerates are disorganized with no apparent clast fabric
and sedimentary structures. Sharp flat bases and tops with occasional small-scale scours

Poorly to moderately well-sorted, massive to crudely bedded, well-rounded pebble-cobble
conglomerate. Laterally extensive, thick, tabular to lenticular beds or thick channel fills. Flat to
irregular lower and upper surfaces. Represented by two sub-facies: (1) unfossilifereous
intergranular matrix; (2) locally fossillifereous (marine bivalves and oysters) calcareous sandy
matrix

Red massive to flat-bedded mustone with thin lenticular fine-grained sandstone-siltstone
interbeds (up to 20 cm in thickness) characterized by flat to scoured bases and flat to slightly
convex tops with rare asymmetrical ripples

Thick, parallel bedded very fine-grained and moderately well-sorted, blue-grey peloidal
wackestone-packstone. Contains carbonized (lignite?) fragments, some subangular to
subrounded intraclasts and bioclasts. Flat upper and lower bedding surfaces. Well-preserved
fragments of gastropods, bivalves and echinoids. Local coquinoid beds up to 20 cm thick

Massive to thickly parallel-bedded, limestone comprising algae (mainly Lithothamnium and
Lithophyllum), benthic foraminifers, bivalves, gastropods, echinoids, bryzoa and coral
fragments. Disarticulated to finely fragmented and subrounded bioclasts, rhodoliths (up to
4-5 cm) and oncoliths (up to 1 cm)

Thick, parallel-bedded and poory to moderately sorted, coarse wackestone-packstone
containing relatively rich and diversified benthic foraminifers and macrof auna with some peloids
and rare intraclasts. The bioclasts are characteristically disarticulated, fragmented or abraded.
They include skeletal remains of coralline algae, Halimeda, foraminifers, bivalves, gastropods,
echinoids, annelid tubes, bryozoa and corals. Also contains small (Miliolid, Borelis, Rotalid,
Textularia, Elphidium and Gypsina) and large (Heterostegina, Operculina, Acervulina,
Miogypsina, Amphistegina, Archaias, Peneroplid and Victoriellid) bethic foraminifers

Poorly to well-sorted, fine- to medium-grained limestone comprising mainly Heterostegina,
Operculina, with rare Amphistegina, Textularia, Rotalid, Globigerinid. Parallel-bedded, low-
angle inclined accretionary beds and locally developed Callianasa burrows

Small, laterally delimited, massive mound-like limestone bodies with flat bases and convex-up
tops. Rich and diverse in situ hermatypic coral colonies with minor solitary corals in places

Fine- to coarse-grained clast-supported (rudstone) or matrix-supported (floatstone) coral
fragments and very coarse reefal debris. Massive or thin to thick inclined beds with flat to
variably scoured bases and flat tops

Interpretation

Microcodium-bearmg limestone represents deposition under continental
conditions. Limestone breccia indicates gravity induced mass transport including
rock avalanches and slides on steep subaerial slopes. Pebbly limestones with
borings represent deposition in a near-shore environment resulting from
reworking of breach gravels

Gravity induced deposition en masse. Matrix and large floating clasts indicate
rapid deposition from high-viscosity flows with matrix strength. Cohesive debris
flows representing sedimentation in a proximal alluvial fan and/or high gradient
braided stream environment.

Subaerial and subaqueous processes resulting from hyperconcentrated flows and/
or stream flows. Deposition in a high-gradient braided stream and fan-delta front
environment

Flood flows forming amalgamated beds or overbank (flood plain) and crevasse
splay deposits

Deposition in a low-energy restricted shelf lagoon with open-marine influence.
Carbonized grains may suggest transportation from a nearby marshy (peat)
environment

Intertidal to shallow-marine environment. Oncoliths and rhodoliths are indicative
of limited depth and turbulent environments

Low to moderate energy, normal salinity shallow shelf close to wave base. Small
benthic foraminifera-rich wackestone-packstone represent shelf lagoon with
restricted water circulation. Large benthic foraminifera bearing wackestone-
packstone indicate deeper water on an open shelf

Relatively high-energy beach and open-shelf environment with a normal salinity

Coral-algal patch reef developed in fan-delta front on a normal shallow-marine
shelf. The local presence of solitary corals may represent coral reef development
in relatively deeper water settings

Very local redeposition of coral-algal sediments eroded from the reefs. Rudstones
mainly represent deposition on reef flats and reef talus, whereas floatstones
represent deposition in base of forereef slopes



Table 2. Fades description and interpretation of depositional environments of the Geceleme Formation, the fakallar Member and the Karpuzcay Formation

Class - Group - Fades

A: Conglomerates, muddy conglomerates and
conglomeratic mudstones

Al: Disorganized
Al.l: Disorganized conglomerates
A1.2: Muddy conglomerates
A1.3: Conglomeratic (blocky) mudstones

A2: Organized
A2.1: Stratified conglomerates
A2.2: Inversely graded conglomerates
A2.3: Normally graded conglomerates
A2.7: Normally graded pebbly sandstones

B: Calcarenites
B2: Organized

B2.1: Parallel-stratified calcarenites

C: Calcarenite-mudstone couplets
C2: Organized

C2.1: Very thick/thick bedded
C2.2: Medium bedded
C2.3 Thin-bedded calcarenite-mudstone couplets

D: Siltstones, siltstone-mudstone couplete
Dl: Disorganized

Dl.l: Structureless siltstones

D2: Organized
D2.1: Graded stratified siltstones

E: Mudstones
E2: Organized

E2.1: Graded mudstones

F: Chaotic deposits
Fl: Extra-clasts

Fl.l: Extra-clast limestone breccia
F1.2: Isolated reefal blocks

F2: Contorted/disturbed strata
F2.1: Coherent folded and contorted strata
F2.2: Brecciated strata

Description

2-6 m thick, tabular to lenticular beds with scoured bases. Very poorly
sorted, very angular to subangular limestone clasts (3-10 cm) of Oymapmar
Limestone (OP) and Alanya Massif (AM), and well-rounded clasts of
Mesozoic carbonate. Clast to matrix supported. Some blocks > 1 m may be
present in Facies A1.3

1-4 m thick, tabular to lenticular beds with basal erosion. Clast-supported,
poorly sorted, very well-rounded pebbles (1-10 cm) and often 60 cm to 3 m
blocks projecting into the overlying muddy and/or calcarenitic beds. Normal
and inverse grading

5-20 cm thick, amalgamated, tabular to wavy calcarenite beds. No
mudstones. Few centimetre long groove casts

Well- to poorly sorted, fine- to medium-grained calcarenite-mudstone
couplets with changing bed thicknesses. Laterally very continuous beds and
variable mudstone ratios. Bouma divisions are common mostly in Facies
C2.3

Thick- to very thick-bedded, parallel-sided structureless siltstones with
sharp bases and tops. High carbonate content

Thin- to medium-bedded siltstones alternating with massive to laminated
mudstones. Mudstone/siltstone ratio is 1:1

Up to 2 m thick, laterally continuous, organic-rich mudstone. Sharp upper
and lower contacts with well-developed bioturbation

Chaotic assemblage of angular to subangular, clast-supported reefal
limestone (OL) and basement-derived clasts (AM) (5-40 cm) and blocks
(3-8 m)
Subangular to subrounded blocks (up to several metres) embedded in fine-
grained, parallel-stratified sediments

Coherently folded and contorted calcarenite-siltstone-mudstone layers of a
few centimetres to tens of centimetres thick; found together with Class C
deposits
Chaotic mixture of brecciated and balled strata. Crude parallel stratification.
Overlying and underlying sediments are mostly Class C deposits

Interpretation

Non-cohesive to cohesive (muddy) debris flows in
fan-delta and/or slope apron

High-density turbidity currents in a slope fan

High-concentration turbidity currents in a fan-
delta and/or submarine fan

High-concentration turbidity current deposits
(C2.1) and relatively dilute current deposits
(C2.3). Deposition in a submarine fan lobe

High (Dl.l) to low (D2.1) concentration silt-
dominated turbidity currents in a submarine fan
lobe to basin plain

Low-concentration turbidity currents in a
submarine fan lobe or basin plain

Submarine rock falls/avalanches or slides in
forereef slope talus/apron
Rock falls or slides in lower slope to basin plain

Slumps or slump-generated debris flows in a fan-
delta
Gravity induced sliding with internal deformation
in fan-delta
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constrained between the age of the youngest
beds affected (Messinian) and the oldest,
unaffected sediments, the overlying Pliocene
Eskikoy Conglomerate (Akay & Uysal 1985).
The CC section also cuts through the Fersin
normal fault which is interpreted here as a
synsedimentary feature responsible of the poly-
mictic breccias (the Qakallar Member) found
along that fault (see below).

The present authors are well aware that, in
the northwest area (see Fig. 1), the transition
from the Manavgat Sub-basin to the Kopriigay
Sub-basin is not satisfactorily understood. Ac-
cording to Dreyer (pers. comm.), the disapear-
ance of the Oymapmar Limestone under the
onlapping Karpuzgay Formation reflects an
erosional input of detritical material into the
Manavgat Basin. Flecker (1995) also considers a
western origin for the onlapping Karpuzgay
Formation. This problem requires additional
work along the Kirkkavak Fault (KKF in Fig.
1) and in the Kopriigay Sub-basin.

Fades, depositional processes and
environments

The Miocene fill of the Manavgat Basin is
represented by a thick succession of terrestrial
to marine elastics (the Tepekli Conglomerate),
reefal shelf carbonates (the Oymapmar Lime-
stone) followed by deeper marine elastics (the
Geceleme and Karpuzgay Formations). The
complete and detailed description of the facies
is beyond the scope of this paper, however, an
outline of the facies types is presented in Tables
1 and 2.

Within the Tepekli Conglomerate and the
shallow-marine Oymapmar Limestone a total
of ten facies, representing both subaerial and
subaquaous depositional processes, have been
recognized (Table 1; Fig. 4). They are named
descriptively following the schemes developed
by Miall (1978) for elastics, and Dunham (1962)
and Wilson (1975) for carbonates.

Several facies classifications exist for deep-
water clastic sediments (Mutti & Ricchi 1972,
1978; Mutti 1977). For the Qakallar Member,
and the Geceleme and Karpuzgay Formations,
the hierarchical classification by Pickering et al
(1986, 1989) is used. In this scheme, facies
classes (A-G) are composed of two or more
facies groups (Al, A2, Bl, etc.), which are
further subdivided into constituent facies
(Al.l, A1.2, A1.3, etc.). In the deep-marine
elastics of the Manavgat Basin a total of six
classes, nine groups and 18 facies were recog-
nized (Table 2; Fig. 5).

The Tepekli Conglomerate

The Tepekli Conglomerate is a pebble-domi-
nated clastic formation exposed in two separate
areas along the northwest and southeast mar-
gins of the basin. The spatial distribution, over-
all geometry and facies changes within the
conglomerate bodies reflect two distinct depo-
sitional settings: (1) fluvial (braided stream) to
alluvial fan; (2) southward prograding fan-
deltas.

In the northwestern part of the basin, west of
Sirtkoy and in the Seving area (Fig. 1), the
Tepekli Conglomerate is highly variable in
thickness over short distances (0-600 m). This
variation appears to be directly related to the
lithology of the underlying formations; the
Alanya Massif metalimestones and the Meso-
zoic carbonates support little or no conglomer-
ates; the maximum conglomerate thickness is
recorded where they overlie the Triassic shales
or sandstones of the Antalya Nappes. This sug-
gests that deep morphologic depressions were
carved into the softer formations and sub-
sequently filled by the Tepekli Conglomerate,
as already proposed by Flecker (1995).

In the northwest, the dominant facies consists
of a poorly to moderately sorted pebble-cobble
conglomerate with well-rounded clasts and
poorly developed polymodal granular matrix
(Facies 3 in Table 1). It occurs as laterally
extensive amalgamated tabular units, a few
metres thick, or as thick channel fills inter-
calated with poorly developed red mudstone
with sandstone-siltstone interbeds and nodular
calcrete horizons (Facies 4). A crude horizontal
lamination due to pebble alignment and imbri-
cation is locally visible in the conglomerates
(Fig. 4b). Boulder conglomerates with a sandy
muddy matrix (Facies 2) are also present in
places, generally near the base of the formation.
Such a succession suggests high-energy braided
streams with partly preserved overbank deposits
where soil horizons developed. The clasts are
polymict, comprising Mesozoic limestones from
the nearby platform carbonates, but also vol-
canic clasts originating from distant source areas
such as the Huglu Volcanics from the Beysehir-
Hoyran Nappes, 50 km to the northeast. The
facies characteristics, together with the presence
of well-rounded, far-travelled clasts suggest an
alluvial fan environment. Upsection and south-
wards (e.g. 2.5 km north of Beydigin; Fig. 1),
large patch reefs were found embedded within
winnowed clast-supported conglomerates. This
vertical evolution of the Tepekli Conglomerate
reflects the passage from alluvial fan to fan-delta
deposits, the latter being widely exposed in the
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southeastern part of the basin (the Alarahan-
Halitagalar area).

The section exposed below Alarahan Castle
(Fig. 6c) displays thickly bedded, low-angle
clinoforms of clast-supported polymict con-
glomerates (Facies 3) and subordinate matrix-
supported conglomerate (Facies 2), with coral-
algal patch reefs and foraminiferal wackestone/
packstone interbeds (Facies 7). The section is
c. 180 m thick and represents the upper part of
the Tepekli Conglomerate. The basal part is
exposed near Saburlar village (Fig. 1), resting
on the marbles of the Alanya Massif, the surface
of which is karstified, bored by Lithophaga and
has oyster shell fragments cemented on it. In the
Alarahan section, the conglomerates are mod-
erately to well sorted and polymict, with domi-
nant subrounded to well-rounded metamorphic
and non-metamorphic limestone and sandstone
pebbles, and rare occurrences of red chert clasts
(Fig. 4c), forming a suitable hard substratum for
the reef growth. The section terminates in low-
angle, cross-bedded foraminiferal packstone-
grainstones (Facies 8), c. 2-3 m thick, represent-
ing a possible beach environment truncated by
the overlying transgressive Oymapmar Lime-
stone. Throughout the section, five coral patch
reefs, up to 5-6 m thick and 2-30 m in lateral
extent, are present. The initiation of reef growth
appears to have developed preferentially on the
matrix-free, flat surfaces of the clast-supported
conglomerate beds (Facies 3), suggesting reef
development on a delta front subjected to
winnowing.

The Halitagalar section (Fig. 6b) represents a
lateral development of the Alarahan fan-delta.
It is composed of coarse conglomerates inter-
bedded with thick bioclastic limestones and
isolated patches of coral reefs. The conglomer-
ates directly overlie the Alanya Massif. This
section differs markedly from the Alarahan
section, as the clasts are almost exclusively
derived from the underlying Alanya Massif

metalimestones. The interbedded bioclastic
limestones are characterized by algal, foramin-
iferal wackestone-packstone fades (Facies 6
and 7). The faunal content is dominated by
larger benthic foraminifera such as Miogypsina,
Heterostegina, Operculina, smaller benthics
(Textularia) and planktics (Globigerinids), to-
gether with molluscan bioclasts, echinoid spines,
coral and bryozoa fragments. These composite
assemblages suggest a fan-delta progradation
into a relatively deeper water outer-shelf en-
vironment. In both sections the patch reefs are
mainly characterized by rich and diverse coral
assemblages composed of massive domal and
thin branching coral frameworks, reflecting a
relatively shallow, moderate-energy, normal-
marine environment. The coral framework is
characteristically composed of densely packed,
in situ coral assemblages dominated by Tarbel-
lastraea, Heliastraea, Porites and Stylophora
(Fig. 4d), with some large massive coral colonies
reaching up to 60 cm in size. Some broken and
overturned colonies are observed within the
framework, which is bound by encrusting coral-
line algae (Lithothamnium, Lithophyllum).
Intrareef sediments filling the space between
the frame builders are mainly of bioclastic
wackestone-packstones containing rhodoliths
and coral fragments. The bioclasts include
green algae (Halimeda), benthic foraminifera,
bryozoa, bivalves, gastropods, echinoid plates
and spines. The reef bodies are flat-based domal
forms exhibiting smooth to highly irregular
con vex-up upper surfaces, without distinct
coral zonation. A Burdigalian age is suggested
in the Alarahan section by Miogypsina-beanng
assemblages intercalated within the highest con-
glomeratic beds.

On both flanks of the Halitagalar-Oren^ehir
Anticline, the Tepekli Conglomerates were
deposited in a marine environment, as shown
by numerous reef intercalations (Fig. 3, logs 7
and 9). On the southern flank (Yalgi Tepe;

Fig. 4. Outcrop photographs representative of some fades forming the Tepekli and Oymapmar Formations, (a)
Intensely fractured and brecciated metacarbonate of the Alanya Massif (Facies 1; Table 1) exposed on the
western bank of the Oymapmar Dam site. Note the Microcodium-bearing lime mudstone infill between the
fractures, indicating a terrestrial environment. Lens cap for scale, (b) Two clast-supported fining-upwards units
within a channel fill of the Tepekli Conglomerate (Facies 3) in the Sevins area. Each unit starts with an erosive
horizon of coarse-grained sandstone. Note the clast imbrication. Scale bar is 60 cm long, (c) Bimodal clast-
supported conglomerate with coarse-grained sandy matrix, representing wave-reworked fan-delta front deposits
of the Tepekli Conglomerate (Facies 3) in the Alarahan section. Note the well-sorted and rounded aspect of the
metalimestone pebbles from the Alanya Massif. Pencil 15 cm long, (d) Reef core facies (Facies 9) from the
Oymapmar Limestone on the western bank of the Oymapmar Dam site. Note densely packed, high diversity
coral reef framework, mainly consisting of massive and domal growth forms (1, Heliastraea sp.; 2, Porites sp.; 3,
Caulastraea sp.; 4, Stylophora sp.). Scale is 6 cm long, (e) Echinoid-rich bioclastic wackestone-packstone (Facies
5) of the east bank of the Oymapmar Dam site, representing a lagoonal environment with an open-marine
influence. Pencil 15 cm long.
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Fig. 6. Generalized logs of the Alarahan and Halitagalar fan-deltas, and the Sevinc alluvial fan.

Fig. 2), the conglomerates grade upwards into
marine silty clays (S in Fig. 3, log 9), 100 m thick,
with a few fine sandstone beds, containing
sparse mollusc shells. This new member (the
'Yalgitepe Member') provided the opportunity
for dating precisely the levels immediately
underlying the Oymapmar Limestone, the age
of which was uncertain (cf. Flecker et al 1998).
The microfauna (det. A. Hakyemez, MTA)

contains the following assemblage: Globigeri-
noides altiaperturus Bolli, G. trilobus sacculifer
(Brady), G. trilobus trilobus (Reuss), Globoro-
talia continuosa Blow, G. acrostoma Wezel,
Globigerina falconensis Blow, G. cf. woodi
woodi Jenkins, Catapsydrax dissimilis Cushman
and Bermudez: which can confidently be as-
signed to the N6 zone of Blow's scale, nearly
equivalent to NN3 (Moullade, pers. comm.).

Fig. 5. Outcrop photographs representative of some fades from the Geceleme and Karpuz9ay Formations along
the Manavgat-Konya road, (a) Calcarenite-mudstone couplets (Group C2; Table 2) overlain by inversely
graded conglomerates in the Karpuzgay Formation (Facies A2.2). Person for scale, (b) Normally graded
conglomerates with gutter cast in the Karpuzcay Formation (Facies A2.3). Hammer for scale, (c) Extraclast
limestone breccia (Facies Fl.l) within the Qakallar Member. The olistolith (dotted line) is 8 m in length, (d)
Isolated reefal block (Facies F1.2) in thin-bedded calcarenites and mudstones (Facies C2.3) of the Geceleme
Formation. Person for scale, (e) Brecciated strata, including reefal limestone block, overlain by calcarenite-
mudstone couplets (Facies C2.2) of the Karpuz$ay Formation. Person for scale, (f) Coherently folded and
contorted strata within the calciturbidite and mudstone deposits of the Geceleme Formation. Note the shallow-
channel form made up of normally graded calcarenites. Person for scale.
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Fig. 7. Probable configuration of fan-deltas during the deposition of the Tepekli Conglomerate.

This age (19-17.5 Ma, Early-Middle Burdiga-
lian) is consistent with the Sr isotope chronology
performed by Flecker et al (1998) in the nearby
Alarahan section on benthic and planktic for-
aminifera from the Oymapmar Limestone and
the overlying mudstones.

Where the Tepekli Conglomerates are
absent, as in the central area of the map pre-
sented in Fig. 1, coarse and poorly stratified
breccias, up to 60 m thick, are found instead.
The material of the breccias is derived from the
underlying black Alanya Massif metalime-
stones and the fragments are embedded in a
pale red to red calcareous matrix (Fig. 4a). The
angular shape of the fragments and the size of
the largest blocks [up to several metres, as can
be observed south of Oymapmar Dam (Fig. 9)]
demonstrate their proximal origin. In the
matrix, the occasional presence of Microco-
dium indicates that deposition took place in
subaerial conditions within the water-table
oscillations. Thus, these breccias are considered
to represent continental scree deposited at the
foot of steep slopes surrounding the Lower
Miocene Alanya Massif.

A tentative representation of the Manavgat
Basin during the deposition of Tepekli Con-
glomerate is shown in Fig. 7. Two fan-deltas are
depicted, separated by an elevated area (the
'Alanya High') attested by the locally pre-
served continental scree deposits extending
from Oymapmar Dam to south of Fersin. In the
northwest, the alluvial-fan recorded in the
Sirtkoy-Sevinc. area extends southwards into a
(probably) large fan-delta, with a narrow

branch coming from the area of Kepez village.
In the southeast, the Alarahan fan-delta was
mainly fed from the east and locally from the
north (Halitagalar), according to clast com-
position, current direction and facies distri-
bution, in good agreement with Flecker (1995)
and Flecker et al. (1998).

The Oymapmar Limestone

The Oymapmar Limestone is exposed in a
northwest-southeast trending narrow belt (Fig.
1) which onlaps the Tepekli Conglomerate and
the Alanya Massif northwards (Fig. 2). It is of
variable thickness (20-150 m; Fig. 3) and is
represented by an overall deepening upwards
shallow-marine carbonate shelf succession (Figs
3 and 8).

At the southeastern end of the basin (the
Alarahan section; Fig. 6) the Oymapmar Lime-
stone is c. 20-30 m thick and overlies the
Alarahan fan-delta deposits abruptly with a flat
truncation surface (T in Fig. 6c). The section is
made up of coarse-grained large benthic for-
aminiferal wackestone-packstone (Facies 7)
containing abundant Operculina. The 6-8 m
thick lower part is heavily bioturbated, while
upwards, the wackestone-packstone becomes
well bedded and comprises small isolated coral
reefs (Facies 9). The coral reefs are almost
entirely composed of rich and highly diversified
hermatypic corals with minor solitary forms.
The overall sequence suggests carbonate
deposition in a relatively deep-water outer-
shelf environment, promoting only limited
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Fig. 8. Generalized logs of the Oymapmar Formation, and part of the overlying (Jakallar Member and
Geceleme Formation in the Oymapmar Dam area.

development of coral reefs. The truncation at
the base of the heavily bioturbated basal unit
marks the onset of a transgressive period in the
area.

Further to the northwest, along the road to
Ahmetler village (Fig. 1), the Oymapmar Lime-
stone directly overlies the metacarbonates of
the Alanya Massif. There, the Oymapmar Lime-

stone is dominated by a succession of algal and
large benthic foraminiferal wackestone-pack-
stone facies associations (Facies 7), with small
coral reef patches (Facies 9). The detail of its
internal geometry, bedding configuration and
facies characteristics reveal the presence of a
shelf-margin algal-mound complex with well-
developed basin- and shelfward-dipping beds
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Fig. 9. (a) Oymapmar Dam site interpretative map and (b) X-Y cross-section.
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Fig. 10. Interpretative view of the fades distribution of the Tepekli Conglomerate and the Oymapmar
Limestone from the narrow shelf to talus slope.

with horizontally stratified intermound beds.
The core of the algal mound is characterized by
relatively thick, flat-topped and steep-sided
massive, rhodolithic algal limestone that is
mainly made up of poorly sorted yellow for-
aminiferal algal wackestone-packstone (Facies
7). It contains well-preserved, but randomly
scattered, bodies of echinoderms, thick-walled
ostrea shells, disarticulated or fragmented
bivalves and a large number of large rhodolites
reaching up to 4-5 cm in size.

At the Oymapmar Dam site, the eponymous
limestones are represented by two contrasting
facies developments, separated by a synsedi-
mentary fault (see below):

• On the western bank (section I; Figs 8 and 9),
the succession shows a gradual transition
from pebbly bioclastic packstones (15 m
thick) of a high-energy near-shore environ-
ment to a thick succession (120 m) of well-
bedded foraminiferal wackestone-packstone
(Facies 7) with coral-algal patch reefs, reflect-
ing a normal salinity carbonate shelf. At the
top, the presence of globigerinids, and rare
solitary corals in the reef, indicates a rela-
tively deeper water environment immediately
preceding the overlying Geceleme Formation
mudstones.

• In contrast, along the eastern bank of the
Manavgat River (section II; Figs 8 and 9), the
marine succession commences with a 7 m
thick gastropod-rich bioturbated mudstone
(Facies 4) representing a siliciclastic-domi-
nated lagoonal deposit. This is abruptly over-
lain by a 25 m thick peloid mollusc blue-grey
wackestone-packstone (Facies 5) with silt-
size quartz and carbonized fragments, sug-
gesting a restricted shelf lagoon. The rest of
the section is represented by 35 m of thick

similar carbonates showing a deepening
upwards trend according to the rare occur-
rence of benthic and planktonic foraminifera.
This succession is abruptly overlain by mud-
stones of the Geceleme Formation and reefal
shelf-derived debris flows of the £akallar
Member.

This contrasting development in the Oymapmar
Limestones across the river and the Qakallar
Member will be discussed below (fault related;
Fig. 9).

Figure 10 shows an interpretative view of the
facies distribution of the Oymapmar Limestone
and the Tepekli Conglomerate along a synthetic
2D section. In the northwest, the Tepekli Con-
glomerate is represented as a subaerial alluvial
fan filling deeply incised valleys, as seen in the
Sevinc, area. Southwards, the conglomerates
progressively pass into a marine environment
(fan-delta) indicated by patch reefs (Halitagalar
and Alarahan sections). Silty clays (S) appear in
the southeasternmost section (Orensehir) and
are interpreted as a deeper and distal facies of
the Tepekli Conglomerate (Yalcitepe Member).
Above, the distribution of patch reefs and algal
mounds in the Oymapmar Limestone suggests a
shallow-marine carbonate platform, deepening
and thinning to the south and southeast
(Orensehir), with an inner shelf algal facies and
rarer patch reefs in the north (Sevinc).

The Geceleme Formation

The Geceleme Formation is mostly composed
of hemipelagic mudstones (Class E; Table 2)
with intercalated calciturbidites and siltstone
beds (Classes B-D), and occasional chaotic
deposits (Class F). It is exposed in the central
and eastern parts of the Manavgat Basin (Fig. 1)



Fig. 11. Measured section of the Geceleme and Karpuz9ay Formations along the Manavgat River road. See Fig. 13 for legend.
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where it conformably overlies the Oymapmar
Limestone. It passes progressively upwards into
the coarser Karpuzgay Formation. Conglomer-
ates and breccias that are locally present in the
lower portion of the Geceleme Formation form
the Qakallar Member (see below).

The measured section (320 m) along the
Manavgat River, on the road to the Oymapmar
Dam, clearly shows the mudstone-dominated
character of the formation (Fig. 11). Planktonic
foraminifera are abundant and belong to the
Orbulina universa and Globigerina nepentes
biozones, indicative of the Early and Late
Serravallian, respectively. The Geceleme mud-
stones are black to dark grey in colour and
locally show well-developed bioturbation. The
calcarenite intercalations are fine to medium
grained, thin to medium bedded, and mostly
tabular and laterally very continuous (Facies
C2.3 and C2.2). They frequently contain brown
coloured plant debris in their lower part and
exhibit current ripples on their upper surfaces.
Bouma Ta, Tb and Tc divisions are common,
especially in medium-bedded calciturbidites. In
places, normally graded coarse-grained calcar-
enites form lenticular intercalations, suggesting
shallow-channel structures (Fig. 5f). Thin- to
medium-bedded siltstones (Facies D2.1) are
also present. Intervals with higher concen-
trations of calciturbidites, with 1/1 calcarenite-
mudstone ratios, form 15-30 m thick conspicu-
ous levels upsection (Fig. 11; 210-245 and 300-
318 m). This slight upwards coarsening marks a
gradual transition to the Karpuz^ay Formation,
the base of which is taken at the first significant
conglomeratic horizon (Fig. 11; 330 m).

Another well-exposed section of the Gece-
leme Formation (290 m) is located 20 km
further east, along the Manavgat-Konya road
(Fig. 12), immediately south of Geceleme vil-
lage (cf. Flecker 1995). As in the preceding
section, the dominant lithology is hemipelagic
mudstone with thin- to medium-bedded calci-
turbidite intercalations. Concentrations of calci-
turbidites also occur in the upper part of the
formation. This section differs from the preced-
ing one by containing thick siltstone beds
(Facies Dl.l), conglomeratic horizons (Facies
Al.l), folded and contorted horizons (Facies
F1.2; Fig. 5f) and large-scale isolated reef-lime-
stone blocks (Facies F2.2) within the well-
bedded mudstone-fcalcarenite deposits (Fig.
5d) in the lower half of the section. This associ-
ation denotes an unstable margin.

The overall hemipelagic character of the
sedimentation, with occasional slumps and rock
falls/slides (Fig. 5d-f), as well as the local occur-
rence of the £akallar Member (see below),

suggest deposition in a fault-bounded base-of-
slope to basin-floor setting. The amalgamation
of calcarenite beds in the upper part of the
formation suggest a shallowing trend and may
have formed in fine-grained and/or distal sub-
marine fans preceding the high-density turbidity
currents and debris flows which characterize the
overlying Karpuzgay Formation.

The fakallar Member

Although the £akallar 'Formation' was defined
by Akay & Uysal (1985) near Qakallar village
(Fig. 1), these locally occuring deposits are here
considered as a member within the lower part of
the Geceleme Formation, in contrast to Flecker
(1995) who identified it only at the boundary
between the Oymapmar Limestone and the
Geceleme Formation. It is beautifully exposed
along the main road from Manavgat to Konya,
2 km south of the village of Fersin. Along this
section (Fig. 3, log 5, and Fig. 5c) the Qakallar
Member is c. 110 m thick and directly overlies
the Oymapmar Limestone. It is represented by
an alternation of sharp flat-based or channelled
disorganized conglomerates (Group Al) and
extraclast and intraclast limestone breccias
(Facies Fl.l), embedded in calcarenite-
mudstone intercalations (Class C). Two thick
polymict breccia horizons at the base and in the
middle of the Qakallar exposure (15 and 30 m,
respectively; Fig. 13) exhibit a chaotic assem-
blage of angular to subangular, clast-supported
reef fragments and dark metalimestone clasts,
with enormous blocks reaching 8 m in length
(Fig. 5c). These chaotic deposits thin out within
a few hundred metres southwards into the
Geceleme mudstones.

A conspicuous fault scarp, which can be
traced over 2.5 km south of Fersin, offsets the
Oymapmar Limestone > 400 m (Fig. 14) and
constitutes the western boundary of the £akal-
lar Member outcrop. South of Qenger Stream,
the continuation of this fault loses displacement
within the Geceleme mudstones; the overlying
Karpuzc.ay Formation is not affected (see Fig.
1). Further south, on both sides of the Orense-
hir-Halitagalar Anticline, the Qakallar Member
thins and disappears westwards (Fig. 15). The
synsedimentary character of the Fersin Fault,
the limited extent of the (Jakallar Member and
the northward increase of block size, strongly
suggest that the Qakallar breccias resulted from
proximal redeposition of blocks fallen from the
upthrown Oymapmar Shelf and Alanya base-
ment at the beginning of the deposition of the
Geceleme Formation mudstones.

In a similar way, the Oymapmar Dam area



Fig. 12. Measured section of the Geceleme and Karpuzcay Formations along the Manavgat-Konya road. See Fig. 13 for legend.
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Fig. 13. Measured section of the £akallar Member along the Manavgat-Konya main road, 2 km south of Fersin
village.

(Fig. 9) also yields a conspicuous, but limited,
outcrop of £akallar breccias, 20 m thick, con-
taining Oymapmar reefal blocks several metres
long floating in the Geceleme mudstones. Sur-
prisingly, whereas the Qakallar deposits are
similar on both sides of Manavgat Gorge, strik-
ing lithological differences appear in the under-
lying Oymapmar Limestones. As seen above,
shelf carbonates with abundant patch reefs are
well developed on the west bank (c. 170 m thick;
section I; Fig. 8), whereas on the opposite bank
(section II), the limestones exhibit only 60 m
thick lagoonal facies without reefs. Careful
examination of the site disclosed a southwest-
northeast oriented normal fault (F in Fig. 9)
which separates the successions. This fault is
interpreted here as a synsedimentary feature

which was active when the Geceleme Basin
formed, and was shedding coral blocks and
shelfal limestone fragments into the Geceleme
Formation mudstones. Accordingly, west of that
fault, the £akallar breccias are totally absent
within the Geceleme mudstones, as shown in
Fig. 9. In detail, a more complex picture of the
fault mechanics may be suspected since the
presently upthrown side of the fault (west)
contains the reefal facies, whereas the down-
throw side (east) is attributed to protected,
lagoonal facies.

The Karpuz$ay Formation
The Karpuzcay Formation outcrops as a large
continuous belt from west to east (Fig. 1). It
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Fig. 14. Present outcrop view of the synsedimentary Fersin Fault east of Geceleme village.

represents the final stage of the Manavgat Basin
fill during the Tortonian-Messinian (Globoro-
talia acostaensis acostaensis biozone), and
higher. It is unconformably overlain by fluvial
deposits of the Eskikoy Formation (?Early Plio-
cene).

As shown in the Manavgat River section (Fig.
11) and Konya road section (Fig. 12), the
Karpuzgay Formation comprises thicknesses
> 300 and 240 m, respectively. It consists of
interlaminated calciturbidites and mudstones
or siltstones (Group C2), commonly interrupted
by a few to several metres thick erosional
intercalations of clast- to matrix-supported con-
glomeratic horizons (Class A; Fig. 5a), and
occasional chaotic deposits (Class F) up to
several metres thick. Compared to the Gece-
leme Formation, the mudstones are much less
dominant with respect to the calcarenites. Plant
debris, groove casts and Bouma sequences are
still common in the calcarenite-mudstone cou-
plets. The clast-supported conglomeratic hori-
zons (Facies A2.3) form either tens of
centimetres to metres thick amalgamated beds
with irregular erosional soles, or large-scale
channellized structures pinching out laterally
into overbank coarse-grained calciturbidites.
The clasts, which range from granule to boulder

grade, are randomly orientated and commonly
display fining-upward trends. The matrix-
supported conglomerates, or blocky mudstones
(Facies A1.3), form normally or inversely
graded (Fig. 5a and b), up to few metres thick,
sheet-like bodies with slightly erosive bases.
Whatever the type of conglomerate, the clasts
are subrounded to well rounded, except for the
largest ones (metre scale) which come from the
Alanya Massif. In the Manavgat River section,
pebbles are mostly composed of Mesozoic car-
bonates, which are mixed with clasts from the
Alanya Massif only in the highest part of the
section. In contrast, in the Manavgat-Konya
road section most of the clasts are derived from
the Oymapmar Limestones or the Alanya
Massif metalimestones.

The Karpuzgay Formation does not represent
direct continuation of the fault-controlled sedi-
mentation illustrated locally by the £akallar
breccias, but reflects a more long-ranging phase
of tectonic activity which caused uplift of the
hinterland and the shelfal area north of the
basin. The coarser facies can be interpreted in
terms of a variety of mass-flow processes,
including high-density turbidity currents,
slumps and debris flows in an upper slope
setting.
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Fig. 15. Distribution of debris flow deposits during £akallar time in the Fersin-£akallar area.

On the elongated Igdeli-Guneycik Plateau
(Fig. 1), the Geceleme mudstones are uncon-
formably overlain by a 20-100 m thick con-
glomerate. This conglomerate is made up of
1-10 m thick sheet-like beds with sharp ero-
sional bases and fining-upwards trends. Well-
rounded clasts, up to 30 cm in size, pass progres-
sively upwards into coarse calcirudite. Imbri-
cated clasts are frequent in the coarsest part of
the beds, which also comprise rip-up clasts of
calcarenite. Clasts belong to the Alanya Massif
and, quite a large proportion, the Oymapmar
Formation, including patch reef-derived debris.
An overall fming-upwards trend is also visible
and coarse-grained calcarenites with well-
defined horizontal or low-angle lamination
form most of the higher located beds near
tgdeli village. Although this conglomerate may
resemble those of the Tepekli Conglomerate, it
never shows evidence of subaerial overbank
deposits (e.g. red mudstone or nodular calcrete
horizons). Clast imbrications indicate south-
westward directed palaeocurrents and the
whole conglomeratic unit forms a huge north-
east-southwest oriented erosive channel-like
structure, while the underlying Geceleme facies
thins out towards the northeast (c. 50 m near
Gtineycik; Fig. 3). It is suggested here that the

igdeli-Giineycik conglomerate corresponds to
the last locally preserved fan-delta that filled up
the Miocene Manavgat Basin. It might rep-
resent the proximal equivalents of the above
described slope facies and could thus be
included in the Karpuzgay Formation. A similar
notion regarding fan-delta deposition in the
Karpuzgay Formation was suggested by Flecker
(1995, her 'Ta^kesigi Group').

Discussion and conclusion

The initial coarse deposits (the Tepekli Con-
glomerate, Burdigalian in part) are irregularly
distributed, and fill a pre-existing topography
that marks an important period of relative sea-
level fall and subsequent erosion. Two major
fan-like systems have been identified: the Sevinc,
alluvial fan and fan-delta in the northwest, and
the Alarahan fan-delta in the southeast (Fig. 7).
Between these two drainage systems, a moun-
tainous country is implied by the discontinuous
deposits of red monomict breccias of continen-
tal origin (scree), implying steep slopes in the
immediate vicinity. According to the clast
provenance, the Sevinc, and Alarahan fan-
deltas were the output of two major drainage
systems tapping into source areas in the newly
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created mountainous area in the northern and
northeastern parts of the western Taurus. The
fan-delta complexes prograded into a shallow
shelfal area in which the distal silts of the
Yalcitepe Member accumulated.

A sharp rise of relative sea level and a
decreasing rate of sediment supply, due to the
progressive denudation of relief, resulted in the
deposition of the transgressive Oymapmar
Limestone (Late Burdigalian-Langhian) which
onlaps the fan-delta deposits and the sub-
stratum, with a gentle southward deepening
trend documented by the distribution of the
reefs (Fig. 10).

After this tectonically quiescent episode, a
sudden deepening is documented by the onset
of deposition of the Geceleme mudstones with
pelagic faunas overlying the patch reefs of the
Oymapmar shelf carbonates. The £akallar brec-
cias and debris flows that locally appear in the
lower part of the Geceleme Formation demon-
strate the tectonic origin of this sudden deepen-
ing. Synsedimentary faulting can be precisely
documented by the presence of a large amount
of debris from the Oymapmar shelf carbonates,
by the distribution of the breccias (Fig. 15) and
by the identification of the fault planes them-
selves (Fig. 14), all implying fragmentation and
sinking of the Oymapmar carbonate shelf. The
foundering of this basin, however, has no posi-
tive counterpart inland, as shown by the persis-
tent predominance of fine mudstone facies
throughout the Geceleme Formation.

The succeeding sedimentation comprised the
filling of the newly created accommodation
space with an overall coarsening-upwards suc-
cession from the Geceleme to Karpuzgay For-
mations. The gravity induced character of most
of the Karpuz^ay Formation, the sharp passage
from high-density currents and debris flows to a
turbulent coarse-grained fan-delta, suggests that
the sedimentation was largely controlled by
progressive uplift of the hinterland, from the
Tortonian onwards.

A differential uplift may be inferred from
clast composition of the debris flows, which
implies a strong erosion of the Alanya Massif
and its Miocene carbonate cover in the east
(Alarahan area). In contrast, Mesozoic lime-
stone clasts predominate in the west of the
basin, reflecting a larger uplift in this part of the
Taurus chain. Although discontinuous, the pres-
ence of debris flow deposits throughout the
Karpuzgay Formation implies repeated influx
of coarse material from nearby sources, and
suggests a persistent elevation inland until the
end of Miocene [Messinian; cf. Flecker et al
(1995)]. The resulting uplift may be compared

to the Mut region, 150 km further east, where
horizontal marine Miocene strata are presently
found at an elevation of 2000 m. The filling of
the Manavgat Basin ended with the Messinian
(Bizon et al. 1974), and a north-south compres-
sional phase subsequently produced large open
folds in the Miocene deposits before the depo-
sition of the undeformed Pliocene fluvial con-
glomerates (the Eskikoy Formation).

Flecker et al (1998) (Fig. 8) consider that the
load of the Lycian Nappes arriving in the
western part of the Antalya Gulf may have
induced flexural effects in the lithosphere, and
these effects should have influenced the Neo-
gene sedimentation in the three sub-basins situ-
ated in front of the nappes (Aksu, Kopriic, ay and
Manavgat), as suggested by contrasting drain-
age patterns in the first two basins, although
their orientation is oblique relative to the thrust
front. The influence of the advancing Lycian
Nappes is not disputable in the Miocene basin
situated along the thrust front (Poisson 1977;
Hay ward 1984), and it may be considered in the
Aksu and Kopriicay Basins, 30-60 km away.
However, the case of the Manavgat Sub-basin
is more questionable, owing to its orthogonal
orientation and its distance from the front of the
Lycian Nappes, presently > 100 km away.

In contrast, the lithologies and stratigraphic
ages of the main formations in the Manavgat
Basin may easily be connected with the north-
ern part of the Adana Basin (Fig. 1), where a
very similar evolution has been reported (cf.
Gorlir 1992; Naz et al 1992, 1998; Williams et
al 1993; Giirbiiz 1999). Three distinct episodes
are especially noticeable there, corresponding
to fan-delta deposition in the Early Miocene,
followed by Burdigalian-Serravalian reefal
limestone and subsequent thick turbiditic filling.
Extensional tectonics during the Early-Middle
Miocene is also emphasized by normal faulting,
and an important uplift at the end of Miocene is
documented by the present altitude (2000 m) of
Middle Miocene debris flows north of Adana
(Derman 1998). In that way, the Manavgat
Basin may be seen as the westernmost part of
the Adana Basin.
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Abstract: The kinematic and structural evolution of the major structures affecting the
£ankm Basin, central Turkey, has been deduced from a palaeostress inversion study. Four
palaeostress tensor configurations indicative of four-phase structural evolution have been
constructed from the fault slip data collected from the Qankin Basin. The first two phases
indicate the dominant role of thrusting and folding, and are attributed to the collision
between the Pontides and the Taurides, the proposed interface of which is straddled by the
Qankm Basin. Phase 1 occurred in the pre-Late Palaeocene and Phase 2 in the Late
Palaeocene-pre-Burdigalian. The third phase is dominated by extensional deformation in
the Middle Miocene. The latest phase has been active since then and is characterized by
regional transcurrent tectonics.

Palaeostress analysis is the estimation of the
principal stress orientations using fault slip data
obtained by field measurements of the orienta-
tions of populations of fault planes together
with slip data. Slip directions are generally
inferred from the orientations of frictional
grooves or fibrous lineations, termed slicken-
sides (Fleuty 1974). However, they can also be
deduced from the focal mechanism of earth-
quakes (Angelier 1984; Gephart & Forsyth
1984; Carey-Gailhardis & Mercier 1987) and
from the orientations of mechanical twins in
calcite (Lacombe etal 1990,1992).

A number of methods have been developed
for the palaeostress inversion and the separation
of stress tensors in multiphase deformation
situations, following the initial graphical and
numerical methods of Arthaud (1969) and
Carey & Bruner (1974), respectively. Graphical
methods have been further developed by Alex-
androwski (1985) (modified M-plane method)
and Krantz (1988) (odd-axis method). However,
they are only applicable if special conditions are
fulfilled. For instance, the faults to be analysed
using the M-plane method should have devel-
oped under uniaxial stress conditions in which
two of the principal stress magnitudes are equal
and are manifest, in plan view, in a radial or
concentric pattern of faults. The odd-axis
method is applicable in triaxial strain conditions
where two pairs of conjugate fault sets develop
and display orthorhombic symmetry. On the
other hand, numerical methods are more

robust and have been more widely used (e.g.
see Angelier 1979,1984,1994; Etchecopar et al
1981; Angelier et al 1982; Armijo et al 1982;
Gephart & Forsayth 1984; Michael 1984; Carey-
Gailhardis & Mercier 1987; Reches 1987; Hard-
castle 1989; Gephart 1990; Marret & Almandin-
ger 1990; Fleischman & Nemcok 1991; Will &
Powell 1991; Yin & Ranalli 1993; Nieto-Sama-
niego & Alaniz-Alvarez 1997).

All numerical methods are based on the
Wallace (1951)-Bott (1959) assumption that
slip occurs parallel to the maximum resolved
shear stress and is also presumed to be parallel
to the slickenline direction. A further assump-
tion is that a given tectonic event is character-
ized by one regional homogeneous stress field.
This implies that the slip direction on a fault
plane is determined by a single-stress deviator
and that all faults which slipped during one
tectonic event moved independently but in a
way consistent with this single-stress deviator
(Will & Powell 1991). After determining the
stress tensor with respect to operative fault
planes, it is transformed to a regional coordinate
system using standard computational transfor-
mations (Means 1976; Angelier 1994).

The assumptions upon which the numerical
methods are based are an oversimplification of
the situation encountered in the field. Inhomo-
geneity and anisotropic material properties,
fault interactions (especially in strike-slip
settings), the presence of rotational defor-
mation, and the non-coaxial stress and strains

From: BOZKURT, E., WINCHESTER, J. A. & PIPER, J. D. A. (eds) Tectonics and Magmatism in Turkey and the
Surrounding Area. Geological Society, London, Special Publications, 173,295-323. l-86239-064-9/00/$15.00
© The Geological Society of London 2000.



Fig. 1. (a) Inset map showing the geological outline of the eastern Mediterranean area [modified after Sengor et al (1984)]. BSZ, Bitlis-Zagros Suture; IAESZ, Izmir-
Ankara-Erzincan Suture Zone; ITS, Intra-Tauride Suture; KB, Kirs.ehir Block; MTB, Taurus-Menderes Block; SC, Sakarya continent [after $engor et al (1984)]. (b)
Tectonostratigraphic map of central Turkey. The box shows the location of the study area. AFZ, Almus Fault Zone (Bozkurt & Kogyigit 1995,1996); ESFZ,
Ezinepazan-Sungurlu Fault Zone; KFZ, Kizihrmak Fault Zone (Kaymakgi & Kocyigit 1995); LFZ, La?in Fault Zone [after Ozgelik (1994)]; NAFZ, North Anatolian
Fault Zone. 1, Metamorphic basement of the Pontides; 2, pre-Jurassic metamorphic basement of the Sakarya continent; 3, Triassic Karakaya Complex; 4, Jurassic-
Cretaceous platform carbonates and clastic rocks; 5, pre-Upper Cretaceous metamorphic rocks of the Kirs,ehir Block; 6, granites; 7, ophiolitic units; 8, Lower Tertiary
clastic rocks and volcanic rocks; 9, cover units; 10, reverse faults; 11, thrust faults; 12, normal faults; 13, active strike-slip faults, (c) Geological map of the £ankm Basin;
1-4 are the locations of the subareas.
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[monoclinic or triclinic symmetry of Twiss &
Unruh (1998)] can either cause local variations
in the stress field or a very high deviation
between the maximum resolved shear stress
and the slip direction (Pollard et al 1993). This
decreases the reliability of the stress-inversion
procedure and makes the identification of dif-
ferent deformation phases more difficult, but is
helped if constrained by stratigraphic controls
and overprinting and cross-cutting relationships
(Nemcok & Lisle 1995; Hardcastle 1989; Angel-
ier 1994).

Fault reactivation is another source of diffi-
culty as not all inversion procedures can cope
with it. For example, Angelier's (1979, 1984)
method is best suited for reactivated systems,
but it has limitations because faults with pure
dip-slip and strike-slip components yield un-
reliable results because the intermediate stress
will be perpendicular to the slip direction and it
will have no effect on the inversion procedure
[see Angelier (1994) for the details].

Although the basic assumptions underlying
stress inversion procedures have been criticized
(e.g. Pollard et al 1993; Twiss & Unruh 1998),
empirical observations and theoretical analyses
(e.g. Duphin et al. 1993) show that the shear
stress vectors and the slip vectors on a single
isolated fault plane vary little in orientation
from those predicted, i.e. the average slip
remains parallel to the average shear stress,
thus agreeing with the Wallace-Bott assump-
tion (Angelier 1994). Stress inversion tech-
niques have been applied to fault slip data from
a variety of tectonic settings and have produced
results that are consistent and interpretable
(Pollard etal 1993).

The aim of this study is to use the palaeostress
inversion procedure to delineate the kinematic
evolution of the structures within the northern
part of the Qankm Basin with respect to its
structural and tectonic evolution.

Background

The Cankm Basin (Fig. 1) is thought to be
located in a zone where the Sakarya continent
attached to the Pontides and the Kir^ehir Block
of the Taurides collided and sutured along the
Izmir-Ankara-Erzincan Suture Zone (IAESZ),
which demarcates the former position of the
northern branch of Neotethys (§engor &
Yilmaz 1981). The timing of collision is under
debate. Okay (1984) argued that it occurred at
the end of the Late Cretaceous. §engor &
Yilmaz (1981), when reviewing the plate tec-
tonic evolution of Turkey from the Precambrian
to the present, proposed a Late Palaeocene-
Middle Eocene age for the timing of the col-
lision. Goriir et al. (1984) proposed a Middle
Eocene origin based on their study of the
Tuzgolii (Salt Lake) Basin which is located in
the western margin of the Kirs,ehir Block and is
thought to have a similar stratigraphical and
evolutionary history to the £ankm Basin (Fig.
1). It is possible that these different dates reflect
a diachronous collision which may be due to
irregularities at the promontories of colliding
blocks and oblique collision (Dewey 1977)

Besides being affected by collisionary pro-
cess, the £ankm Basin was subjected to further
deformation in post-middle Miocene being a
part of the Anatolian wedge caught between
the expulsive transcurrent motions on the North
and East Anatolian Faults. This has resulted a
number of northwards, convex, dextral strike-
slip faults which bifurcate from the North
Anatolian Fault Zone (NAFZ) (Barka & Han-
cock 1984; §engor et al. 1985; Kaymakci &
Kocjigit 1995). The Kizihrmak and Sungurlu
Fault Zones are the two major splays of the
NAFZ, which partly controlled the Late Mio-
cene evolution of the (Jankin Basin (Fig. Ic).

Fig. 2. Generalized tectonostratigraphic column of the units exposed in and around the £ankm Basin. MN
zones in the age column are obtained from Hans de Bruijn (pers. comm.). 1, North Anatolian Ophiolitic Melange
(NAOM) (ophiolitic melange); 2, Yaylagayi Formation (distal fore-arc sequence); 3, Yaprakh Formation
(proximal forearc facies); 4, Sulakyurt Granites of the Kirs.ehir Block that intruded in pre-Palaeocene time; 5,
Kavak Formation (red elastics and carbonates); 6, Badigin Formation (neritic limestones); 7, Karagiiney
Formation (elastics derived mainly from the Kirs,ehir Block) 8, Mahmatlar Formation (clastic rocks derived from
the Sulakyurt Granite); 9, Dizilita^lar and Hacihalil Formations (mainly turbiditic clastic rocks and intercalated
limestones); 10, Yoncali Formation (Eocene flysch); 11, Karabal^ik Formation (distributary channel
conglomerates and sandstones with coal seams); 12, Bayat Formation (Eocene volcanic rocks and volcaniclastic
rocks); 13, Osmankahya Formation (mixed-environment elastics and red beds); 14, Kocagay Formation (Middle
Eocene nummulitic limestone covering both basin infill and the Sulakyurt Granites), 15, Incik Formation (Upper
Eocene-Middle Oligocene continental red clastic rocks); 16, Giivendik Formation (Middle Oligocene
evaporites); 17, Kil£ak Formation; 18, Altmtas, Formation (fluvial red elastics exposed only in the Hancili Basin);
19, Hancili Formation (lacustrine deposits exposed only in the Hancili Basin); 20, £andir Formation; 21, Tuglu
Formation (Lower-Upper Miocene evaporites and lacustrine shale-marl); 22; Suleymanh Formation (fluvio-
lacustrine red clastic rocks); 23, Bozkir Formation (evaporites); 24, Deyim Formation (fluvial clastic rocks); 25,
alluvium.
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Geological setting

The £ankm Basin has an Q-shape (Fig. Ib),
with the main outcrops lying in the west, north
and east. In the south it is delineated by the
granitoids of the Kir^ehir Block of the Taurides
(Fig. 1). The rim of the (Jankin Basin is marked
by an ophiolitic melange, the North Anatolian
Ophiolitic Melange (NAOM) [terminology
after Rojay (1993, 1995)], which is thought to
underlie the sedimentary infill of the £ankm
Basin. The basement of the melange is thought
to be the Kir^ehir Block in the southern part but
is unknown in the north, i.e. the LAESZ may lie
below the £ankm Basin rather than skirting
around its northern margin as indicated in
Fig. 1.

The fill of the £ankm Basin is > 4 km thick
and accumulated in five different cycles of
sedimentation (Fig. 2). The oldest cycle com-
prises Upper Cretaceous volcaniclastic rocks
and regressive shallow-marine units, and
Palaeocene mixed-environment red elastics and
carbonates (Ozselik 1994). The subsequent
cycles have been partly studied by Dellaloglu et
al (1992) and their scheme is followed in this
study. The second cycle is a Late Palaeocene-
mid-Oligocene regressive flysch to molasse se-
quence overlain by a widespread, thin (< 100 m)
nummulitic limestone of Middle Eocene age
which passes up into a very thick (up to 2000
m) Upper Eocene-mid-Oligocene continental
red clastic sequence intercalated by mid-Oligo-
cene evaporites. The third cycle is represented
by fluvio-lacustrine clastic rocks deposited in
the Early-Middle Miocene. The fourth cycle is
represented by deposits laid down under Late
Miocene fluvio-lacustrine conditions and are
frequently alternating with evaporites. The
Plio-Quaternary alluvial fan deposits and
recent alluvium locally overlie all of these units
(Fig. 2). Names of the formal units are mostly
adopted after Dellaloglu et al (1992).

The main structures shaping the current ge-
ometry of the £ankm Basin (Fig. Ic) are the
thrust faults defining its western and northern
rims. The eastern margin is defined by a belt of
north-northeast striking folds. In the south, the
basin fill onlaps on to the Kirs,ehir Block. Other
major structures affecting the Qankm Basin are
the dextral Kizihrmak Fault Zone, oriented
southwest-northeast in the central part of the
basin, and the Sungurlu Fault Zone in the
southeast. Both are regarded as splays of the
NAFZ. The south-central area of the basin is
dominated by a number of curvilinear faults
oriented approximately northeast—southwest
(Fig. Ic).

Methodology

Data collection

The relative ordering of fault motions and
related deformation was established from over-
printing and cross-cutting relations. The age
constraints were applied through careful docu-
mentation and analysis of the fault structures in
each of the above stratigraphical horizons. To
avoid problems due to relative block and fault
plane interactions [see Pollard et al (1993) and
Twiss & Unruh (1998)] sampling sites were as
small as possible and structurally homogeneous
(Hancock 1985). In addition, the displacement
should also be as small as possible (a few
centimetres) so that it should not accommodate
significant strain (Hardcastle 1989), therefore
the principal strain and stress axes should
remain parallel.

Most Lower Tertiary infill of the (Jankin
Basin is only exposed in the three belts forming
the western, northern and eastern rims of the
basin (Fig. 1). The central parts of the basin are
covered mainly by evaporites that are very
susceptible to gravity induced ductile defor-
mation and were not included in the analysis.
As a result, the study was limited to the northern
and western margins which form a convex
arcuate belt (see Fig. 1). Four subareas were
selected for detailed study. Two of them lie in
the northern margin of the basin. In subarea 1 (1
in Fig. Ic) the infill of the basin is well exposed
and the boundary is affected by dextral north-
east trending transcurrent faults (Fig. Ic). The
second subarea (2 in Fig. Ic) is dominated by
anastomosing east-northeast trending thrust
faults. In addition, Upper Cretaceous-Palaeo-
cene units are better exposed in this area than in
any other part of the basin. The third subarea
lies where the rim of the £ankm Basin turns
from an overall east-west trend to a north-south
one (3 in Fig. Ic). In this subarea, the basin units
are post-Middle Eocene in age. The fourth
subarea (4 in Fig. Ic) covers the western margin
of the basin and the Neogene Hancih Basin. In
this area, mainly Upper Cretaceous units and
Miocene-Recent units are exposed; the Lower
Tertiary units are missing or not exposed.

In order to have structurally homogeneous
data (Hancock 1985), the size of a sampling site
has been restricted to < 50 m diameter. Areas
larger than this were subdivided into subsites
and analysed independently. More than 600
slickenline data from 72 sites have been col-
lected. For each fault measured in the field, the
following features were noted: (1) the attitude
of the plane; (2) the stratigraphic units which
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were displaced; (3) whenever possible, the rela-
tive order of movement; (4) the amount of off-
set; (5) type of slickenline; (6) type of shear
sense indicators; (7) evidence of ductility (i.e.
breccia v. mylonite); and (8) degree of planarity.
Each was given a confidence value of 1-4
(excellent to poor) [as explained in Hardcastle
(1989)]. If no movement sense could be
deduced, the fault was not used in the analyses,
which applied to c. 20% of the data.

The stress-inversion procedure and
separation of movement phases

It was found that most of the measured faults
had undergone reactivation, as seen from over-
printing kinematic indicators which were sub-
sequently used to order the different phases of
movement (Fig. 3). The maximum number of
slickenline overprinting and/or overgrowth pat-
terns observed in any fault plane was three,
which was encountered in 10% of the faults, c.
25% had two overprinting sets.

The relative age of each movement phase was
determined independently for each fault from a
given subarea, carefully correlated with data
from other subareas to form a regional subset
and then processed (see Fig. 4) by Angelier's
method (1989) using his computational pro-
cedures. During the analyses, the data were
carefully examined and data from each site
were correlated with those from other sites in a
subarea such that the slip data with the same
order of occurrence could be grouped together
for preliminary stress-inversion processing (see
flowchart in Fig. 4 for the steps followed in the
stress-inversion procedure). The computational
procedures used were: direct inversion (INVD);
right dihedra (P- & T-dihedra); and iterative
methods (R4DT, R4DS, R2DT, R2DS).

After preliminary processing, faults giving
spurious results were re-examined. If the results
still remained spurious they were separated
from the data set and treated separately. After
removal of spurious data, the stress tensor was
recomputed and reanalysed using the software
developed by Hardcastle & Hills (1991) for the
automated separation of stress tensors associ-
ated with the different deformation phases as
indicated from the field observations. Concord-
ant data were then taken, so indicating that the
computed stress tensor is most likely to be
correct. The initial spurious data were recom-
puted by the Hardcastle & Hills (1991) method
and if again spurious they were deleted; if
concordant they were included and reanalysed.

In order to determine the mean stress tensor

Fig. 3. Schematic illustrations of the criteria used to
date relative occurrences of slip data. Numbers 1-3
indicate the sequences of deformation, oldest to
youngest, respectively, (a) A dyke indicating
extension (1) (large opposite arrows), then tension
veins indicating dextral movement (2), all displaced
sinistrally (3). (b) Hybrid joints with fibrous mineral
development having normal separation (1) are
displaced by reverse faults (2). (c) Internal foliation
within the shear zones with reverse separation (1)
sigmoidal veins indicating that an opposite sense of
movement (2) developed, they are then displaced by a
reverse fault with opposite movement to the veins (3).
(d) Cross-cutting slickensides. (e) Shear zone with
internal foliation indicating reverse separation (1)
displaced by a fault with an opposite sense of
movement (2). (f) Folded fault gouge with reverse
separation displaced by a fault with an opposite sense
of movement. The numbers are relative to each other
and do not necessarily correspond to the order of the
regional deformation phases.

configuration for a given movement phase in
each subarea, all the data from each site and
each phase were grouped and the above pro-
cedure was repeated. After the mean stress
orientations were determined, all of the raw
data was reprocessed using Hardcastle & Hills'
(1991) approach and the results were compared
with those obtained using the direct-inversion
method. As the minimum number of slickenline
data required in the direct-inversion method is
four (Angelier 1979), the data from sites con-
taining fewer than this number were used only
in the construction of the mean stress tensor for
the subarea within which it was located. After
the stress tensors for each set at each site were
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Fig. 4. A flowchart of steps followed during the analysis of the data. The data were analysed independently using
two different methods which were then compared. After determination of tensors and separation of the data into
best-fitting and misfitting faults, the results were compared with the automated method. If best-fitting and
misfitting tensors of Angelier's method fell within the highest percentage fit tensors of the automated method,
then each subset was ascribed two separate acceptable tensors. If not, and if they fell within the lower percentage
fit tensor, then further analysis was carried out until reasonable and acceptable tensors were obtained (i.e. lowest
misfit angles of < 15° obtained for all groups. Only faults with > 45° are accepted as spurious (< 2% of the whole
data). This process is repeated for each class of structures (number of relative chronology) for each phase and for
determining mean regional (subarea-based) stress tensor configurations.
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Table 1. Field characteristics of sites in sub area 1

Site* Shear Vein OP S.line CC Unit* No. move.

60
61
62
63 
64 
65
66 
77 
78 
79
80
81
82

115
116
117
118
119

_
_
+
+
+
-
-
+
-
+
+
+

+
+
+
+
+

2
2
3
3
3
2
-
2
2
2
2
2
2
2
2
2
-
2

SP
SP
SP,Ca
SP,Ca
SP,Ca
-
-
Ca
-
-
Ca
Ca
-
Ca
Ca
Ca
-
Ca

2
2
4
4
4
2
-
3
-
2
2
2
2
2
2
2
-
2

K
K
K
K
K
Tb
K
Ty
To
Tko
To
Ti
To
Ti
Ti
Ti
Ti
Ti

2
2
4
4
4
2
1
3
2
2
2
2
2
2
2
2
1
3

OP, Number of overprinting slickenline sets; s.line, fibrous slickensides associated with the sampled faults (SP,
serpentine; Ca, calcite); CC, number of cross-cutting relationships either with veins, shear zones or other
faults; no. move., number of movement sets encountered in each site (the numbers do not necessarily
correspond to the order of the regional deformation phases). *+, exists; -, not observed.^ K, Upper
Cretaceous units (NAOM; Ky; Kya); Ty, Yoncah Formation; To, Osmankahya Formation; Tko, Kocacay
Formation; Ti, Incik Formation.

determined, they were correlated with other
sites. By combining the stratigraphic infor-
mation and relative order of different sets, the
stress tensors were arranged into ordered defor-
mation phases.

In both the direct-inversion and the Hard-
castle & Hills' (1991) methods, 15° was chosen
as the maximum angular deviation acceptable
for the computation of a given stress tensor.
Faults with greater angular deviations were
considered as spurious and deleted.

The tensors computed for a subarea should be
more reliable than site-based tensors. The
reasons for this are obvious but include devia-
tions due to a particular site being located at the
termination of a fault or in an area where two or
more structures interact. Both will cause a
deviation of the local stress tensor from the
regional tensor (Pollard et al 1993) and will
tend to cancel out in the regional compilation
(Angelier 1994).

Results for subarea 1

The location of subarea 1 is shown in Fig. Ic.
The main structures in this area are the east-
northeast trending thrust faults (TF1) along
which the Upper Cretaceous NAOM was
thrust over the Yaylac.ayi Formation which, in
turn, was thrust onto the Late Palaeocene-

Middle Eocene Yoncah and Karabalgik For-
mations (Fig. 5a). Relatively, the oldest slicken-
sides which record the first movement on TF1
include pitches with dominant thrust fault char-
acter (> 45°) with a dextral lateral component.
This thrust belt is displaced dextrally by a
number of later north-east-southwest oriented
strike-slip faults that cut through both the
hanging-wall and footwall blocks. Further to
the southwest, the Yoncah Formation was
thrust over the Incik Formation and the Middle
Eocene units - the Karabalc.ik, Bayat, Osman-
kahya and Koca?ay Formations - along fault
TF3 (Fig. 5a). A number of synsedimentary
unconformities were observed in the Incik For-
mation during the field studies (especially near
sites 81-82 and 115 in Fig. 5a), implying that
TF2 (Fig. 5a) operated during the deposition of
the Incik Formation in Late Eocene-pre-mid-
Oligocene times. The main fault planes of TF2
and TF3 are dominated by overprinting slicken-
sides. Relatively, the oldest of these slickensides
have pitches ranging between 15 and 35° with a
sinistral sense of movement. Likewise, the
younger slickensides have pitches dipping at
< 20° with a dextral sense of movement. These
relations indicate that TF2 and TF3 were devel-
oped as transpressional sinistral strike-slip faults
and later reactivated into dextral strike-slip
faults.





Fig. 5. (a) Geological map and sample locations in subarea 1.1, NAOM; 2, Yayla9ayi and Yaprakh Formations; 3, Dizilitas.lar Formation; 4, Yoncali Formation; 5,
Karabalsik Formation; 6, Bayat Formation; 7, Osmankahya Formation; 8, Koca9ay Formation; 9, tncik Formation; 10, Tuglu Formation; 11, Suleymanli Formation; 12,
Deyim Formation; 13, alluvium; 14, sinistral strike-slip faults; 15, dextral strike-slip faults; 16, photo-lineaments; 17, normal faults; 18, reverse faults; 19, thrust faults; 20,
overturned folds; 21, anticline; 22, syncline; 23, dips of faults where they are best observed in the field; 24, sample site locations. Plots of fault planes: (b)-(e) fault planes,
slickenlines and stress orientations for each site; (f)-(i) whole data in particular phases and subareas (lower hemisphere equal-area projections).
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Fig. 6. (a) Geological map and sample locations in subarea 2.1, NAOM; 2, Yaprakh, Kavak and Bagdigin
Formations; 3, Incik Formation; 4, £andir Formation; 5, Tuglu Formation; 6, Siileymanh Formation; 7, Deyim
Formation; 8, alluvium; 9, anticline; 10, syncline; 11, overturned syncline; 12, overturned anticline; 13, thrust
faults; 14, reverse faults; 15, photo-lineaments; 16, normal faults; 17, sinistral strike-slip faults; 18, dextral strike-
slip faults; 19, dips of faults where they are best observed in the field; 20, sample site locations. Plots of fault
planes: (b)-(e) fault planes, slickenlines and stress orientations for each site (f)-(i) whole data in a particular
phase and subarea (lower hemisphere equal-area projections).
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Palaeostress inversion

Eight sites were selected (see Table 1) and, from
the field analyses, four phases of fault activity
were recognized using the criteria outlined in
Fig. 3. In some of the sites (62-64) the sampled
faults have three sets of overprinting slicken-
lines. These faults, in turn, cross-cut other struc-
tures such as shear zones, en-echelon veins and
other sets of faults (as indicated in Fig. 3). A
combination of all of these relationships led to
the identification of four sets of fault move-
ments. Based on their relative timing, the sets
of faults having similar movements were
directly assigned to the deformation phases
arranged from older to younger (Nemcok &
Lisle 1995). These sites were used as a reference
in the analysis of other sites that have fewer sets
of fault movements.

From the 18 sites sampled, 12 sites have
sufficient slip data for the construction of site-
based palaeostress tensors (Fig. 5b-e). From
these sites, 19 palaeostress configurations have
been constructed. The data from the remaining
eight sites were combined in constructing the
mean stress tensor for the whole subarea (see
Fig.5f-i).

Phase 1. Only four sites had sufficient data for
construction of a site-based stress tensor (Fig.
5b). The average orientations of the principal
stresses and the stress ratio for the subarea are:
ai - 309°N/07°, a2 = 218°N/06°, a3 = 085°N/81°;
and <X> = 0.345 (Fig. 5f). The major stress direc-
tion is north-northwest-south-southeast and the
minor stress direction (a3) is subvertical, indi-
cating thrust tectonics in this phase. The orien-
tation of ai is approximately perpendicular to
the main northeast-southwest striking segments
of TF1 and oblique to the other segments (Fig.
5a).

Phase 2. The second phase was recognized in
four sites (Fig. 5c), which also give comparable
results. One site, 64b, gives a slight deviation;
this site is very close to the intersection of TF1
and a northeast-southwest trending oblique-slip
fault. The deviation may be due to interaction of
these faults [as explained by Pollard et al
(1993)]. In the subarea, both QI and a2 are
subhorizontal, and er3 is subvertical in all sites
and the subarea-based tensor indicates thrusting
during this deformation phase. The orientation
of subarea-based principal stresses and the
stress ratio are: ax = 065°N/04°, a2 = 155°N/08°,
a3 = 308°N/81°; and 3> = 0.635 (Fig. 5g). The
orientation of ai is almost perpendicular to the
northwest-southeast striking segments of TF1

and TF3, and the northwest striking folds east of
the TF2 fault.

Phase 3. Three sites had sufficient slip data for
the construction of site-based stress tensors. The
orientations of the principal stresses are rela-
tively consistent in each site (Fig. 5d). The
horizontal components of a3 are oriented
north-northeast-southwest. The orientation of
subarea-based average stress tensors and the
stress ratio are: ai = 152°N/75°, a2 = 012°N/12°,
a3 = 280°N/10°; and O = 0.360 (Fig. 5h),
indicating extensional deformation in this
phase.

Phase 4. This phase is recognized in seven sites
(Fig. 5e). Except for site 119, all other sites
yielded compatible results. The horizontal com-
ponent of GI is oriented approximately west-
northwest-east-southeast, which is also parallel
to the subarea-based stress tensor. The orienta-
tions of subarea-based principal stresses and the
stress ratio are: c*i - 283°N/10°, a2 = 043°N/70°,
a3= 190°N/17°; and O - 0.450 (Fig. 5i), indicat-
ing strike-slip deformation in this phase.

Results for subarea 2

The location of this subarea is shown in Fig. Ic.
This area is also dominated by northeast trend-
ing thrust faults. Upper Cretaceous units are
thrust over the Palaeocene units by TF1 near
Badigin and TF4 to the east (Fig. 6a). Rela-
tively, the oldest slickenlines observed on TF4
indicate a dominant thrust fault character with
dextral lateral component. The Palaeocene
units (Kavak and Badigin Formations; see Fig.
2) are thrust over the Upper Eocene-Middle
Oligocene Incik Formation along the Ayseki
Reverse Fault (ARF). In the central parts of
the subarea, the Palaeocene units, the Incik
Formation and the Upper Miocene units are
folded and overturned parallel to the ARF (Figs
Ic and 6a).

In the southeastern part of the study area, an
east-west trending fold (Fol), observed within
Eocene-Oligocene units (Ty and Ti), is uncon-
formably overlain by the relatively undisturbed
Upper Miocene units (opl in Fig. 6a).

Near Badigin village, TF1 and TF4 are dis-
placed by an east-west trending normal fault,
NF1, which is, in turn, displaced by northeast-
southwest trending faults with an apparent
sinistral offset and normal component. These
faults also displace Upper Miocene units
(Suleymanh and Bozkir Formations) and the
Plio-Quaternary Deyim Formation (Fig. 6a),
which proves their post-Late Miocene activity.
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Table 2. Field characteristics of sites in sub area 2.

Site Shear Vein OP S.line CC

* Tkv, Kavak Formation. Other abbreviations as in Table 1.

Unit* No. move.

48 
49
50 
51 
52 
53
54
55
56
57
58

126
127
128
129

+
+
+
-
+
+
-
-
-
+
-
-
+
-
+

2
2
2
3
2
-
3
2
-
-
-
-
2
2
2

SP,Ca
SP,Ca
SP
SP,T1
SP
Ca
Ca
Ca
-
Ca
-
-
Ca
Ca
Ca

4
2
4
3
2
2
3
2
-
2
-
-
2
2
2

K
K
K
K
K
K
K
K
K
K
K
Ti + Tkv
Ti + Tkv
Ti
Ti

4
3
4
4
3
2
3
2
1
2
1
1
2
2
2

Palaeostress inversion

Four deformation phases were recognised in
this subarea. The same criteria were used for
ordering the deformation phases as described in
Fig. 4. The details of sites located in this subarea
are given in Table 2 and results are illustrated in
Fig. 6b-e.

Phase 1. Six sites had sufficient data to construct
site-based stress tensors for this subarea.
Although the angular discrepancy between the
orientations of CTI constructed for each site and
averaged for the subarea is c. 45°, there is a great
discrepancy between the orientations of a2 and
a3. The orientations of the <TI vary from north-
northwest-south-southeast to west-northwest-
east-southeast and are subhorizontal in each
site. a2 and <J3 are oblique, although a3 is more
vertical than <72 (Fig. 6b). Orientation of the
stresses and the stress ratio for the subarea are:
CT! = 208°N/13°, a2 = 285°N/04, a3 = 030°N/70°;
and 3> = 0.412 (Fig. 6f). Having a3 subvertical
and the other stresses subhorizontal indicates
thrusting in this phase.

Phase 2. Only four sites had sufficient data for
construction of the site-based stress tensors. The
orientation of site- and subarea-based tensors is
relatively compatible. Orientation of ai ranges
from north-northwest-south-southeast to north-
east-southwest (Fig. 6c). The mean subarea-
based principal stress orientations and the
stress ratio are: CTI - 189°N/14°, a2 = 280°N/04°,
a3 = 025°N/75°; and O = 0.804 and indicates

compressive deformation. The orientation of ai
is perpendicular to Fol (Fig. 6g).

Phase 3. Only three sites had sufficient slip data
for construction of the site-based tensors (Fig.
6d). In sites 127 and 48, a2 is oblique, implying
local transtension which is not observed in the
subarea-based stress tensor. Only site 48 is
compatible with the subarea-based tensor;
others deviate from it. This relation may indi-
cate local stress perturbations, e.g. site 127 is
very close to the normal fault NF1. The orien-
tation of the mean subarea-based principal
stresses and the stress ratio are: CTI = 213°N/81°,
a2 = 350°N/07°, a3 = 080°N/06°; and O = 0.542
(Fig. 6h). Having GI subvertical and other
stresses subhorizontal indicates extensional de-
formation in this phase.

Phase 4. Five sites had sufficient slip data for the
construction of site-based stress tensors (Fig.
6e). In almost all the sites, a2 is subvertical and
ai ranges from northwest-southeast to north-
northwest-south-southeast; this relation indi-
cates strike-slip deformation. The orientation
of the subarea-based mean stresses and the
stress ratio are: CTI - 291°N/03°, a2 = 033°N/83°,
a3 = 201°N01°; and O - 0.564 (Fig. 6i). Having
<T2 vertical and the other stresses horizontal
indicates regional strike-slip deformation in this
phase. Most of the thrust and reverse faults and
folds trending northeast-southwest are almost
perpendicular to CTI. In addition, the folds within
the Upper Miocene units (near site 128) are
perpendicular to CTI.
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Fig. 7. (a) Geological map and sample location of subarea 3.1, NAOM; 2, Galatean Volcanic Province [see
Tankut et al (1995) and Toprak et al (1996)]; 3, Incik Formation; 4, £andir Formation; 5, Tuglu Formation; 6,
Suleymanh Formation; 7, Bozkir Formation; 8, Deyim Formation; 9, alluvium; 10, syncline; 11, anticline; 12,
overturned syncline; 13, thrust faults; 14, reverse faults; 15, normal faults; 16, strike-slip faults or faults with an
unknown sense of movement; 17, photo-lineaments; 18, dextral strike-slip faults; 19, sinistral strike-slip faults; 20,
dips of faults where they are best observed in the field; 21, sample site locations. Plots of fault planes: (b)-(e) fault
planes, slickenlines and stress orientations for each site; (f)-(i) whole data in a particular phase and subarea
(lower hemisphere equal area projections).
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Table 3. Field characteristics of sites in subarea 3

Site Shear Vein OP S.line CC

T9, Qandir Formation. Other abbreviations as in Table 1.

Unit* No. move.

34
35
36
38
39
40
41
42
43
44
45
46
47

_
+
-
_
+
+
-
+
+
-
+
-
+

+
+
-
-
-
-
-
+
+
-
+
-
+

2
2
2
2
-
2
2
2
3
-
-
-
2

Ca
SP,Ca
SP
-
SP
SP
SP
Ca
SP,Ca
Ca
SP,Ca
-
SP

2
2
2
2
2
2
2
2
3
-
2
-
4

Ti
K
K
K
K
K
K
K
K
K
K
K,T9
K,T9

3
2
2
2
2
2
2
3
4
1
2
1
4

Results for subarea 3

This area is located at the northwest corner of
the £ankm Basin (3 in Fig. 1) where the NAOM
and the thrust faults bounding the western
margin of the basin change their strike from
north-northeast-south-southwest to northeast-
southwest. The area in which the sharpest
change occurs is hidden below the Plio-Quat-
ernary units (the Deyim Formation) (Figs 1 and
7a). The thrust faults along which the ophiolites
and Upper Cretaceous units thrust over the
Middle Miocene Qandir Formation are covered
by the Upper Miocene Suleymanli and Bozkir
Formations (opl and op2 in Fig. 7a). This
relation indicates that thrust activity along TF4
and TF5 took place after the Middle Miocene
and prior to the Late Miocene. Along the Merzi
Reverse Fault (MRF), the NAOM is thrust over
the Upper Miocene Suleymanli Formation (op3
in Fig. 7a) and the thrust contact is covered by
the Plio-Quaternary Deyim Formation (op3 and
4 in Fig. 7a). TF5 is displaced by NF2, indicating
that two distinct tectonic regimes gave rise to
the development of these structures. The first
one is thrusting that resulted in the development
of TF5 and the second one is an extensional one
which gave rise to NF2, which is a normal fault
with a strike-slip component (Fig. 7a).

In the central-eastern part of the subarea,
near £avu§k6y, the post-Middle Eocene Incik
Formation was thrust over the Upper Miocene-
Pliocene^) Bozkir Formation along the £avu§-
koy Reverse Fault (£F) and the reverse fault
contact is covered by the Plio-Quaternary
Deyim Formation (op5 in Fig. 7a), indicating
post-Late Miocene-Pliocene(?) formation of
the reverse fault. The Deyim Formation, in

turn, is displaced by northeast-southwest trend-
ing dextral strike-slip faults (Fig. 7a).

Palaeostress inversion

In this subarea, like the previous sites, four
phases of fault movement are observed. These
movements are assigned to deformation phases
and they are ordered according to their occur-
rence as explained previously (see Fig. 3). The
details of each site are given in Table 3 and the
results are presented in Fig. 7b-e.

Phase 1. Only four of the 14 sites had sufficient
data for the construction of site-based stress
tensors (Fig. 7b). The orientations of the princi-
pal stresses are consistent on a site basis and
they are also consistent with the constructed
regional stress tensor (Fig. 8b). The orientation
of the principal stresses and the stress ratio are:
ai - 322°N/02°, a2 = 052°N/05°, a3 - 212°N/85°;
and 3> = 0.413 (Fig. 7f) and indicate a compress-
ive deformation. The orientation of QI is almost
perpendicular to the trace of TF4 and oblique to
the trace of TF5 and NF2.

Phase 2. Only three sites had sufficient slip data
for the construction of site-based stress tensors
(Fig. 7c). The orientation of principal stresses
are consistent with each other on a site basis
and, when averaged for all subareas, the orien-
tation of the principal stresses and the stress
ratio are: GI = 278°N03°, a2 - 008°N/03°, a3 =
142°N/86°; and d> = 0.512 (Fig. 7g) and indicate a
compressive deformation. <TI is almost perpen-
dicular to TF5 and NF2, and oblique to MRF,
TF4 and £F.
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Phase 3. Only three sites had sufficient data for
the construction of the site-based stress tensors,
although the horizontal component of a3 is
consistent for individual sites and with the
constructed mean subarea stress tensor (Fig.
7d). Orientation of regional stresses and the
stress ratio are: ai = 343°N/51°, a2 = 206°N/31°,
a3 - 102°N/31°; and O = 0.401 (Fig. 7h). None of
the principal stresses are oriented vertically or
horizontally and there are stress permutations
(Angelier 1994) between the sites. This relation
may indicate the state of so-called 'tri-axial
strain conditions' (Reches 19780, b). The orien-
tation of the horizontal component of a3 is
almost perpendicular to NF2 and other major
normal faults with a sinistral strike-slip com-
ponent (Fig. 7a).

Phase 4. Four sites had sufficient slip data for the
construction of site-based stress tensors (Fig.
7e). The orientations of site-based tensors are
relatively consistent with each other. In each site,
a2 is subvertical and the horizontal component
of GI ranges from west-northwest-east-south-
east to northwest-southeast. The orientations of
subarea-based mean stresses and the stress ratio
are: QI = 293°N/06°, a2 - 201°N/22°, a3 = 037°N/
68°; and <D = 0.608 (Fig. 7i) and indicate a
compressive deformation. The horizontal com-
ponent of <TI is almost perpendicular to TF5, NF2
and MRF, and oblique to TF4 and £F.

Results for subarea 4

This subarea includes the western margin of the
£ankm Basin and extends into the adjacent
Hancih Basin, which is separated from the
Qmkm Basin by TF5 and NF2 (Figs Ic and 8a).

Along TF5, the Upper Cretaceous units are
thrust over the Middle Miocene £andir For-
mation and the fault contacts are covered by
Upper Miocene units in the north outside
subarea 4 (opl-3 in Fig. 8b). Along TF6, Upper
Cretaceous rocks are thrust over the Middle
Miocene Hancih Formation. Along TF7 and
TF8, the Upper Cretaceous rocks are thrust
over the Lower-Middle Miocene Aslanta§ and
Hancih Formations; these units are locally over-
turned along TF8. TF7 is covered by the Plio-
Quaternary Deyim Formation, indicating pre-
Plio-Quaternary activity of the fault. Along
TF9, the Lower-Middle Miocene Aslanta§ and
Hancih Formations are thrust over Upper Cre-
taceous rocks. TF10 is a set of thrust faults
developed within the Upper Cretaceous and
Palaeocene rocks. It is covered by the Plio-
Quaternary Deyim Formation, indicating pre-
Plio-Quaternary activity of this fault set.

TF5 is displaced by a number of approxi-
mately north-northeast-south-southwest strik-
ing oblique-slip faults with normal components
(e.g. NF3) that strike almost parallel to TF5.
TF6-TF9 are displaced by a number of approxi-
mately northeast-southwest striking strike-slip
faults, some of which have a normal component
of movement (Fig. 8a).

In the £ankm Basin, the folds are oriented in
two directions. The folds developed in the
Qandir Formation are oriented north-south to
north-northeast-south-southwest and the ones
developed in the Upper Miocene units are
oriented northeast-southwest. This relation
indicates two phases of folding. The earlier
folding postdates the deposition of the Middle
Miocene £andir Formation and predates the
Upper Miocene units, and the latter postdates
the deposition of Upper Miocene rocks.

The folds in the Hancih Basin are oriented in
two different directions. One set is oriented
northwest-southeast, parallel to the thrust
faults TF6-TF9. This relation indicates thrust-
related folding of the units in the Hancih Basin
after deposition of Hancih Formation in the
Early Middle Miocene. The second set is
oriented northeast-southwest, parallel to the
folds in the £ankm Basin affecting the Upper
Miocene units (Suleymanh and Bozkir For-
mations).

Palaeostress inversion

Twenty-one sites were selected for the construc-
tion of site-based stress tensors. As in the pre-
vious subareas, four phases of fault movements
were again recognized. These movements are
assigned into deformation phases and are
ordered according to their occurrence as
explained previously (see Fig. 4). The details of
each site are given in Table 4 and the results are
presented in Fig. 8c-f.

Phase 1. Seven sites had sufficient slip data for
the construction of site-based stress tensors.
Except for site 136 (Fig. 8c), the orientation of
the principal stresses are consistent on a site
basis and in all other sites; a3 is subvertical, QI is
oriented in a northwest-north-northwest to
southeast-south-southeast direction and a2 is
subhorizontal. The orientation of the mean
regional principal stresses and the stress ratio
are: GI - 165°N/01°, a2 = 255°N/16°, a3 - 071°N/
74°; and <£ = 0.372 (Fig. 8g), indicating that
thrusting occurred during this phase.

Phase 2. Only four sites had sufficient slip data
for the construction of site-based stress tensors
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Fig. 8. (a) Geological map and sample location of subarea 4.1, NAOM; 2, Aslanta§ and Kilgak Formations; 3
Hancih Formation; 4, £andir Formation; 5, Suleymanh Formation; 6, Bozkir Formation; 7, Deyim Formation- 8
alluvium; 9, anticline; 10, syncline; 11, overturned syncline; 12, thrust faults; 13, reverse faults; 14, normal faults'
15, strike-slip faults or faults with an unknown sense of movement; 16, photo-lineaments; 17, sinistral strike-slip
faults; 18, dextral strike-slip faults; 19, dips of faults where they are best observed in the field' 20 sample site
locations, (b) Map showing the relationship between thrusting of the NAOM onto the (Jandir Formation and
covering of the fault contact by the Bozkir Formation (see Fig. Ic for the location of the map). Plots of fault
planes: (c)-(f) fault planes, slickenlines and stress orientations for each site; (g)-(j) whole data in a particular
phase and subarea (lower hemisphere equal-area projections).
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Table 4. Field characteristics of sites in sub area 4.

Site Shear Vein OP S.line CC Unit*

Ta, Aslanta§ Formation; Tha, Hancili formation. Other abbreviations as in Table 1.

No. move.

17
18
19
20
21
22
23
24
25
26
27
28
29

133
134
135
136
137
138
139a
139b
140
141
142
143
144

+
+
-
+
+
-
+
-
+
-
-
-
-
-
_
-
+
+
+
+
-
+
+
-
-

+
+
+
-
+
-
+
-
-
-
-
-
-
+
+
+

+
+
+
-
-
-
-
-

2
-
_
-
2
2
-
2
-
-
-
-
-
-
-
_
-
2
2
2
2
-
-
-
-
2

Ca
SP,Ca
-
-
Ca
-
-
-
-
-
-
-
-
Ca
Ca
Ca
-
-
_
SP,Ca
-
-
-
-
Ca

2
2
3
-
2
2
-
3
-
2
-
-
-
-
-
2
2
2
2
2
2
-
2
2
_
2

Ti
K
K
K
K
K
K
K
-
K
K
K
K
Ta
Tha
Tha
Tha
TRK, Ta
K,Tha
K
K,Ta
Ta
Tha
Tha
Tha
Tha

2
3
3
2
3
3
1
4
-
2
1
1
1
1
1
2
2
3
3
3
3
1
2
2
1
2

(Fig. 8d). The orientation of a2 and a3 is vari-
able in each site, whilst <TI is relatively consistent
and oriented east-northeast-west-southwest to
northeast-southwest. The orientation of the
averaged subarea-based stresses and the stress
ratio are: GI = 241°N/41°, a2 = 331°N/12°, a3 =
147°N/77°; and 0> = 0.703 (Fig. 8h), indicating
thrusting during this phase.

Phase 3. Six sites had sufficient slip data for the
construction of site-based stress tensors (Fig.
8e). In all the sites, CTI is sub vertical and other
stresses are subhorizontal. The horizontal com-
ponent of cj3 is relatively consistent in each site,
but other stresses are variable in orientation.
This may be because the magnitudes of the a2
and a3 are very close to each other, resulting in
stress permutations (Angelier 1994). In ad-
dition, the orientation of the horizontal com-
ponent of a3 is approximately perpendicular to
the thrust faults (TF6-TF9) in the Hancili
Basin whence most of the data came. The
orientation of the mean regional principal
stresses and the stress ratio are: ai = 130°N/73°,
a2 - 316°N/14°, a3 - 224°N/09°; and O - 0.487
(Fig. 8i). Having GI subvertical and other

stresses subhorizontal indicates extensional de-
formation in this phase.

Phase 4. Five sites had sufficient slip data for the
construction of site-based stress tensors (Fig.
8f). The orientation of the principal stresses are
variable, whilst QI is relatively consistent in each
site except for site 22. It is oriented west-
northwest-east-southeast, while the horizontal
component of a3 is oriented north-northeast-
south-southwest. The orientation of mean sub-
area-based stresses and the stress ratio are: ai =
294°N/03°, a2 - 194°N/74°, a3 - 025°N/25; and O
= 0.582 (Fig. 8j), indicating strike-slip defor-
mation in this phase.

Discussion

The results obtained are summarized in Fig. 9,
in which both the site and subarea stress tensors
are presented. They are important to the struc-
turing of the Qankin Basin subarea stress
tensors and the discussion will concentrate on
them.
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Fig. 9. Plots of horizontal components of QI [(a), (b) and (d)], cr2 [(b) and (c)] and a3 (c) in different phases and
subareas (1-4).

Phase 1

As stated above, Phase 1 is characterized by
compressional deformation in which the
orientation of ai is subhorizontal and that of a3
is subvertical. When the results are considered it
can be seen that ai has a consistent northwest
trend in the northern and northwestern margins
but a north-northwest trend in the western
margin; this gives an overall discrepancy of 37°
(Fig. 9a). The orientation of GI in the north
(subareas 1-3) is almost perpendicular to the
main thrust faults and oblique to the ones in the
western margin of the basin (Fig. 10). The
youngest units affected in this phase are pre-
Late Palaeocene; therefore, this deformational
phase operated until pre-Late Palaeocene time.

Phase 2

This phase is also characterized by compres-
sional deformation in which ai is subhorizontal
and cj3 is subvertical, although some sites do
indicate local strike-slip deformation in which

QI and <73 are both subhorizontal and a2 is
subvertical. The averaged trend of <TI is very
variable, changing from northeast-southwest in
subareas 1 and 2 to almost north-south in
subarea 2, to east-west in subarea 3 (Fig. lOb);
the angular discrepancy between the subareas is
87° (Fig. 9b). The fault slip data ascribed to this
phase are observed only in the pre-Burdigalian
units, therefore, a Middle Eocene-pre-
Burdigalian age is ascribed to this phase.

Phase 3

This phase is characterized by extensional de-
formation in which QI is subvertical and cj3 is
subhorizontal. The orientation of a3 changes
from west-northwest in subareas 1 and 3, to
east-northeast in subarea 2 and northeast trend
in subarea 4 (Fig. 9c); this gives an overall
angular discrepancy of 73° (Fig. 9c). The orien-
tation of the horizontal component of a3 in each
subarea is oblique to the faults, which were
previously supposed to be active in this defor-
mation phase (Fig. lOc). The fault slip data
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Fig. 10. Plot of horizontal components of CTI for phases 1,2 and 4 (converging large arrows) and (73 for Phase 3
(diverging large arrows), and for the structures proposed to have developed in a corresponding phase [(a)-(c)
and (c)]. (d) Length-weighted rose diagram prepared from the faults proposed to have developed in deformation
Phase 3 and an idealized stereographic projection of largest populations (note that they display two sets of
conjugate faults), (f) Length-weighted rose diagram prepared from the faults proposed to have developed in
deformation Phase 4.

ascribed to this deformation phase are obtained
mainly from Lower to Middle Miocene units in
subarea 4. In other subareas they overprint the
slickenlines that were previously ascribed to
older phases and overprinted by the latest
phase. Therefore, an Early-Middle Miocene
age is assigned to this phase. The length-
weighted rose diagram (Fig. lOd), prepared
from the normal faults supposedly developed in
this deformation phase, indicates two sets of
conjugate pairs of normal faults. Considering
the oblique nature of the principal stresses
discussed above, it is proposed that these faults

are developed in so-called 'tri-axial strain con-
ditions', which assumes that ai is subvertical
and other stresses are oblique to the horizontal
plane (Reches 19780, b\ Krantz 1988).

Phase 4

This phase is characterized by strike-slip defor-
mation in which a2 is subvertical and QI and a3
are subhorizontal. The orientations of QI trends
are relatively consistent in the subareas and
trend west-northwest with 17° of overall dis-
crepancy (Fig. 9d). In Fig. lOe the structures
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Fig. 11. Interpreted and smoothed stress trajectories for each deformation phase, (a) Phase 1; (b) Phase 2; (c)
Phase 3; (d) Phase 4.

that may have developed in this phase are
illustrated. It is obvious that most of these
structures were reactivated in this deformation
phase along inherited planes of weaknesses,
although the variation of ai between subareas
is almost negligible. This relationship indicates
that pre-existing planes of weakness do not play
a major role in the stress-inversion procedure.
The slip data attributed to this phase include the
latest overprinting slickensides and the data
collected from the faults that affected the
Upper Miocene and younger units; therefore, a
post-Middle Miocene age is assigned to this
phase.

Stress trajectories and the models

Using the subarea-based principal stresses,
smoothed stress trajectories of each phase are
plotted (Fig. 11). The stress trajectories in Phase
1 display a mesh-like pattern in which the GI
trajectories are oriented northwest-southeast
while a2 trajectories are curvilinear and convex
southeastwards (Fig. 11 a). In Phase 2 they

display radial <TI and concentric a3 patterns
(Fig. lib). In deformation Phase 3, the a2
trajectories display radial pattern while a2 are
concentric around the rim of the Qankin Basin
and exposed parts of the Kirs,ehir Block (Fig.
lie). The concentric pattern of a3 trajectories in
deformation Phase 3 indicates uniaxial exten-
sion (Carey & Bruner 1974) which is character-
istic for areas of regional doming (Means 1976)
and multidirectional extension (Arlegui-Crespo
& Simon-Gomez 1998). In deformation Phase 4,
QI and a3 trajectories display a mesh like pat-
tern oblique to the western and northern rim,
and to the Kizihrmak and Sungurlu Fault Zones
(Fig. lid).

The subduction of Neotethys took place
northwards under the Pontides along a roughly
east-west trending trench (§engor & Yilmaz
1981; Gorur et al 1984; Kocyigit et al 1988;
Kocjigit 1991; Dellaloglu et al 1992) in Late
Cretaceous-Early Tertiary time, i.e. during de-
formation Phase 1. Considering the east-west
oriented zone of convergence, the orientation of
ai (in Phase 1) is therefore oblique to the
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Fig. 12. (a) Cartoons illustrating the possible development of the f ankin Basin through deformation Phases 1
and 2. Note block rotations and the response of principal stress orientations as the Kir^ehir Block drives
northwards. Black arrows are QI; white arrows are the relative movement sense of the Kir§ehir Block (Pontides
assumed fixed), (b) Riedel pattern of deformation [after Biddle & Christie-Blick (1985)] and a plot of horizontal
components of QI (convergent large arrows) proposed to explain the structures developed in deformation Phase
4. (c) Length-weighted rose diagram prepared from the structures proposed to have developed in this phase and
corresponding Riedel shears - r, primary synthetics shear; r", antithetic shear; p, secondary synthetic shear; y,
principal displacement zone; t, extensional structures, (d) Schematic illustration of the structures in north-central
Turkey plotted to explain the structural development of the £ankm Basin in deformation Phase 4 - AFZ, Almus
Fault Zone; EFZ, Ezinepazan Fault Zone; KFZ, Kizihrmak Fault Zone; NAFZ, North Anatolian Fault Zone;
WBCB, western boundary fault of the £ankm Basin [modified after $engor et al (1985)].

direction of convergence (Fig. 12a). This re-
lationship may indicate that subduction had a
dextral strike-slip component in this part of the
Tethys Ocean (Fig. 12a), where the Sakarya
continent and the Kir^ehir Block eventually
collided and amalgamated. Palaeomagnetic
studies undertaken separately indicate that
the western part of the £ankm Basin rotated
c. 30° anticlockwise, while the eastern margin
rotated c. 50° clockwise, which resulted in the Q-
shape of the basin in Eocene-Oligocene times.

This relationship may also be the reason for the
radial ai pattern and concentric a2 pattern
developed with a3 subvertical in deformation
Phase 2 (Fig. lib).

In the Early Miocene, the collision and
further convergence of the Sakarya continent
and the Kir§ehir Block was completed. Sub-
sequently, the compressional regime was
replaced by an extensional regime (in defor-
mation Phase 3), which may be due to gravi-
tational collapse (Dewey 1988). This gave rise to
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the formation of multidirectional normal fault-
ing and the deposition of the Aslanta§, Hancih
and £andir Formations within graben com-
plexes. Extensional deformation, driven by
gravitational collapse, has already been postu-
lated for western Turkey and the Aegean area
(Seyitoglu et al 1992; Bozkurt & Park 1994,
1997; see Lips 1998 and Walcott 1998 for
Aegean references). Therefore, it can be pro-
posed that Early-Middle Miocene extension in
western Anatolia extended as far east as the
£ankm Basin area in central Turkey.

Having a2 subvertical and GI oriented north-
west-southeast during Phase 4, indicates that
the Sungurlu (SFZ) and Kizihrmak Fault
Zones (KFZ) have been the two major strike-
slip faults which deformed the £ankm Basin
and displaced its rims dextrally. The length-
weighted rose diagrams, prepared from these
structures, indicate the dominance of north-
easterly trends which display a Riedel defor-
mation pattern (Figs lOf, 12b and c), which
commonly develops in regions of regional
transcurrent deformation and along strike-slip
fault zones (Biddle & Christie-Blick 1985).
During this phase, the western margin of the
basin reactivated as a sinistral strike-slip fault
zone as the conjugate of the KFZ and the SFZ.
As the western margin was dominated by a pre-
existing thrust fault belt, it was reactivated into
a zone of sinistral transpression (Fig. 12d). In
addition, the orientations of the constructed
principal stresses (Fig. 12d) are parallel to the
compressive and tensile axes obtained from
recent earthquakes along the NAFZ (Jackson
& McKenzie 1984; Dewey et al 1986). This
relationship is consistent with the results given
here.

Conclusions

• Four deformation phases have been recog-
nized and their palaeostress configurations
are constructed.

• The first phase is characterized by northwest-
southeast oriented QI and subvertical a3,
indicating compressional deformation charac-
terized by thrusting.

• The second phase is characterized by radial
QI and concentric a2 patterns with subvertical
a3, indicative of thrusting.

• Concentric a3 and subvertical GI are indica-
tive of extensional deformation in the third
deformation phase.

• The final phase is characterized by a north-
west-southeast oriented QI pattern with very
little variation of GI orientations between the
subareas.

•The structures, which were active in each
deformation phase, are plotted. The struc-
tures, which were active in the latest defor-
mation phase, display a Riedel deformation
pattern that is consistent with the strike-slip
deformation that has been in operation since
the Late Miocene in the area.
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Abstract: The well-known Cenozoic Aegean extensional regime, initiated at c. 25 Ma,
thinned the crust so that most of it now lies submerged. North of the western continuation
of the North Anatolian Fault the Aegean extensional regime is present in central and
southern Bulgaria, northern Greece, Former Yugoslavian Republic (FYR) of Macedonia
and eastern Albania. Here the system is exposed on land and offers an opportunity to
reconstruct the extensional evolution of the system. The southern Balkan peninsula forms
the northern part of the Aegean extensional system; deformation is not as great as in the
Aegean, but reconstruction of this part of the extensional regime will provide important
constraints on its dynamics.

Following a period of arc-normal extension associated with Late Eocene-Late Oligocene
magmatism, major lithospheric extension appears have begun between 26 and 21 Ma in
northern Greece, involving east-northeast-west-southwest extension east of Mount
Olympos, on the Island of Thasos and near Kavala. This period of extension may have
been accompanied by a short period of coeval compression north of the arc during Early
Miocene time or perhaps a little earlier in the Thrace Basin of northwestern Turkey.
Northeast-southwest directed Middle-Late Miocene extension appears to have developed
obliquely to the older magmatic arc and migrated northward into southwestern Bulgaria in
the Sandanski Graben (and perhaps also into the Mesta and Padesh Grabens) by 16.3-
13.6 Ma, and in the Blagoevgrad and Djerman Grabens by c. 9 Ma. Extension in south-
western Bulgaria was reorganized by c. 5 Ma and in northern Greece extension on the
Strymon Valley detachment fault ended by c. 3.5 Ma, but extension continued on new fault
systems. From limited structural and stratigraphic data, it is speculated here that related
extension may have also occurred during this time in FYR Macedonia and eastern Albania.
This northeast-southwest extension is interpreted to be related to trench roll-back along
the northern part of the subduction boundary in the western Hellenides.

North-south extension along east-west striking faults in central Bulgaria began only after
extension was well underway in northern Greece and the Sandanski Graben of south-
western Bulgaria. Within the Sofia Graben, the Sub-Balkan grabens, and grabens to their
east, north-south extension began at c. 9 Ma, and may have begun about the same time in
the Plovdiv, Zagore and Tundja Grabens of the northern Thracian Basin: north-south
extension has continued to the present in these grabens. The cause of the north-south
extension is unclear and may be related to trench roll-back along the central part of the
subduction zone in the Hellenides, or more local causes of clockwise and counterclockwise
rotation of the western Hellenides and western Turkey, respectively.

By Late Pliocene time a major erosion surface, the sub-Quaternary surface, was
developed over a large area of central Bulgaria creating a major unconformity that marks
the beginning of Quaternary deposition in the basinal areas. Many large and small graben-
bounding faults in west-central Bulgaria displace this erosion surface and demonstrate the
widespread extent of Quaternary north-south extension. North-south extension extended
westward, with probably decreasing magnitude, across the older northwest trending graben
of southwest Bulgaria (the Simitli and Djerman Grabens) and into eastern FYR Macedo-
nia.

During latest Pliocene(?) and Quaternary time, northern Greece developed a complex
pattern of northeast-southwest extension associated with northeast to east-west striking
right-lateral faults forming transfer faults between more local extensional areas. This
system of faults overprinted the older northwest trending extensional faults, such as the
Strymon Detachment, and may be related to the propagation of the right-lateral North
Anatolian Fault into the north Aegean Sea and formation of parallel faults to its north.
These two different tectonic regimes extend into FYR Macedonia, where a third regime of

From: BOZKURT, E., WINCHESTER, J. A. & PIPER, J. D. A. (eds) Tectonics and Magmatism in Turkey and the
Surrounding Area. Geological Society, London, Special Publications, 173, 325-352.1-86239-064-9/00/S15.00
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east-west extension in western FYR Macedonia and eastern Albania is present, and where
extension may represent the continuation of the east-west extensional regime initiated in
Middle-Late Miocene time.

Active deformation determined from seismicity and Global Positioning System studies
suggest northern Greece, and perhaps southwest Bulgaria and FYR Macedonia, is domi-
nated by north-south extension. This pattern of deformation must have developed as
recently as perhaps Late Quaternary time.

Except for mountains near the Adriatic Sea all of the mountainous topography in the
southern Balkan region may be the result of Miocene-Recent extension.

The Alpine erogenic system passes through the
southern Balkan region in two branches, the
Hellenides to the southwest (e.g. Aubouin et al
1963; Jacobshagen 1986; Papanikalaou 1993)
and the Carpathian-Balkan chain to the north-
east (e.g. Burchfiel 1980; Gocev 1986, 1991;
Boyanov et al, 1989) and continues eastward
into the complex Tauride and Pontide chains in
Turkey (e.g. §engor & Yilmaz 1981; Yilmaz
1997). Both branches were deformed by short-
ening, strike-slip and local extensional defor-

mation from Late Jurassic to Recent time,
driven by complex convergence between Africa
and Eurasia. Following collision and closing of
oceanic regions within the inner part of the
orogens, shortening proceeded toward the mar-
gins of these orogenic belts, particularly toward
the southern and western margins (e.g. Aubouin
et al. 1963; Jacobshagen et al. 1978; Jacobshagen
1986; Papanikalaou 1993). Coeval extension
began at c. 25 Ma within the Aegean region,
including western Turkey and the southern

Fig. 1. Late Cenozoic tectonic features of the eastern Mediterranean region showing location of
suprasubduction extensional areas (dotted areas) that formed coeval with adjacent areas of subduction and
shortening (single barbed lines). The location of the southern Balkan extensional region (SBER) discussed here
is shown by horizontal lines. Areas of shortening without coeval extension are bounded by doubled barbed lines.
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Balkan region (e.g. Lister et al 1984; Buick
1991; Avigad 1993; Gautier et al 1993; Schermer
1993; Vandenberg & Lister 1996; Avigad et al.
1997; Jolivet et al. 1998; Wawrzenitz & Krohe
1998). Extension, superposed diachronously on
the convergent structures of the orogen during
Middle and Late Cenozoic time, is probably
polygenetic, driven by trench roll-back, gravi-
tational instabilities in an evolving lithosphere
and extrusion from post-suturing convergence
in the Middle East (McKenzie 1978; Dewey &
§engor 1979; Angelier et al. 1982; Royden 1993;
Jolivet et al 1998). The extensional system
follows, and cuts across, crustal anisotropies
developed during convergence.

The Aegean extensional regime is of interest
not only because young extensional structures
are spectacularly exposed in northern Greece
(Dinter & Royden 1993; Kaufman 1995) and
Bulgaria (Tzankov et al 1996), but also because
the Aegean system represents an active example
of extension in the hanging wall of an adjacent
subduction zone (Royden 1993). Other
Mediterranean examples include the Tyr-
rhenian-Apennine/Calabrian system and the
Pannonian-Carpathian system (Fig. 1). The
many similarities between these basin-thrust
belt pairs strongly suggest that the space-time
relationships between extension and conver-
gence are not incidental, but rather reflect simi-
lar dynamic processes operating in each system.
Yet despite the systematic spatial and temporal
relationships that can be broadly documented
on a regional scale, the dynamic and detailed
kinematic processes remain poorly understood.

The extensional history of the Aegean region
shows superposed events, often with different
extensional directions and apparent causes [e.g.
see Vandenberg & Lister (1996); and Jolivet et
al [1998)]. Unravelling the complex kinematic
history of extension, strike-slip and rotational
deformation within the Aegean is necessary to
understand fully the dynamic regime respon-
sible for its formation. However, within the
Aegean this will be difficult because extension
has thinned the crust (Sachpazi et al 1997;
Tsokas & Hansen 1997) so that most of it now
lies submerged beneath the Aegean Sea. North
of the western continuation of the North Anato-
lian Fault, in the southern Balkan region, the
Aegean extensional regime is exposed on land
in central and southern Bulgaria, northern
Greece, the Former Yugoslavian Republic
(FYR) of Macedonia and eastern Albania (Figs
1 and 2), and offers an opportunity to recon-
struct the extensional evolution of this part of
the system in some detail. Although the
southern Balkan Peninsula forms the northern

part of the Aegean regime, the magnitude of
extension in this region may not as great as that
further south. Nevertheless, reconstruction of
this part of the extensional regime will provide
important constraints on its dynamics.

To date, this group's studies of the southern
Balkan extensional regime have focused on the
youngest part of the extensional history in
Bulgaria and northern Greece, from Middle
Miocene to Recent time, and current studies of
Late Eocene-Middle Miocene extension are at
present incomplete.

Bulgaria and northern Greece

The continuation of the Alpine orogenic belt
through Bulgaria has long been recognized
and its nature hotly debated (e.g. Burchfiel
1980; §engor 1984; Gocev 1986; Boyanov et al.
1989). Until recently, less attention has been
paid to the widespread Cenozoic extensional
deformation that has overprinted much of the
earlier compressional tectonics. Indeed, many
structural and morphological features of Bul-
garia and the southern Balkan region, com-
monly ascribed to earlier compressional events,
now appear to be the result of young ex-
tensional deformation. Some of these features
are spectacularly exposed along the southern
flank of the Stara Planina (Tzankov et al
1996) and along the western margin of the
Rhodope Massif in southwestern Bulgaria (Fig.
2; Zagorchev 1992,1995), allowing an excellent
opportunity to study the extensional processes
and their relationship to regional tectonic
events within Bulgaria and in the surrounding
regions of Greece, FYR Macedonia, Albania
and Turkey.

In a modern plate tectonic setting, Turkey,
Greece, the Aegean Sea, and parts of Bulgaria,
FRY Macedonia, Albania and southern Yugo-
slavia may be considered dynamically as a single
tectonic unit that will be referred to here as the
Aegean extensional province (Fig. 1). To the
east, the region of central Turkey lying between
the North and East Anatolian Faults is actively
moving westward relative to Eurasia as a coher-
ent unit (Reilinger et al 1997; McClusky et al
2000), but whether this has been the case
throughout Late Cenozoic time remains
unclear. In western Turkey this westward to
southwestward moving region is affected by
extensional tectonism that extends into the
Aegean Sea and mainland Greece. From exam-
ination of regional geologic and topographic
maps, extension occurs as far north as central
Bulgaria, FYR Macedonia and eastern Albania
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Fig. 2. Southern Balkan extensional region showing country boundaries, basin locations (stippled) and some
mountain ranges mentioned in the text.

(Figs 1 and 2). To the west and south the
extensional region is bounded by the Hellenic
subduction zone, along which the lithosphere of
the Adriatic and eastern Mediterranean is sub-
ducted northeastward beneath Albania, Greece,
Crete and southern Turkey (Fig. 1). With the
exception of a narrow compressional belt ad-
jacent to the subduction zone, the entire region
appears to have experienced extension during at
least the last 20-25 Ma.

In most studies, the North Anatolian Fault, its
westward extension through the northern
Aegean Sea and projected extension across
northwestern Greece to the Hellenic Trench
are considered to be the northern boundary of
the Middle East-Balkan tectonic system (Kahle
et al 1995; Fig. 1). In his original work on this
tectonic system, McKenzie (1972, 1978) clearly
recognized that the northern boundary of the
system lay in the southern Balkan Peninsula, but
because of lack of data on active and Late
Cenozoic tectonics and difficulties of working
in the Balkan region, he was not able to
document the nature of deformation within
Bulgaria and the southern Balkans. Many
workers have omitted the northern part of the
system from their tectonic syntheses (e.g. Kahle
etal.1995).

Late Eocene-Late Miocene deformation

Although this study has focused on Late Mio-
cene and younger extensional tectonism, defor-
mation from Late Eocene to Late Miocene time
includes both extension and shortening. This
older deformation is an important part of the
evolutionary sequence that must be considered
when evaluating Late Cenozoic extension in
Bulgaria, northern Greece and surrounding
areas.

During most of Late Mesozoic and Early
Cenozoic time, Bulgaria and northern Greece
lay within a largely convergent regime domi-
nated by crustal shortening (except for a major
extensional event of Middle-Late Cretaceous
age that formed the east-west trending Sredna
Gora Volcanic Rift Zone through central Bul-
garia, extending eastward into the Black Sea;
Boyanov et al. 1989). Several shortening events
are recorded in latest Cretaceous-Late Eocene
time (Boyanov et al. 1989).

During Late Eocene, Oligocene and perhaps
even into the earliest part of Early Miocene
time, a west-northwestern trending magmatic
belt developed in southern Bulgaria, northern
Greece, northwesternmost Turkey and central
FYR Macedonia. This belt is characterized by
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Fig. 3. Neogene basins of the southern Balkan extensional regime. A few Upper Palaeogene basins are included.
B, Blagoevgrad; Bi, Bitola; Bo, Botevgrad; Bu, Burgas; D, Djerman; Dr, Drama; Du, Dures; G, Govedartsi; GD,
Gotse Delchev; I, Ihtiman; K, Kamenitsa; Ka, Kamartsi; KA, Karnobat-Aitos; Kc, Korce; Ko, Kostenets; Kl,
Karhovo; Km, Komotnin; Kr, Kraguleva; Kra, Kraljevo; Ku, Kustendil; Kv,Kavadarci; L, Larisa; M, Mirkovo;
NTB, northern Thracian Basin; N, Nis; Ne, Nestos; O, Ohrid; P, Plovdiv; Pa, Padesh; PC, Pec; Pe, Persink-Bobov
dol; PI, Palakaria; Po, Prosenik; Pp, Prespansko; Ps, Prespansko; Pr, Pernik; Pri, Pristina; R, Razlog; Sa,
Sandanski; Sd, Skadarsko; Sg, Srednagorie; Sh, Sheinovo; Si, Simitli; Sk, Skopje; SI, Sliven; So, Sofia; Sr, Sarantsi;
STB, southern Thracian Basin; St, Strymon; Str, Straldja; Stu, Strumeshnitsa; Su, Sungurlare; Sz, Strumitza; T,
Tundja; Te, Tetovo; Th, Thermaikos; Ti, Tirana; Tr, Trikola; TV, Tvarditsa; V, Vetren; Z, Zagore; Za, Zajecar.

subaereal intermediate to acid volcanic flows,
ignimbrites, shallow-level intrusive bodies and
thick sequences, locally 1-2 km thick, of dom-
inantly coarse clastic sedimentary rocks (Figs 3
and 4; e.g. Harkovska et al 1989). The northern
boundary of this magmatic belt lies along, and
locally just north of, the northern Rhodopian
Mountains; a small Oligocene subvolcanic
stock lies just south of the Sofia Basin. These
volcanic rocks are interbedded with thick con-
glomerate and sandstone units which locally
contain large blocks of debris flow and land-
slide origin [e.g. Ivanov et al (1977), although
they ascribed the emplacement of the large
sheet-like olistostromes to gravity thrusting].
These rocks continue westward into FYR
Macedonia (Boev et al 1995) and eastward into
the southern Thrace Basin of northern Turkey,
where they are interbedded with marine turbi-
dites and are as old as Middle Eocene (Doust

& Arikan 1974; Perincek 1991; Turgut et al
1991).

This complex magmatic belt is probably
partly related to the final northward subduction
along the Vardar-lzmir-Ankara Zone and to
melting of thickened continental crust north of
the suture (e.g. Harkovska 1984). Faulting and
the coarse-grained nature of the sediments as-
sociated with the igneous activity suggest that
extension occurred during and following mag-
matism, but it is not clear whether extension was
partly coeval with shortening along the east-
west trending fold-thrust belt in northern Bul-
garia or was entirely post-shortening. (This
group's studies on faulting associated with the
Palaeogene magmatism have not yet been
completed and a more detailed analysis will be
given in the future.) Harkovska (1984) showed
that the main magmatic conduits trend
parallel to the magmatic arc and suggested a
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Fig. 4. Upper Eocene-Upper Oligocene rocks in Bulgaria and northwestern Turkey. Volcanic (black) and
volcaniclastic sediments (fine dots) record the presence of a magmatic arc trending northwest-southeast through
southern Bulgaria into northwest Turkey. (The magmatic rocks continue northwest into FYR Macedonia and
south into northern Greece but are not shown.) Scalloped lines show the orientation of conduits for the volcanic
rocks and are interpreted to have formed normal to regional extension, as shown by the large arrows. Data in
Bulgaria are largely taken from Havkovska (1984). Large dots are non-volcanic sedimentary rocks which are
continental with marine intercalation within Bulgaria, and marine within the southern Thracian Basin (STB) in
northwestern Turkey. Volcaniclastic sediments (fine dots) in the southern Thracian Basin crop out along its
southern boundary and are known in the subsurface from its northeastern part (outlined by dotted line). The
northeastern margin of the southern Thracian Basin is marked by a large south dipping normal fault (heavy
ticked line) active during sedimentation. Sediments of the same age in northern Bulgaria shown by vertical lines
are within and north of the foreland fold thrust belt of the Forebalkan and are not discussed here. Regional
convergence was within the Hellenides at this time, along the thrust faults that involve the Pindos Zone.

north-northeast to northeast extension direc-
tion, perpendicular to the trend of the magmatic
arc, a conclusion supported here. Largely non-
volcanic sediments were deposited in the north-
ern Thrace Basin north of the magmatic belt,
although ash beds are present in Oligocene
sediments as far north as the northeastern part
of Stara Planina near Varna (Alexiev 1959; Figs
2 and 4). Strata along the northern edge of the
magmatic arc, and further north, are continental
and marine, suggesting that the magmatic arc
probably had a moderately low elevation.

At the end of Oligocene time, volcanism and
associated sedimentation largely ceased along
the volcanic belt in southern Bulgaria, although
sedimentation continued locally to the north
into Early Miocene time in the southern Thrace
Basin, into earliest Middle Miocene in parts of
the northern Thrace Basin and into late Early
Miocene time [based on dating of sediments by
spores and pollen by Cernjavska (1977)] in the
Pernik and Persink-Bobov Dol Basins of west-
central Bulgaria (Figs 3 and 5). Prior to Late
Miocene time, the last shortening event took
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Fig. 5. Sedimentary rocks and deformational events of latest Oligocene and Early Miocene (locally ?lowermost
Middle Miocene) age. Outcrops of largely continental sedimentary rocks in central Bulgaria, and continental
and marine sedimentary rocks in the south Thracian Basin in northwestern Turkey are stippled. Post-tectonic
continental and marine sedimentary rocks above the Forebalkan foreland fold and thrust belt, and its foreland,
are shown by vertical lines (not discussed here). Folds and thrust faults that deform Lower Miocene rocks, and
are overlain by Upper Miocene rocks, in central Bulgaria are shown by heavy barbed lines. Folds and thrust
faults in the southern Thracian Basin (STB) of northwestern Turkey are largely in the subsurface and taken from
Schindler (1997); these structures may be slightly older than those in Bulgaria. Northeast vergent extension in
the Mount Olympos area (Ol) and northeast-southwest lineated ductile mylonitic rocks on Thasos (Tha) and
near Kavala (Ka), with no clear vergence, are shown by heavy ticked lines, and sigmoidal lines respectively.
NTB, north Thracian Basin; Pr, Pernik Basin; Pe, Persink-Bobov dol Basin; Th, Thermaikos Basin. The
direction of inferred shortening is shown by open arrows and the directions of extension are shown by black
arrows. Regional convergence at this time was within the Hellenides to the west along the thrust faults at the
base of the Gavrovo tectonic unit.

place within western and central Bulgaria [con-
strained by folded and thrusted lowest Lower
Miocene rocks unconformably overlain by
Upper Miocene rocks, and regarded as Early
Miocene folding by Zagorchev (1992); Fig. 5].
Strong folding and thrust faulting occurred in
the Pernik and Persink-Bobov Dol Basins, and
locally weak deformation occurred within the
northern Thrace Basin (Fig. 5). Similar folding
and faulting, but perhaps slightly older, oc-
curred in the southern Thrace Basin in Turkey

(Perincek 1991; Schindler 1997). Due to the
uncertainty in timing, it is unclear if the Early
Miocene folding occurred contemporaneously
with the oldest extension in the region or oc-
curred during a short interval when extension
ceased. As outlined below, this folding may
have been coeval with the earliest extension
further to the south in northern Greece.

There is a major break in sedimentation
across much of Bulgaria in Middle and early
Late Miocene time. This marks a time of
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important erosion, a probable reduction in topo-
graphic relief and an important change in the
pattern of deformation. These studies have
largely focused on the tectonic evolution of
Bulgaria and adjacent regions following this
important unconformity, although some dis-
cussion of older deformation and sedimentation
will be made where it is important.

Miocene-Recent evolution of the
extensional system in Bulgaria and
northern Greece

Between latest Oligocene and the beginning of
Late Miocene time there is a transition from
older intra-arc extension to extension that is
apparently unrelated to magmatism in Bulgaria
and northern Greece. Extension began in north-
ern Greece on the Island of Thasos in the latest
Oligocene (Wawrzenitz & Krohe 1998), in Early
Miocene time in the Kavala area (Dinter et al.
1995) and perhaps in the Mount Olympos area
(Schermer et al. 1990; Schermer 1993). During
Late Miocene-Recent time, extension devel-
oped with complex temporal changes in the
strikes of faults and direction of extension in
northern Greece, central and southern Bulgaria,
and probably FYR Macedonia.

Earliest extensional events

Recent work on Thasos has demonstrated that
top-to-the-southwest extension began there
along a major detachment system not later than
26-23 Ma and appears to have continued from
21 Ma to at least 13 Ma (Fig. 5; Wawrzenitz &
Krohe 1998). This detachment system continues
northward as the Strymon Valley detachment
system of Dinter & Royden (1993), which was
active until c. 3.5 Ma. Although this detach-
ment system appears to be related to granitic
plutons in the Kavala and Vrondu areas, it is
suggested here that this detachment system
begins a transition from intra-arc to non-arc
extension because: (1) the northwest trend of
the faults is generally oblique to the arc trend in
this area; (2) the younger displacement on the
detachment occurs without coeval magmatism;
and 3) the detachment system propagates north-
ward into Bulgaria, where it also trends oblique
to the Eocene-Oligocene magmatic arc.

In the Kavala area, directly north of Thasos,
Dinter & Royden (1993) and Dinter et al. (1995)
have shown that northeast-southwest directed,
ductile mid-crustal extension may have begun at
c. 21 Ma (Fig. 5). These ductily deformed rocks

were subsequently unroofed by the northwest
trending, top-to-the-southwest, Strymon Valley
detachment, which shows a transition from
ductile to brittle behaviour between c. 16 to
3.5 Ma. The earliest mid-crustal ductile exten-
sion occurs in the c. 21 Ma Symvolon Pluton.

At Mount Olympos, Schermer et al. (1990)
document extension with top-to-the-northeast
shear beginning between 23 and 16 Ma (Fig. 5).
This generally northwest-trending extensional
fault system formed without associated magma-
tism, and parallels the extensional fault system
of Thasos and the Strymon Valley. As suggested
by Dinter (1998), it may be part of the same
period of latest Oligocene-Early Miocene
extension.

These areas document that the beginning of
extension is at least as old as, shortening de-
scribed above and may predate, and appears to
have been active through, the Early or Middle
Miocene. Although not firmly constrained, it is
likely that shortening and extension were
coeval, but spatially separated, with shortening
occurring further north.

Late Miocene-Pliocene extensional
events

In northern Greece, extension continued into
Late Miocene or Pliocene time and is expressed
by several Late Miocene northwest trending
basins (Kojumdgieva 1987; Figs 6 and 7). In
Bulgaria these basins are dated as Badenian-
Maeotian (c. 16-5 Ma) in age, and are nearly
identical in age, structure and stratigraphy to
basins along the Strymon Valley detachment
system in Greece. For example, the structure
and stratigraphy of the Bulgarian Sandanski
Basin, initiated in Middle Miocene time, is
summarized below to illustrate the type of in-
formation that can be obtained from these
basins and to show their relevance in under-
standing regional tectonic events.

Extension in the Sandanski and related basins.
Sediments in the Sandanski Basin (Kojumd-
gieva et al. 1982; Nedjalkov et al. 1986;
Zagorchev 1992) begin with marl, siltstone,
sandstone and fine-grained conglomerate,
containing several well-dated horizons of
brackish-water clay of Badenian-Sarmatian age
(c. 13.6-16.3 Ma; Fig. 6). The next overlying
unit, > 1 km thick, consists mainly of sandstone
and siltstone with several thick beds of
conglomerate. A prominent layer of limestone
breccia emplaced in Pontian time occurs at the
top of this unit, followed by a coarse
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Fig. 6. Generalized time intervals and environments of deposition for some of the major Late Cenozoic graben
systems in Bulgaria.

conglomerate unit with a sandstone matrix and
containing large (up to 1 m) well-rounded,
matrix-supported clasts of granite. Limestones
similar to those within the breccia at the top of
the second unit are not present directly east of
the Sandanski Graben and probably have a
source many kilometres to the east. This sug-
gests that the west dipping normal faults that
bound the east side of the Sandanski Basin
have many kilometres of Middle-Late Miocene
displacement. The youngest sediments in the
basin are Early Dacian (i.e. Early Pliocene,
c. 5 Ma; Fig. 6). Sediment thicknesses vary
greatly, with the thickest and coarsest strata
occurring along the east side of the basin. The
maximum thickness is probably > 1700 m.

The Sandanski Basin is an cast tilted half-
graben. Sediments dip east 5-20° and are
bounded on the east side by a fault of large
displacement and on the west side by a fault of
small displacement. In its southern part, the
basin is bound by a gently (c, 15-20°) west
dipping normal fault that juxtaposes Middle
Miocene sediments in the hanging wall against
the predominantly crystalline basement of the
Rhodope Massif in the footwall. Slickensides
along this fault surface, and to the south in
Greece, indicate an east-northeast-west-south-
west direction of extension, with the hanging
wall moving down to the southwest. The

northern part of the basin is bound on the east
side by a steeper west dipping normal fault. This
may be the northern continuation of the Melnik
Fault that lies west of the basin-bounding, low-
angle fault to the south; the Melnik Fault may
have displaced the original low-angle fault along
the northern part of the basin.

Strata similar to those found in the upper part
of the Sandanski Basin occur as the basal units
of the Simitli, Blagoevgrad and Djerman Basins
to the north (Figs 3 and 8). They consist of
conglomerate, sandstone and siltstone, with the
coarsest grained rocks present along the eastern
or southeastern sides of the basins. The strata
range in age from Meotian to Early Dacian
(perhaps c. 9-5 Ma). The eastern side of the
Blagoevgrad Basin is marked by a prominent
southwest dipping fault that is related to basin
development, but the Simitli and Djerman
Basins have been modified by younger east-
northeast-west-southwest striking faults. The
formation of these grabens indicates that exten-
sion in Bulgaria began in the Sandanski Graben
and later migrated northward to form the
Simitli, Blagoevgrad and Djerman Grabens.

The Sandanski Basin was the northern con-
tinuation of the Seres Basin (Fig. 7) in pre-
Pliocene time and contains sedimentary rocks
similar to the basinal sediments underlying the
Strymon Valley in northern Greece (Dinter &
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Fig. 7. Sedimentary rocks and structures of Early-Middle Badenian age (c. 15 Ma). The major structure that
developed at this time was the southwest vergent Strymon Valley Detachment Fault, shown by the heavy ticked
line. The detachment extends from southwestern Bulgaria southward through northern Greece to near Kavala
(Ka) and reappears on the Island of Thasos (Tha). The supradetachment sediments were deposited in the
Sandanski Basin (Sa) in Bulgaria and the Serres Basin (Se) and other areas in northern Greece, and are shown by
dotted areas. This pattern of deposition and faulting formed from c. 16 to 10 Ma. Other areas where normal
faulting of this age is suspected, but not proven, are in the Mesta (Me) and Padesh (Pa) Grabens. Sediments of
the eastern Paratethys realm are shown by horizontal lines in northern Bulgaria and are not discussed here.
Black arrows indicate the directions of extension. Regional shortening was within the Hellenides to the west
within the Gavrovo and Ionian Zones.

Royden 1993; Kaufman 1995; Dinter 1998).
Pliocene-Quaternary uplift has created an
intervening, east-west trending mountain range
along the Bulgarian-Greek border (Kojumd-
gieva et al 1982; Nedjalkov et al 1988). Late
Miocene-Pliocene (c. 16-3 Ma) strata of the
Seres Basin and along the Strymon Valley lie
above the major west dipping, low-angle Stry-
mon Valley detachment. The detachment con-
tinues into the northern Aegean where it is
exposed on Thasos (Dinter et al. 1995; Wawrze-
nitz & Krohe 1998; Fig. 7). These data suggest
that extension began first in northern Greece at
22-26 Ma, migrated northwards into the San-
danski Graben at c. 16 Ma, and into the Simitli,
Blagoevgrad and Djerman Grabens at c. 9-
5 Ma. Displacement on the graben-bounding
faults appears to decrease from south to north,
with c. 80 km of apparent displacement near the

Aegean coast and c. 40 km near Mount Vron-
dou (see Dinter & Royden 1993; Kaufman
1995). Extension is unqualified but appears to
be less in the Sandanski Graben and ends north
of the Djerman Graben. The decrease of exten-
sion northward indicates an important rota-
tional component to the extension with a pole
of rotation not far north of the Djerman
Graben, close to the area that was shortened in
Early or Middle Miocene time (see above).

Other extensional structures in Bulgaria and
northern Greece may be related to this period of
extension. The northeast dipping normal faults
at Mount Olympos in northern Greece (Fig. 5;
Schermer 1993) were probably active contem-
poraneously with at least the older part of the
Strymon Valley detachment fault, and younger
faults east of Mount Olympos continued the
activity to the present day. The oldest normal
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faults of the Olympos region were important in
the early opening of the Thermaikos Basin.
Geological maps show only northeast dipping
thrust faults continuing northward from Mount
Olympos into southern FYR Macedonia along
the west side of the Vardar Zone, but Scher-
mer's (1993) work suggests that these faults
need to be re-examined. Some of them may be
east dipping normal faults, so that important
extension of Early Miocene-Pliocene age may
be present in southern FYR Macedonia.

Within the Mesta Graben, located east of the
Sandanski Graben, Upper Eocene-Oligocene
volcanic and sedimentary rocks dip east very
steeply and in places are vertical (Fig. 7). They
are unconformably overlain by the gently folded
Pontian-Dacian strata (c. 7-5 Ma) of the Gotse

Delchev and Razlog Grabens. In the Padesh
Graben, located northwest of the Sandanski
Graben, similar Upper Eocene-Oligocene
strata dip up to 50°E (Fig. 7). The steep dip of
these Palaeogene strata suggest that they have
been rotated in the hanging walls of gently west
dipping normal faults, but the age of the faulting
is unclear. The possibility that this faulting was
related to Late Miocene-Pliocene extension in
the Sandanski and Strymon Valley areas
remains to be examined.

Deposition and active extension between
c. 16 and c. 9 Ma were largely restricted to the
Sandanski Graben (and its continuation into
northern Greece), but at c. 9 Ma(?) sedimenta-
tion became widespread within southwest and
central Bulgaria (Figs 6 and 8).

Fig. 8. Sedimentary rocks and structures of Late Sarmatian-Early Meotian age (c. 11-8 Ma). During this
transitional time period, faulting continued in northern Greece on the Strymon Valley Detachment Fault from
Thasos (Tha) through the northwest trending Sandanski (Sa) Graben and extended northward through the
Blagoevgrad (B) and Djerman (D) Grabens. GD, Gotse Delchev Graben. East-west trending grabens began to
form in the Sub-Balkan graben system [Vetren (V), Sheinovo (Sh) and Karlovo (KL) Graben], the eastern part
of the Sofia (So) Graben, the Straldja (Str) Graben, and the Plovdiv (P) and Tundja (T) Grabens of the north
Thracian Basin (NTB). The directions of extension are shown by black arrows. Regional convergence was
occurring within the Ionian and Apulian Zones in the western Hellenides at this time.
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Sofia Basin. The strata in the Sofia Basin form a
single continental succession that ranges in age
from Maeotian to Early Romanian (c. 9-4 Ma;
Kamenov & Kojumdgieva 1983), but the basal
unit is poorly dated and could be as old as Late
Sarmatian (c. 10-11 Ma; Figs 6 and 8). The
oldest strata are here regarded as Maeotian,
and that they are related to faulting and basin
subsidence because they form a basal con-
glomerate sequence that grades upward into
overlying strata also dated as Maeotian. The
present basin shape is the result of latest Plio-
cene-Recent faulting, and Upper Neogene
basin sediments are unconformably overlain by
Quaternary and Holocene strata. Because pre-
Quaternary strata are largely restricted to the
subsurface, and information on their thickness
and sedimentary characteristics are mainly from
borehole and seismic data, reconstruction of the
Late Miocene-Pliocene tectonic history of the
basin has been difficult. The basin has steep
margins on the eastern and southwestern sides,
a less steep margin on the northeast side and a
gentle southeast-dipping slope on the north-
western side.

The oldest undated sediments are present
only in the eastern part of the basin. They
consist of locally deposited coarse conglomer-
ate, suggesting that faulting was coeval with the
initiation of basin subsidence. However, the
trend of faults associated with these strata are
unknown. There is weak evidence that north-
northeast trending faults, with a strike-slip com-
ponent, may have played a role in formation of a
small, north-south extending, pull-apart basin
at this time. Younger alluvial, fluvial and lacus-
trine strata of Meotian-Romanian age vary in
thickness as the locus of subsidence shifted
during deposition. The greatest thickness of
Neogene strata is > 1300 m and occurs in the
east-central part of the basin. The fine-grained
character of the sediments, and the fact that
local remnants of similar strata are found south
of the basin, indicate that faulting along the
present margins of the basin was not intense
during latest Miocene and Pliocene times.

Strata in the eastern part of the Sofia Basin
extend eastward into the Sarantsi Graben,
where it can be shown that graben formation
did not begin until Quaternary time. Thus, at
least some of the sediments in the Sofia Basin
were deposited over a broader region than the
present graben and their present distribution is
partly a result of Quaternary faulting. However,
the strata that were deposited outside the
modern Sofia Graben are much thinner than
those in the graben, indicating that subsidence
was greatest in the area of the graben. Miocene-

Pliocene strata within the Sofia Basin, and the
remnants of similar strata to the south, are
unconformably overlain by latest Pliocene-
earliest Quaternary (Villafranchian) con-
glomerate (Kamenov 1965; Popov 1968). This
unconformity is widespread in Bulgaria and
appears to separate sediments deposited during
a time of weak(?) to moderate extension during
Meotian-Romanian time from those deposited
during intense normal faulting and topographic
development during Quaternary time.

The Sub-Balkan graben system

The Sub-Balkan graben system consists of nine
east-west trending grabens located along the
southern boundary of the Stara Planina Moun-
tains of central Bulgaria and forms the northern
boundary to the Aegean extensional system
(Figs 8-10). These grabens have been discussed
in detail elsewhere (Tzankov et al 1996) and
only a brief summary of their important features
is presented here.

Extension began in the central part of the
Sub-Balkan system in the Karliovo (Angelova et
al. 19910, /?), Sheinovo and Vetren Grabens,
where the oldest known strata are dated as
Meotian-Pontian (Figs 6 and 8), and no older
than c. 9 Ma. The basal strata in the grabens
young to the west and east, with Dacian-
Romanian and then Upper Pleistocene strata
forming the basin sediments within the graben
system. Graben fill consists of non-marine strata
with conglomerate, sandstone, siltstone and
lacustrine strata. These sediments dip north
into south dipping basin margin faults. Older
strata dip more steeply than younger strata and
coarser grained rocks lie along the north side of
the basins, demonstrating that sedimentation
and faulting were contemporaneous. The
graben fill is c. 600 m thick in the central
Sheinovo Graben and becomes thinner
(< 100 m) towards the east and west. In all
grabens, Pleistocene strata lie disconformably
above Pliocene rocks.

The Sub-Balkan grabens are complexly
faulted (Tzankov et al 1996) with faults on
both flanks, but the main faults occur along the
northern side. Master graben-forming faults are
south dipping, low-angle normal faults (dipping
c. 30° or less) which have been cut by steeper
(60-80°) young to active normal faults at the
base of the Stara Planina. A south dipping
Eocene thrust fault lies below the basin-bound-
ing, low-angle normal fault, perhaps influencing
the position and dip of the normal faults. Thus,
this is one area where pre-existing crustal
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Fig. 9. Sedimentary rocks and structures of Pontian-Dacian (c. 7-3.5 Ma). Sedimentation and faulting expanded
in central Bulgaria in the north Thracian Basin (NTB) - with local increased subsidence in the Plovdiv (P),
Zagore (Z) and Tundja (T) areas - the Sub-Balkan graben system - KL, Karlovo; M, Mirkovo; Sg, Srednagorie;
Sh, Sheinovo; SI, Sliven; Str, Straldja; TV, Tvarditsa; V, Vetren - the Botevgrad (Bo), Ihtiman (I), Kostenets
(Ko), Kustendil (Ku), Palakaria (PI) and Sofia (So) Grabens, and in southwest Bulgaria - GD, Gotse Delchev; R,
Razlog. The northwest trending grabens in southwestern Bulgaria ended their activity in the north at c. 5 Ma and
in northern Greece by c. 3.5 Ma. Heavy ticked lines are normal faults and black arrows indicate the directions of
extension. Coeval shortening occurred in the Apulian Zone within western Greece.

anisotropy may have played a role in the local-
ization of the extensional faults.

East of the Sliven Graben is the Straldja
Graben, which Tzankov et al (1996) did not
include in the Sub-Balkan graben system (Fig.
8). Strata in the Straldja Graben are clay stone,
siltstone, sandstone and conglomerate, similar
in character to rocks dated as Meotian-Pontian
(9-5 Ma), Dacian, Romanian and Early Pleisto-
cene in the Vetren Graben, and similar to rocks
in the Tundja Graben located to the south
within the northern Thracian Basin. The strata
of the Straldja Graben dip north and are thicker
to the north (c. 300 m), indicating that sedimen-
tation and faulting were contemporaneous.
Three other north dipping en echelon half-
grabens - the Sungurlare, Karnobat-Itos and

Prosenik Grabens (Fig. 3) - are present east of
the Straldja Graben. Strata in these grabens are
generally c. 100 m thick and poorly known.
Based on the similarity of their sequences to
other well-dated rocks, they are inferred to be
latest Pliocene and Quaternary [data from Kan-
chev discussed in Yovchev 1971]. The age of
these grabens is mainly Quaternary but faulting
may have begun in latest Pliocene time.

In summary, during Meotian-Late Pliocene
time, the northern boundary of the Aegean
extensional system in central Bulgaria is
marked by a series of east-west trending gra-
bens whose initiation was no older than 9 Ma
(and perhaps no older than c. 6.5 Ma). Not all
these grabens formed at the same time and
some (Sarantzi, Kamartsi, Mirkovo, Sliven,
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Fig. 10. Sedimentary rocks and structures of Pleistocene age. The area has expanded to include FYR Macedonia
and Albania based on the topography of basins with Pleistocene deposition. Bi, Bitola; Dr, Drama; G,
Govedartsi; GOfz, Gorna Orijahovista fault zone; Kam, Kamchia River; NATF, North Anatolian Fault; O,
Ohrid; Pe, Pec; Pp, Prespansko; R, Razlog; RM, Rhodope Mountains; SP, Stara Planina Mountains; Si, Simitli;
St, Strymon; Sz, Stumitza; Th, Thermaikos; VM, Vitosha Mountain; X, Xanthi-Komotini.

Sungurlare, Karnobat-Aitos and Prosenik
Grabens) are only as old as latest Pliocene-
earliest Pleistocene. Some of the grabens
(Sungurlare, Sheinovo, Vetren, Tvarditsa and
Straldja Grabens) contain more steeply dipping
Eocene and Oligocene strata that are uncon-
formable below Meotian-Pliocene sediments.
These Palaeogene rocks represent remnants of
more extensive sedimentary rocks whose
present distribution is controlled by extensional
faulting and erosion prior to Late Neogene
graben formation.

The Northern Thracian Basin. The northern
Thracian Basin covers a large area of east-
central Bulgaria. It is irregularly and uncon-
formably underlain by an older sequence of
rocks ranging from Middle Eocene to Early
Miocene in age. Below the southern part of the
basin these strata locally contain abundant vol-
canic rocks and form the northern volcaniclastic
edge of the Palaeogene magmatic arc; north-
ward these strata are dominated by sedimentary
rocks containing less volcanic material.

Middle Eocene-Lower Miocene strata are
overlain unconformably or disconformably by
strata of Middle(?) or Late Miocene to Recent
age. Deposition of this younger succession was

coeval with Late Neogene extension. Although
the present shape of the northern Thacian Basin
is roughly east-west, the depocentres for Upper
Miocene and Pliocene strata are more equidi-
mensional and shift through time. Three depo-
centres can be identified: an older one near
Plovdiv, and two younger ones near Zagore
and Tundja (Figs 3 and 8). Shallow areas separ-
ating these depocentres are either covered by
thin basin sediments or unconformably overlain
by Quaternary strata. The northern Thracian
Basin is underlain by a complex Neogene
graben structure which was first described by
Bonchev & Bakalov (1928), but the age of the
individual faults is difficult to determine. Quat-
ernary and active faults are morphologically
expressed, but identification of Late Neogene
faults is more difficult because the evidence is
mainly subsurface. Geophysical studies and data
from wells delineate a complex pattern of
subsurface faults that cut both the Palaeogene
and Neogene sedimentary rocks.

There are two major successions of Cenozoic
strata in the northern Thracian Basin, separated
by an unconformity. The oldest succession, de-
scribed above, is preserved in different parts of
the basin and ranges from Eocene to earliest
Middle Miocene in age. The younger succession
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is Meotian-Pontian to earliest Pleistocene,
although there are rare remnants of strata that
lie unconformably between the two successions.
These remnant strata consist of sandstone, silt-
stone and rare gravel conglomerate in the
Plovdiv depocentre (Dragomanov et al 1988),
and conglomerate in the Zagore depocentre
(Nenov & Dragomanov 1987). They have not
yielded fossils but lie between dated earliest
Middle Miocene and Maeotian rocks, and thus
must be of late Middle-early Late Miocene age,
i.e. 'Sarmatian' (13.6-9.0 Ma).

The youngest succession of strata in the
northern Thracian Basin is assigned to the
Ahmatovo Formation of Maeotian-Pontian
and (?)earliest Pleistocene age (Kojumdgieva
& Dragomanov 1979; Dragomanov et al 1981,
1984). The Ahmatovo Formation consists
mainly of sandstone and conglomerate. The
oldest part of the formation has a depocentre
near Plovdiv and the youngest part of the for-
mation has a depocentre near Zagore (Figs 8
and 9). These strata were deposited in alluvial,
fluvial and locally marsh environments; rivers
flowed to the east in the southern part of the
basin but to the west in the northern part
(Dragomanov et al 1981).

The Ahmatovo Formation is thickest, c. 280-
300 m, ttfear Plovdiv (Dragomanov et al 1981)
and c. 350 m thick near Haskovo (Dragomanov
et al 1984), but is generally < 100 m thick. The
shapes of the depocentres are not well defined
but appear to be equidimensional rather than
elongate. The sedimentation realm of the north-
ern Thracian Basin expanded aerially with time,
so that younger strata in the Ahmatovo For-
mation are exposed beyond the margins of the
thicker basal deposits and rest unconformably
on metamorphic rocks of the Rhodope and
Sredna Gora Mountains to the south and north,
respectively, and on Cretaceous and older rocks
to the east. Younger strata of the Ahmatovo
Formation appear to have been connected
through the Zagore Basin to the eastern basins
of the Sub-Balkan grabens. These younger
strata define the greatest extent of Maeotian-
Late Pliocene sedimentation in the northern
Thracian Basin.

Structures related to Maeotian-Romanian
deposition are difficult to identify. Subsurface
data from the Tundja Basin (eastern part of the
northern Thracian Basin; Fig. 8) suggest that
the eastern boundary of thick sediments lies
along a north-south trending fault with thin
basinal sediments to the east. Data from drill
holes suggest that the Elhovo Formation
[described by Kojumdgieva et al (1984)],
equivalent to the Ahmatovo Formation, which

consists of alluvial, fluvial and locally lacustrine
claystone, sandstone and rare conglomerate
with local lignite, diatomite and limestone,
thickens eastward toward a north-south trend-
ing feature that can be interpreted as a synsedi-
mentary fault. The formation, 150-200 m thick
but locally reaching 300 m, is Maeotian-
Pliocene in age (9-5 Ma). However, recently
Angelova et al (19910, b) have suggested that
the uppermost limestone (their Prustenic For-
mation) is Eopleistocene (upper Villafran-
chian). Displacement on faults appears to have
been essentially vertical with little tilting of
strata.

Although subsurface information suggests
that the basin sediments are complexly faulted,
it is difficult to determine the age of the faults.
Along the northern and western margins of the
basin the uppermost strata of the Ahmatovo
Formation unconformably onlap basement
rocks. Along the gentle slopes that dip into the
basin there are morphological steps that step
down to the basin, but it is not clear if these
steps are bounded by faults and, if they are,
whether the faults are Late Neogene or Quat-
ernary in age. Along the southern margin of the
basin, the uppermost part of the Ahmatovo
Formation onlaps basement on the northern
slopes of the Rhodope Mountains and is cut by
basin-bounding faults of Quaternary age.
Whether some of these faults were active
during Late Neogene time is difficult to prove,
but because only the uppermost parts of the
Ahmatovo Formation onlap the basement south
of these faults, and because the sedimentary
sections are thicker and more complete to the
north, some of these east-west trending faults
were probably synsedimentary. The equidimen-
sional shape of the basins suggests that north-
south trending faults may have also played a
role in basin subsidence.

The connection of the Thracian Basin with
the Sub-Balkan grabens - where synsedimen-
tary, east-west trending faults are proven -
suggest that subsidence of the northern
Thracian Basin may have occurred during
north-south extension during Late Neogene
time. Because the sedimentary sequence of the
central Sub-Balkan grabens is not similar to
rocks in northwestern part of the Thracian
Basin, it is likely that the east-west trending
Sredna Gora already uplifted and separated the
two depositional realms. It is important to note
that the eastern margin of the Thracian Basin
lies just east of the present Tundja River and
that it did not extend to the Black Sea. In fact, it
appears that the Late Neogene, and even Quat-
ernary, tectonics of Bulgaria are little affected
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by events in the Black Sea, except along the
coastal parts of Bulgaria.

Most of the sediments in the northern
Thracian Basin are fine grained and deposited
in fluvial, lacustrine and marsh environments;
locally the sequence contains coal and diatom-
ite. These sediments suggest that subsidence
was slow, that there was little development of
high relief and that the rate of faulting that
controlled basin formation was slow. Only
along its northern border, where the Thracian
Basin merges with the eastern part of the Sub-
Balkan graben system, does deposition of
coarse-grained sediments suggest faulting at a
higher rate and development of high relief. The
magnitude of extension within the northern
Thracian Basin during Maeotian-Romanian
time was probably small because sediment
thicknesses of this age are less than c. < 400 m,
and in many places < c. 200 m. This contrasts
with the Quaternary sedimentation which indi-
cates that more active tectonism was associated
with Quaternary basin subsidence. In latest
Pliocene-earliest Pleistocene time, the older
strata were displaced and locally eroded, so
that they crop out on ridges separating the
modern rivers. Everywhere an erosional uncon-
formity separates Quaternary rocks from the
underlying Ahmatovo (and Elhovo) Formation.

The formation of the grabens in central
Bulgaria, the northern Thracian Basin, the Sub-
Balkan grabens and the en echelon grabens to
their east are partly contemporaneous with the
northwest trending grabens of southwest Bul-
garia, being coeval with the youngest part of the
Sandanski Graben, and about the same age as
its northern extension in the Simitli, Blagoev-
grad and Djerman Grabens. The younger de-
velopment of the central Bulgarian grabens is
also coeval with formation of the Gotse Delchev
and Razlog Grabens (Figs 8 and 9). The young-
est faulting and basin formation in these central
Bulgarian grabens outlasts the development of
the northwest trending grabens of southwest
Bulgaria which appears to end at c. 5 Ma.

Basins between the northern Thracian and
Sofia Basins. Between the Sofia and Thracian
Basins are several small but important basins
that generally trend east-west (Figs 8 and 9).
These basins formed in Quaternary time, but
also contain sediments of Late Neogene age
that are unconformable below Villafranchian
strata. In the Palakaria Graben (Fig. 9) there
are c. 500 m of Late Miocene, Pontian-Dacian
to (?)Romanian strata consisting of conglomer-
ate, sandstone and claystone with a middle
unit containing coal and diatomite (Antimova

& Kojumdgieva 1991). Similar strata are
present outside the graben and are cut by the
Pliocene-Quaternary graben-forming faults
(Bojadjiev & Sapoundjieva 1960). The Ihtiman
Graben (Fig. 9) contains c. 200 m of probable
Upper Neogene sediments unconformable
below Quaternary strata, but little is known of
the sequence or its age. The Kostenets Graben
(Fig. 9) contains c. 400-500 m of coal-bearing
strata. Here, Antimova & Kojumdjieva (1991)
described three lithostratigraphic units of Plio-
cene age that may correlate with similar strata
in the Palakaria Graben. All of these grabens
were faulted during and after Neogene depo-
sition, subjected to erosion and faulted again
during deposition of Quaternary strata.
Although the distribution of the pre-Quatern-
ary strata remains uncertain, their lithologic
similarities suggest that they were deposited in
an originally widespread, larger sedimentary
realm, and that this thin sedimentary sequence
has been preserved by Quaternary faulting and
erosion.

The sub-Quaternary erosion surface

Throughout much of central Bulgaria, import-
ant erosion surfaces are preserved over large
areas and help to bracket tectonic events. The
youngest, and apparently most widespread, sur-
face occurs around the Palakaria, Ihtiman and
Kostenets Grabens in the region of the western
Sredna Gora. A similar surface is present in
many areas of Bulgaria, such as in the western
and central Stara Planina, west of the Sofia
Graben, the northern and eastern Rhodope
Mountains, in Sakar, and in the low hills west
of the Trundja River. In all of these areas the
surface is locally overlain by a Villafranchian
fluvial conglomerate. The surface displays low
relief and in many places is cut on Maeotian-
Pliocene sedimentary rocks. It is marked by an
unconformity or disconformity between Upper
Pliocene and Lower Quaternary strata. This
surface will be referred to here as the sub-
Quaternary surface. The surface completed its
development in Late Pliocene or earliest Quat-
ernary time. In some areas, where it is cut on
pre-Miocene rocks, its formation may have
begun with Miocene erosion.

Although the history of formation of the sub-
Quaternary surface is unclear, the surface can
be used to decipher the age of faulting in many
areas. For example, in the Kostenets Basin (Fig.
9), Upper Miocene-Pliocene rocks are tilted up
to 30°S along the north dipping fault that forms
the northern border of the Rhodope Mountains.
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In this area the sub-Quaternary erosion surface
can followed from the metamorphic rocks of the
Sredna Gora southward across the tilted Plio-
cene strata of the basin. This indicates that the
fault along the south side of the Kostentz Basin
was active in Late Miocene-Pliocene time; the
presence of the surface high in the Rhodopian
Mountains indicates significant Quaternary dis-
placement at the margin of the mountains. This
sub-Quaternary surface, and the associated un-
conformity, are present throughout the north-
ern Thracian Basin where Upper Quaternary
strata overlie Palaeogene and Neogene strata of
different ages, and clearly indicates that faulting
took place in latest Pliocene time.

Quaternary-Recent basin and tectonic
development in Bulgaria

Quaternary-Recent faulting was more intense
than during Late Neogene time and much of the
present topography of Bulgaria is an expression
of Quaternary extensional tectonism (Tzankov
et al 1996). Morphologically, the sub-Quatern-
ary erosion surface forms broad valleys and
gently rounded, low-relief hills and low moun-
tains, suggesting that Late Neogene extension
was generally of insufficient magnitude to create
high relief or to severely disrupt the sub-
Quaternary surface (except locally). In contrast,
this surface was strongly disrupted by Quatern-
ary faulting, producing relief of > 1.0-1.5 km in
many places. It is because of the greater magni-
tude of Quaternary faulting that the Late
Neogene evolution of Bulgaria has been difficult
to determine.

Important Quaternary faults occur along the
northern and southern boundaries of the north-
ern Thracian Basin, the Sub-Balkan graben
system, the Sofia Basin, the Strumitza, Simitli,
Razlog, Djerman and Kustendil Grabens of
southwest Bulgaria, and the Drama, Strymon
and other basins of northern Greece, and bound
numerous small basins north and south of the
Sofia Basin (such as the Botevgrad, Palakaria,
Govedartsi, Ihtiman and Kostenets Grabens;
Figs 3 and 10). The general trend of these
basins is east-west, but the faults form a com-
plex and intersecting pattern of east-west, west-
northwest and northwest trends. Faults in the
Razlog and Gotse Delchev Grabens (Fig. 9)
trend more northwesterly than faults in the
older Mesta Graben. In the southwestern part
of Bulgaria, east-west or west-southwest trend-
ing faults bound the Govedartsi, Djerman and
Kamenitsa Grabens, and similar trending faults
along the Simitli and Stumeshnitsa Grabens, cut

older northwest-trending grabens along the
Struma River (cf. Figs 8 and 10). The western-
most of these faults continue into eastern FYR
Macedonia. Along the border with Greece,
east-west trending faults separate the southern
end of the Sandanski Graben from the Side-
rokastro Basin of northern Greece.

At least one, and possibly three, east-west
trending faults occur north of the Stara Planina.
In north-central Bulgaria, seismic activity
occurs along the Gorna Orijahovista Fault, but
is difficult to interpret (Figs 10 and 11). Van Eck
& Stoyanov (1996) suggest that the focal
mechanisms indicate north-northwest-south-
southeast extension. This fault is marked topo-
graphically by an east-west trending valley and
disrupts north flowing rivers. There is no evi-
dence that the faults north of the Stara Planina
have a Late Neogene history; it is suggested
here that they are very young and represent the
northernmost migration of normal faulting into
the Moesian crust. Further east, landscape mor-
phology along the river valley near and west of
Varna and along the Kamchia River suggest the
presence of east-west trending faults (Fig. 11).
In the offshore Black Sea, east of the Kamchia
River mouth, the east-west trending Kamchia
Depression, marked by the Bliznatizi flexure
Fault Zone, contains a thick (300-400 m) sec-
tion of Neogene sedimentary rocks (Dachev et
al 1988). These faults appear to have been
active in Late Neogene time.

Many Quaternary faults show evidence for
active displacement and are marked by fault
scarps, triangular facets, steep topographic
gradients and active alluvial fan development
(Fig. 11). This includes many of the faults along
the Sub-Balkan grabens, along the southwest
side of the Sofia Basin, some faults along the
southern side of the northern Thracian Basin,
along the Strumeshnitsa, Simitli and Razlog
Grabens, and along the southwestern side of
the Djerman Graben. Not all basins with Quat-
ernary sediments appear to be bound by active
faults, although many of the faults may have a
subtle morphological expression and a slow slip
rate, and thus do not show clear evidence for
active faulting.

In west-central Bulgaria, the sub-Quaternary
erosion surface is displaced by many Quatern-
ary faults, which are well developed around the
Sofia Graben where the surface is present north
and south of the graben at an elevation of
c. 1000-1200 m, while the floor of the Sofia
Graben is at c. 500 m above sea level (asl). The
Iskar River cuts into the sub-Quaternary surface
and forms a deep canyon south of the graben.
The river has a knick point at Iskar Lake, to the
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Fig. 11. Distribution of Holocene faults in Bulgaria and adjacent areas. D, Djerman; GD, Gotse Delchev; GOfz,
Gorna Orijahovista fault zone; Kam, Kamchia River; Ku, Kustendil; P, Plovdiv; R, Razlog; SBG, Sub-Balkan
graben system; Si, Simitli; So, Sofia; Stu, Strumeshnitsa; Va, Varna; X, Xanthi-Komotini.

south of which the river and its tributaries flow
on the sub-Quaternary surface. The Iskar River
flows north across the Sofia Graben and cuts a
gorge through the western Stara Planina which
is capped by the sub-Quaternary surface to
reach the Danube River at an elevation of
c. 100 m asl. These relations indicate that the
Iskar River is antecedent to the Sofia Graben
and that the relative uplift of the mountains on
either side is the result of Quaternary faulting.
Because the sub-Quaternary surface is present
around the western, southern and eastern flanks
of the 2290 m high Vitosha Mountain south of
Sofia (Fig. 10), this peak appears to have been a
peak rising above the sub-Quaternary erosion
surface.

South of Vitosha Mountain, the sub-Quater-
nary erosion surface slopes gently south to the
steep northern slope of the Rhodope Moun-
tains. Locally, the surface dips gently to the
northeast and forms a broad valley. These
gentle slopes are interrupted by the Djerman,
Palakaria, Govedardtsi, Kostenets and Ihtiman
Grabens, indicating that these grabens (Figs 3
and 10) were formed after the development of

the sub-Quaternary surface and that their
bounding faults are of Quaternary age. It also
suggests that some, or perhaps most, of the
relative vertical movement of the northern
Rhodope Mountains is of Quaternary age.
Remnants of an erosion surface, or surfaces,
are present on the Rhodope Mountains, but the
age of these surfaces has been difficult to deter-
mine because of extensive erosion.

A similar erosion surface, of perhaps the
same age, can be traced from south of Vitosha
Mountain westward into the headwaters of the
Struma River, where the river has been incised
several hundred metres into the surface. This
surface defines a broad valley that is cut on
bedrock and locally, west of the Rila Moun-
tains, on the Pliocene Djerman Formation.
This surface cuts across the eastern boundary
fault of the Blagoevgrad Graben and can be
traced high onto the western slope of the Rila
Mountains. The eastern boundary fault of the
Blagoevgrad Graben does not displace the
erosion surface, indicating that the graben-
bounding fault did not have Quaternary move-
ment. Much of the present topographic relief
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along the northern part of the Struma River is
due to downcutting of the river into this sur-
face.

Further south, where the Struma River cuts
through the Sandanski Graben, is a series of
terraces along the east side of the river valley
(Zagorchev 1992). The higher terraces are cut
on bedrock of the Pirin Mountains and the
lower terraces are cut on sediments of the
Sandanski Graben and are not displaced by its
graben-bounding faults. The highest terrace
occurs at an elevation of 1900-2200 m asl.
Zagorchev (1992) assigned the terrace to prob-
able Late Miocene age and showed that there
has been c. 3 km of vertical separation along the
eastern side of the Sandanski Graben during its
formation. This also suggests that development
of the sub-Quaternary erosion surface may have
begun in Late Miocene time.

South of Plovdiv, at least three surfaces are
present on the northern slope of the Rhodope
Mountains, at elevations of 500, 700 and
> 1000 m asl. The lower surface is cut on
coarse-grained deposits of the marginal facies
of the Pliocene Ahmatovo Formation and is
overlain by Villafranchian conglomerate. This
is clearly the sub-Quaternary surface, elevated
by Quaternary faulting, and it is cut by the small
east-west trending Biaga Graben. There is no
information concerning the age of the two
higher surfaces. The presence of these surfaces,
and those of the Rila Mountains, suggest there
may be erosion surfaces of more than one age.
More detailed study is necessary to be sure
which of the surfaces at different elevations
may be the same surface displaced by faulting.

Data from the Quaternary faults suggest gen-
eral north-south extension in Bulgaria. The
east-west trending faults show only evidence
for dip-slip movement and there is little or no
field data to support strike-slip displacement on
most of the faults. Some faults of northeastern
and northwestern strike show evidence for
strike-slip and others can be interpreted to
have a strike-slip component. For example, the
northwestern striking fault along the southwes-
tern side of the Razlog Graben shows evidence
for right-lateral displacement and the north-
eastern striking fault along the Simitli Graben
shows evidence for left-lateral strike-slip (Fig.
10). The Palakaria Graben ends abruptly at both
ends against north-northeastern striking faults,
and the eastern fault displaces Pliocene sedi-
ments and thus has Quaternary movement.
Both faults should have a strike-slip component
as they are nearly perpendicular to the north-
south extension that formed the graben. Strike-
slip movement on these faults is consistent with

the fact they have little surface expression
because of a lack of a vertical component. The
fault that trends southwest from Kustendil into
FYR Macedonia (Fig. 11) may be interpreted to
have left-lateral displacement because it con-
nects two extensional basins in the appropriate
positions to be pull-apart structures. A similar
relationship is present along the fault that
bounds the southern margin of the Strumesh-
nitsa Graben, where it trends west into the
northwest tending Strumitsa Graben in south-
eastern FYR Macedonia (Fig. 10); here the fault
is interpreted to have a right-lateral component.
These strike-slip faults are mainly in south-
western Bulgaria and most of them cut
obliquely across the older late Neogene north-
west trending grabens. This suggests an import-
ant tectonic change in this part of Bulgaria
during Quaternary time; similar changes in
tectonic regime occur in northern Greece at
about the same time (see below), marking an
important reorganization of extensional fea-
tures within the northern Aegean extensional
regime.

Studies of earthquake focal mechanisms also
indicate that active tectonism is dominated by
north-south extension, with rare indications for
strike-slip (Van Eck & Stoyanov 1996). The
general pattern of active faulting is similar to
that based on geological data for Quaternary
time (cf. Figs 10 and 11). Zones of seismic
activity trend east-west along the southern
margin of the northern Thracian Basin and in
several short zones north of the Stara Planina
(along the Gorna Orijahovista Fault, near
Varna, and along the Kamchia River).
Although there is a region of complex seismicity
in southwestern Bulgaria, near the Simitli,
Razlog and Gotse Delchev Grabens, there is a
surprising lack of seismicity along the Sub-
Balkan graben system of central Bulgaria,
where numerous young scarps indicate active
faulting.

Quaternary tectonic activity in northern
Greece: possible extension into FYR
Macedonia
In northern Greece, north-south extension is
present but is associated with other directions of
extension and strike-slip displacements. East-
west trending faults bound the southern flank of
the Strumeshnitsa Basin and the northern end of
the Strymon Basin (Figs 10 and 11). The north-
ern of the two faults trends west into the north-
west trending extensional Strumitza Basin in
southeastern FYR Macedonia, a geometry
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which suggests that the Strumitza Basin is a pull-
apart basin and that the east-west trending fault
may have a component of right-lateral strike-
slip.

Dinter & Royden (1993) have shown that the
youngest strata involved in the west dipping
Strymon Valley detachment system are
c. 3.5 Ma old. Since that time, a new set of
northwest trending and northeast dipping
normal faults has displaced the detachment and
supradetachment sediments, and formed the
boundary faults for the modern Strymon
and Drama Basins (Figs 3 and 10). Vertical

displacement on these faults reaches at least
3.5 km (Dinter 1998).

The Drama and Strymon Basins are part of a
series of extensional basins bounded by
Quaternary northwest trending faults in north-
ern Greece and the northern Aegean Sea
(Thermaikos, and the parallel Kassandreias,
Siggitikos and Strymonikos Basins to the east;
Fig. 10). Associated with these basins are east-
northeast trending faults, at least two of which
can be shown to have right-lateral displace-
ments (Dinter 1998). Further east, a similar
pattern of Pliocene-Quaternary faulting was

Fig. 12. Summary of the evolution of extensional faulting in the southern Balkan extensional regime discussed in
this paper. The bottom right-hand figure shows the three areas of different structural regions active during
Pliocene-Quaternary time.



CENOZOIC EXTENSION SOUTHERN BALKANS 345

suggested by Koukouvelas & Doutsos (1990) for
the northeast trending Xanthi-Komotini Fault
Zone. Here, northeast trending faults have both
dip-slip and strike-slip components, and have
segments that are connected by northwest
trending normal faults or terminate basins
bounded by northwest trending normal faults.
All of these northeast trending faults parallel
the western strands of the North Anatolian
Fault within the Aegean Sea.

Seismic activity along the North Anatolian
Fault shows dominantly right-lateral displace-
ment (Jackson & McKenzie 1988). In north-
ern Turkey, recent Global Positioning System
(GPS) measurements demonstrate 22 ±
3 mm a"1 right slip across the east-northeast
trending North Anatolian Fault (Reilinger et
al 1997; Straub et al 1997). Within the north-
ern Aegean are a series of subsea basins that
lie within and parallel to the North Anatolian
Fault, which indicate there is an important
component of extension normal to the fault
zone. Inferred here is that Pliocene-Quatern-
ary faults in northern Greece, which parallel
the North Anatolian Fault, may have both
normal and dextral components.

It is suggested that dip-slip, southwest-north-
east extension on northwest-southeast tending
normal faults and right-slip on northeast tending
faults has led to the development of the present
basin morphology in northern Greece (begin-
ning probably in latest Pliocene-Quaternary
time; Dinter & Royden 1993). This intersecting
pattern of faults and basins forms an irregular
tectonic boundary near the Bulgarian-Greek
border, of which the Xanthi-Komontini Fault
and the faults along the northern and southern
sides of the Belasitsa (Kerkini) Mountains are
the most prominent examples (Fig. 12). (A
similar pattern, but less well developed, may
extend through the Mesta and Kustendil Val-
leys.) This fault pattern appears to have formed
in latest Pliocene-Quaternary time and separ-
ated the north-south extensional regime of
Bulgaria from the east-northeast extensional
regime of northern Greece.

Thus, during latest Pliocene and Quaternary
time Bulgaria and northern Greece appear to
have been affected by somewhat different ex-
tensional regimes, involving general north-
south extension in Bulgaria and both north-
south and northeast extension in northern
Greece. A complex zone of strike-slip and ex-
tensional faults in southwest Bulgaria may form
a diffuse boundary between the two regimes.
Although reconnaissance observations are from
FYR Macedonia only, it appears that the Plio-
cene-Quaternary extensional regime of north-

ern Greece is present in southeastern FYR
Macedonia (along the Strumitza Graben). It is
not yet known if older northwest trending
extensional faults (similar to the Strymon,
Struma and Olympos Fault Systems) are present
in central FYR Macedonia, or if they were
overprinted by the Pliocene-Quaternary
regime of normal and strike-slip faults of north-
ern Greece.

It is speculated that a third extensional regime
is present in southwestern FYR Macedonia and
eastern Albania. Here, north-south trending
grabens, such as the Ohrid and Prespanski
Grabens, are suggestive of east-west extension
(Figs 3 and 10). The morphological expression
of these grabens suggests that they are active,
and were active during Quaternary time. Seis-
mic activity in this area also supports east-west
extension (McKenzie 1972; Jackson & Mc-
Kenzie 1988). It is the authors' opinion that this
zone of east-west extension may have been
present since the initial stages of extension in
Middle-Late Miocene time, and has not under-
gone tectonic reorganization in Late Pliocene-
Quaternary time. The transition between these
three regimes in central FYR Macedonia
remains unresolved and Fig. 12 suggests diffuse
boundaries between them.

Evidence from seismicity and GPS studies in
northern Greece suggest that Holocene defor-
mation is different from the Pliocene-Quatern-
ary deformation. Focal mechanisms for
earthquakes in northern Greece indicate a
dominance of north-south extension with only
rare evidence for right-lateral strike-slip faulting
in the region north of the North Anatolian Fault
(Jackson & McKenzie 1988). Recent GPS
studies by McClusky et al. (2000) show slow
southward velocities, relative to stations near
the Greek-Bulgarian border, for stations in the
southern part of northern mainland Greece.
These data suggest that active deformation in
northern Greece is mainly north-south exten-
sion. The Pliocene-Quaternary pattern of
deformation probably began c. 3.5 Ma ago
(Dinter & Royden 1993), thus the active pattern
of deformation is younger and must have devel-
oped in Late Quaternary time.

Summary of Miocene-Recent tectonism

From the analysis presented above, the follow-
ing summary of events in Bulgaria and northern
Greece, including speculation about events in
FYR Macedonia and eastern Albania, is
suggested (Fig. 12). Following the Eocene-
Oligocene volcanism and related arc-normal
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extension, a new extensional system appears
have begun between 26 and 21 Ma in northern
Greece, involving east-northeast-west-south-
west extension east of Mount Olympos, on the
Island of Thasos and near Kavala (Fig. 12).
Extension migrated northward into southwes-
tern Bulgaria with extension in the Sandanski
Graben (and perhaps also into the Mesta and
Padesh Grabens) by 16.3-13.6 Ma, and in the
Blagoevgrad and Djerman Grabens by c. 9 Ma.
Extension in southwest Bulgaria was reorgan-
ized by c. 5 Ma and in northern Greece by
c. 3.5 Ma. It is speculated that related extension
may also have occurred during this time in FYR
Macedonia and eastern Albania.

North-south extension along east-west trend-
ing faults in central Bulgaria began only after
extension was well underway in northern
Greece and the Sandanski Graben of southwest
Bulgaria. Within the Sofia Graben, the Sub-
Balkan grabens, and grabens to their east,
north-south extension began at c. 9 Ma, and
may have begun about the same time in the
Plovdiv, Zagore and Tundja Grabens of the
northern Thracian Basin. Associated with
extension are north-northeast and north-south
trending faults that may have had a strike-slip
component, but have only local topographic
expression. North-south extension has con-
tinued to the present in these grabens.

By Late Pliocene time a major erosion sur-
face, the sub-Quaternary surface, was devel-
oped over a large area of central Bulgaria,
creating a major unconformity that marks the
beginning of Quaternary deposition in the
basinal areas. Many large and small graben-
bounding faults in west-central Bulgaria dis-
place this erosion surface and demonstrate the
widespread extent of Quaternary north-south
extension. North-south extension extended
westwards, with decreasing magnitude, across
the older northwest trending graben of south-
west Bulgaria (the Simitli and Djerman
Grabens) and into eastern FYR Macedonia,
and this region of southwestern Bulgaria
became affected by a change in tectonic regime
best developed in northern Greece.

During latest Pliocene(?) and Quaternary
time, northern Greece developed a complex
pattern of northeast extension associated with
northeast to east-west striking right-lateral
faults forming transfer faults between more
local extensional areas. This system of faults
overprints the older northwest trending ex-
tensional faults such as the Strymon Detach-
ment. These two different tectonic regimes
extend into FYR Macedonia where a third
regime of east-west extension in western FYR

Macedonia and eastern Albania is present, and
where extension may represent the continuation
of the east-west extensional regime initiated in
Middle-Late Miocene time.

Active deformation in northern Greece, and
perhaps southwest Bulgaria and adjacent FYR
Macedonia, is dominated by north-south exten-
sion. This pattern of deformation may have
developed as recently as Late Quaternary time.

Tectonic interpretation and discussion

The oldest Cenozoic extension considered here
began in Late Eocene-Early Oligocene time
and occurred within a magmatic arc that can be
traced from northwestern Turkey, through
southern Bulgaria, northern Greece and FYR
Macedonia. The extension direction was ap-
proximately normal to the arc. At least part of
this extension occurred during intracontinental
convergence after final closure of the Vardar-
Izmir-Ankara Zone by northward subduction in
early Middle Eocene time in Turkey (Yilmaz et
al 1997). It is difficult to determine if conver-
gence continued throughout this period of
extension but the evidence suggests that it did.
Convergent deformation occurred from Late
Eocene to Late Oligocene in east central Bul-
garia (Boyanov et al. 1989), in the Mount
Olympos area (Schermer 1990) and along the
Nestos Thrust (Dinter 1998) of northern
Greece. Convergent deformation of Late Oligo-
cene-Early Miocene deformation took place in
the Thrace Basin of northwestern Turkey and
Early-Middle Miocene convergent deformation
occurred in central Bulgaria (see above). Thus,
the period from Late Eocene to Early (or even
Middle) Miocene is interpreted as a period of
intra-arc extension contemporaneous with con-
vergence in Greece, FYR Macedonia, Bulgaria
and Turkey, perhaps induced by crustal weak-
ening due to magmatic and radiogenic heating
of thickened crust. It is also possible that reduc-
tion in intracontinental convergence, such as
might have been related to a reduction in
convergent plate velocity, also facilitated the
shallow lithospheric extension, but this remains
untested.

In Early or Middle Miocene to early Late
Miocene time, intra-arc extension appears to
have been transformed into a more regional
extension. This transitional period is similar in
age in Bulgaria and northern Greece, and simi-
lar to the oldest known extension within the
greater Aegean region at c. 25-20 Ma. Ex-
tensional fabrics within rocks on Thasos Island,
and within the Symvolon Pluton in the adjacent
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onshore, may be related to continued intra-arc
extension or may belong to the second period of
extension with local magmatic activity caused
by extension-related pressure reduction (Jones
et al 1992). Other coeval areas of extension are
amagmatic, such as at Mount Olympos, suggest-
ing that the transition to a second period of
extension had begun, at least in some places.
This second period of extension begins with
local development of associated magmatic
rocks but continued extension in northern
Greece and southwestern Bulgaria (Struma
Valley and related half-grabens) occurs in a
non-magmatic environment. This second phase
of extension occurs along northwest trending
extensional structures that trend obliquely, but
at a low angle, to the older magmatic arc; thus, it
is suggested that these features relate to a new
tectonic regime. This system of extension is
interpreted to continue to the present in western
Greece and Albania, where it is logically related
to trench roll-back (see below); thus, the second
period of extension is interpreted to be related
to roll-back of the Hellenic Trench.

Following this transition period of Oligocene,
to perhaps Early Miocene, time, tectonism in
the Aegean region and its continuation into the
southern Balkans became dominated by exten-
sion related to roll-back of the Hellenic Trench,
as expressed by the southward migration of
the Hellenic Volcanic Arc (Jolivet et al 1998).
By Early-Middle Miocene time, east-north-

Fig. 13. Clockwise rotation of the western part of the
southern Balkan extensional regime based on the
palaeomagnetic data of Kissel & Laj (1988). Based on
this analysis, most rotation must be accommodated by
northwest trending extensional faults in southwestern
Bulgaria, the low-angle normal fault at Mount
Olympos, and additional unrecognized, large-
magnitude normal faults in FYR Macedonia, eastern
Albania, and northwestern Greece. The region of
post-Eocene extension is shown by dashed lines.

east-west-southwest directed extension was
expressed by movement on major low-angle
normal faults, such as at Mount Olympos and
along the Strymon Valley detachment in north-
ern Greece (Fig. 13; note: all directions in this
section are given in present-day coordinates, but
significant clockwise rotation has occurred
during Neogene time - see below). The Strymon
Detachment appears to have propagated north-
ward into Bulgaria at c. 16 Ma. Other major
faults, such as at Mount Olympos, may also
have propagated northward into central FYR
Macedonia. Northeast-southwest to east-west
extension migrated further north along the
Struma Valley and by c. 9 Ma (beginning of
Maeotian time) reached the Blagoevgrad and
Djerman Grabens, which continued their ac-
tivity to c. 5 Ma.

At c. 9 Ma, north-south extension began in
central Bulgaria along the Sofia, Sub-Balkan
and northern Thracian Basins. Extension appar-
ently began slowly and continued from Late
Pliocene to Recent more quickly. The cause of
this extension is difficult to determine. It is
suggested here that it may represent the north-
ernmost effects of the north-south extension
that occurred along the western coast of
Turkey beginning in Tortonian time [c. 10 Ma;
see Yilmaz (1997)], and may be related to the
south to south-southwest movement of the
Aegean region. The ultimate source for this
motion is best ascribed to trench roll-back
along the southern part of the Hellenic subduc-
tion system. The problem with this interpret-
ation is the localization of this extension in
central Bulgaria, because it is not obvious that
north-south extension is continuous from the
well-developed grabens in western Turkey to
central Bulgaria. Some workers (e.g. Schindler
1997) have suggested that the southern strand of
the North Anatolian Fault became active in
Tortonian time. If so, such movements could
have begun the current counterclockwise
motion of northwest Turkey relative to Eurasia
which, coupled with the clockwise rotation in
northwestern Greece and Albania (see below),
suggests southward motion within the region
between, i.e. central Bulgaria. Schindler (1997)
reports the magnitude of this early motion on
the southern branch of the North Anatolian
Fault to be small, consistent with low rates of
coeval extension in central Bulgaria. However,
most other reports on the geology of northwest
Turkey have not documented a pre-Pliocene
history for the North Anatolian Fault, although
Barka (1997) suggests that there could have
been faulting in the Marmara region during
Late Miocene time.
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North-south extension in central Bulgaria
appears to extend westward, with decreasing
magnitude, through Quaternary time, cutting
across older northwest trending grabens (e.g.
the Simitli, Kustendil and, possibly, the
Strumeshnitsa Grabens). The area affected by
north-south extension expanded and extension
rates increased, at least in central Bulgaria,
during Quaternary time; this is interpreted as
being related to the development of the North
Anatolian Fault (see below).

In Late Pliocene time (c. 3-4 Ma) the north-
east to east-west extensional regime in south-
western Bulgaria and northern Greece was
affected by another tectonic regime, which is
expressed by continued northeast to north-
south extension, but is distinguished by the
development of segmented northeast to east-
west striking right-lateral strike-slip faults which
functioned as transfer faults between areas of
extension. At about the same time, right-lateral
displacement on the east-west trending North
Anatolian Fault developed in western Turkey
(Barka 1997) and probably extended into the
northern Aegean Sea (Dinter & Royden 1993).
GPS results indicate a 22 ± 3 mm a"1 rate on
the North Anatolian Fault (Straub et al 1977;
Reilinger et al 1997; McClusky et al. 2000); if
this has been constant through time, its total
offset of c. 80 km, still somewhat uncertain,
indicates that the fault had its inception at
c. 4 Ma. Beginning east of the Sea of Marmara,
the North Anatolian Fault begins to branch
westward and several strands of the fault can be
traced across the northern Aegean Sea (McKen-
zie 1972,1978). The northeast trending faults in
northern Greece are interpreted here to be a
northern expression of regional dextral shear-
ing, which is mainly accommodated along the
North Anatolian Fault. These northeast trend-
ing faults formed an interference pattern with
the northwest trending extensional faults in
northern Greece. These northeast to east-west
trending right-slip faults affect an area that
extends northward into FYR Macedonia.
There is a diffuse northwest trending boundary
between the region affected by the right-slip
faults and the region of continued north-south
extension in central Bulgaria (Fig. 12). The
right-slip faults in this region are part of larger
area undergoing counterclockwise rotation rela-
tive to Europe south of the North Anatolian
Fault (Reilinger et al. 1997; McClusky et al.
2000). Western Greece and eastern Albania
have rotated clockwise in Late Neogene time
(see below) and it is suggested here that the
continued north-south extension in Bulgaria is a
result of continued southward movement of

southern Bulgaria between two regions under-
going opposite senses of rotation. The propaga-
tion of the right shear along the North
Anatolian Fault system into the southern
Balkan region during the last 4 Ma is inter-
preted to be the cause of the increase in
intensity of the north-south extension in central
Bulgaria. Most of the northeast trending faults
in the southern Balkans also show a component
of extension so that both these faults, and the
northwest trending extensional faults, bound
mountains and adjacent valleys.

General east-west extension in eastern
Albania, western FYR Macedonia and northern
Greece is related to continued trench roll-back
along the northern part of the Hellenic subduc-
tion system. In this part of the subduction zone,
convergence continues along the east coast of
the Adriatic Sea, where thicker crust has
entered the subduction zone (which is probably
in the process of being terminated). Thus,
during the last 4 Ma, with coeval north-south
extension in central Bulgaria, coupled strike-slip
and northeast-southwest extension in southwest
Bulgaria, northern Greece and central FYR
Macedonia, and east-west extension in western
FYR Macedonia and eastern Albania, there
have been three areas of different styles of
extensional tectonism related to different
causes in the southern Balkan region bounded
by diffuse boundaries (Fig. 12).

Studies of focal mechanisms and GPS studies
in northern Greece, north of the North Ana-
tolian Fault, suggest dominantly active north-
south extension, different from the Pliocene-
Quaternary deformation. These data suggest
there has been a recent, perhaps Late Quatern-
ary, change in deformation within northern
Greece, perhaps further north into southwes-
tern Bulgarian and FYR Macedonia.

The geometry of deformation within the
southern Balkan and northern Aegean region
discussed above requires important rotations of
the crust about a vertical axis. Recent faulting in
western FYR Macedonia and eastern Albania
indicate active east-west extension, continued
from Early Neogene time. Thrusting has been
continuous throughout Neogene time along the
northern part of the Hellenic Trench, as shown
by the development of the Albanian fold and
thrust belt, and magmatic activity in central
FYR Macedonia. Thus the Neogene-Recent
extension in western FYR Macedonia and east-
ern Albania is interpreted to be the result of
trench roll-back, with western Albania moving
westward relative to Bulgaria during middle
Miocene-Recent time. The magnitude of
northeast-southwest extension in northern
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Greece and southwestern Bulgaria, beginning in
Early-Middle Miocene time, decreases north-
ward as expressed by the decrease in depth of
basins, the decrease in separation of tectonic
units and the increase in crustal thickness. This
suggests that western Albania rotated clockwise
relative to regions to the east at the same time as
northwestern Anatolia (and the eastern Aegean
crust) rotated counterclockwise.

Palaeomagnetic studies during the past
decade are consistent with such rotations.
Recent work in the western Dinarides, and the
Albanian fold and thrust belt (Kissel et al 1995;
Marton 1987), have shown that, relative to
Africa, the western fold and thrust belt of the
Hellenides, from the Peloponnesus to the
Tirana Basin, has rotated 45° clockwise in post-
Eocene time and c. 25° since the Early Plio-
cene. Palaeomagnetic data from the southern
Dinarides do not show post-Eocene rotation, so
that rotation ends near the Scutari-Pec Line.
Kondopoulou & Westphal (1986) showed that
the Eocene-Oligocene intrusive rocks from
Chalkidiki in northern Greece have rotated
clockwise by c. 25°. In contrast, some studies
(e.g. Dolapchieva 1994) show that most of
Bulgaria has rotated counterclockwise from
Neogene time by c. 10°, but with local rotations
of up to 39°, and with only small and local
clockwise rotation in southeastern Bulgaria.
These palaeomagnetic data support the relative
rotations suggested by the tectonic interpret-
ation of the evolution of Middle-Late Miocene
to Recent faulting from the southern Balkan
region presented here.

At present there is insufficient palaeomag-
netic and tectonic data to quantify the amount
of total extension and rotation from this region,
but preliminary estimates appear reasonable.
During the extension in northern Greece, rela-
tive westward movement along the Strymon
Valley detachment was at least 80 km (Dinter
& Royden 1993; Dinter 1998). The magnitude of
relative eastward movement along the western
side of the Gulf of Thermaikos, near Mount
Olympos, is unknown, but extension has cut out
all the Upper Cenozoic nappe succession
(Schermer 1993) and may have been tens of
kilometres. Thus, an estimate of 120-150 km
may not be unreasonable. The distance from
the palaeomagnetic pole of rotation near the
Scutari-Pec Line in northern Albania to north-
ern Greece, where this extension occurs, is
c. 200 km, yielding a clockwise rotation of at
least 30-35° between central Bulgaria and the
western Hellenides. However, it is difficult to
separate local and regional rotations. For ex-
ample, studies by one of the authors (TT) on

southeastern Bulgaria indicates that the north-
south Neogene-Recent extension has involved
relative rotations of small crustal blocks both
clockwise and counterclockwise, and Pavlides et
al. (1989) have shown the complexity of palaeo-
magnetic rotations from small blocks in the
Serbo-Macedonian Massif of northern Greece.

These studies of the Neogene-Recent evol-
ution in the southern Balkan region are still
preliminary, but are beginning to place import-
ant constraints on possible geodynamic models
for the region. Any dynamic model for this
region will have to explain the evolution of
deformation in the southern Balkan region
which involves a complex interplay between
the Hellenic Trench, extrusion of Anatolia
along the North Anatolian Fault and the de-
velopment of north-south extension in central
Bulgaria, and large-scale crustal rotation about
a vertical axis. It appears clear that there are
different processes that cause extension in the
southern Balkan extensional province within an
overall extensional regime.
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Abstract: To solve a long-lasting controversy on the timing and mechanism of generation
of the western Anatolian graben system, new data have been collected from a mapping
project in western Anatolia, which reveal that initially north-south trending graben basins
were formed under an east-west extensional regime during Early Miocene times. The
extensional openings associated with approximately north-south trending oblique slip
faults provided access for calc-alkaline, hybrid magmas to reach the surface. A north-
south extensional regime began during Late Miocene time. During this period a major
breakaway fault was formed. Part of the lower plate was uplifted and cropped out later in
the Bozdag Horst, and above the upper plate approximately north-south trending cross-
grabens were developed. Along these fault systems, alkaline basalt lavas were extruded.
The north-south extension was interrupted at the end of Late Miocene or Early Pliocene
times, as evidenced by a regional horizontal erosional surface which developed across
Neogene rocks, including Upper Miocene-Lower Pliocene strata. This erosion nearly
obliterated the previously formed topographic irregularities, including the Bozdag ele-
vation. Later, the erosional surface was disrupted and the structures which controlled
development of the Lower-Upper Miocene rocks were cut by approximately east-west
trending normal faults formed by rejuvenated north-south extension. This has led to
development of the present-day east-west trending grabens during Plio-Quaternary time.

Figure 1 is a summary map of the geology of steeper topography, associated with surface
western Anatolia and shows that the region is breaks. On the footwall margins of the grabens,
characterized by a number of approximately planar faults are readily observed,
east-west trending, subparallel, normal fault The data available on the timing and histories
zones bordering a set of grabens and intervening of development for the east-west grabens are
horst blocks. Seismic activity is intense and has conflicting. There are ongoing debates on two
been recorded by a network of instruments major problems associated with the geology of
roughly encircling the active faults. Motions on the graben regions and the related structures:
the faults confirm that extension is in a north- (1) when did the grabens begin to develop?; 2)
south direction. Western Anatolia and the what event triggered their initiation?
Aegean regions have long been known to rep- Two different views have been proposed for
resent a broad zone of extension (Phillipson the timing of the development of the east-west
1910-1915) stretching from Bulgaria in the grabens. According to one view, the grabens
north to the Hellenic arc in the south (Me- began to develop during Late Oligocene-Early
Kenzie 1972). Miocene times and have progressively enlarged

There are about ten approximately east-west since then (Seyitoglu & Scott 1991,1994,1996).
orientated grabens in western Anatolia. The The other view proposes that the grabens are
best-developed grabens are Biiyuk Menderes, relatively young and no older than Late Mio-
Gediz, Edremit, Gokova and Bergama. They cene (§engor et al 1985; Goriir et al 1995).
are c. 100-150 km long and 5-15 km wide. In Resolution of this question requires a fuller
each graben, one margin is characterized by understanding of the geology of the region, as

From: BOZKURT, E., WINCHESTER, J. A. & PIPER, J. D. A. (eds) Tectonics and Magmatism in Turkey and the
Surrounding Area. Geological Society, London, Special Publications, 173, 353-384. l-86239-064-9/00/$15.00
© The Geological Society of London 2000.
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Fig. 1. Geological map of western Anatolia. Numbers indicate the locations of the maps in Figs 2-4 and 7-12.
BEG, Bergama Graben; GDG, Gediz Graben; BMG, Biiyiik Menderes Graben; KT, Kale-Tavas Basin; IAS,
Izmir-Ankara Ophiolite Suture; SC, Sakarya Continent; LN, Lycian Nappes; LNF, Lycian Nappe front; BH,
Bozdag Horst. A, £, D, I and M are the cities of Aydm, £anakkale, Denizli, Izmir and Mugla, respectively. '
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well as the detailed geology of the graben
areas.

To solve the questions noted above the fol-
lowing approaches may be adopted: (1) obtain
stratigraphic data directly from the graben floor
to date the initiation of the grabens - this is
often difficult due to the presence of a young
and thick alluvial cover; (2) collect data to
establish the timing of the compressional tec-
tonic phase prior to the extensional regime; and
(3) use geophysical and structural data from the
active physical processes to determine the
length of time which has elapsed since the
beginning of the graben development.

In this study all three approaches have been
utilized. Since detailed information on the
tectonostratigraphy of the magmatic and sedi-
mentary associations of the grabens and sur-
rounding region are needed to constrain
models for the evolution of the region, a field-
based project was undertaken in western Ana-
tolia which has lasted for 7 years. During the
study work was begun in the northern areas and
the study area then enlarged towards the south
to cover the entire rifted region. More than 60
sheets of detailed geological maps, at the scale
of 1/25 000, have been produced. The areas that
will be outlined in this paper are selected from
four major east-west trending grabens, two of
which are onshore and two of which are off-
shore. From north to south these are: the
Edremit, the Bergama (Pergamon), the Gediz
and the Gokova Grabens (Fig. 1). In this paper,
new data is presented and in the light of these
data development of the grabens is discussed.
The four regions will be treated separately
below. Geology of the Bergama Graben region
will be documented first, because this region
provides the most complete sedimentary and
magmatic succession, and the more varied struc-
tural features.

The Bergama Graben region

The Bergama Graben (Figs 1 & 2) is one of
the major east-west grabens of western
Turkey. It is c. 60 km long and 5 km wide: the
Bakirgay River flows west along the valley
floor. The topography is asymmetric, being
steeper along the northern side of the valley
where Mount Kozak rises steeply to over
800 m from the graben floor, which is 50-80 m
above sea level. At the southern side, the
topography is more subdued, toward the Yuntdag
Mountain (Fig. 2). The graben is an approxi-
mately east-west striking structural low but, in
detail, is a V-shaped depression trending
north-northeast-south-southwest between Ber-

gama and Gocbeyli, and northwest-southeast
between Altmova and Dikili (Fig. 2). The
width of the graben increases from its centre to
the east and to the west, where the graben
merges with the north-south trending Soma
Graben and the northeast-southwest trending
Altmova Depression (Fig. 2).

The faults along both sides of the graben,
around the Bergama area (Fig. 2), indicate
mainly normal faulting. Occasionally, a small
component of strike-slip motion, sinistral to the
west and dextral to the east of the Bergama, is
observed. This fault pattern is compatible with a
north-south extensional regime. The major
faults along the northern side of the graben dip
steeply (> 70°) to the south. Along the south
margin they are antithetic with respect to the
main fault system, north dipping and sub-
parallel to east-west striking normal faults
(Figs 2 and 4). They cause abrupt steps in the
topography. The sediments, which have been
deposited on the downthrown blocks, are
slightly back-tilted. The main active faults place
young alluvium against the older Lower-Middle
Miocene succession. Near the town of Bergama,
the dip-slip on the normal fault is estimated to
be > 500 m because the Lower Miocene suc-
cession, which is c. 500 m thick, is missing on the
upthrown northern block near the fault; allu-
vium here is faulted against the metamorphic
basement.

The geology of the sectors north and south of
the Bergama Graben are outlined below.

The northern sector

A simplified geology map of the northern sector
is illustrated in Fig. 3. Northeast-southwest
trending oblique faults dominate this region
(Fig. 2) and more than 50 fault planes have
been measured. They strike approximately
N25-40°E, and the slickenlines on the fault
planes plunge 50°SE to N30-50°E. Faults
divide the region into subparallel, northeast-
southwest elongated horsts and grabens, such
as the Ayvalik-Burhaniye (Altmova De-
pression) and Orenli-Egiller Grabens, and the
intervening Kozak Horst (Fig. 2). The horst and
grabens are cut abruptly by faults bounding the
Bergama-Dikili Graben (Fig. 2).

The Kozak Horst is the most prominent
morphological feature of the region and Mount
Kozak rises to over 1000 m within a distance of
30 km from the gulfs of Edremit and Dikili
(Fig. 2). In the horst, metamorphic, plutonic,
volcanic and the Neogene sedimentary rocks
crop out (Fig. 3). Below the cover rocks (Fig.
5a) is a metamorphic association known as the



Fig. 2. Tectonic map of the Bergama Graben and surrounding regions.



Fig. 3. Geological map of the Kozak region on the northern side of the Bergama Graben [modified after Altunkaynak & Yilmaz (1998)].



Fig. 4. Geological map of the Zeytindag-Maruflar region on the southern side of the Bergama Graben.



Fig. 5. Representative stratigraphic sections from different graben regions of western Anatolia.
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Karakaya Formation (Bingol et al 1973),
metamorphosed during latest Triassic times
(Akyiirek & Soysal 1983; Kaya & Mostler 1992;
Gene & Yilmaz 1995; Altunkaynak 1996).

In the central part of the Kozak Horst, a
granitic pluton (the Kozak Granite) was em-
placed into the metamorphic rocks during latest
Oligocene-Early Miocene times (20-23 Ma:
Ataman 1974; Bingol et al 1982). The pluton
consists mainly of coarse-grained, porphyritic
diorites and is surrounded by a number of
hypabyssal intrusives in the form of dykes and
cone sheets varying in width from 5 to 100 m
(Fig. 3). The sheets are also represented by
porphyritic microdiorites and microgranodior-
ites, and are petrographically similar to the
plutonic rocks. The granite and the surrounding
geochemically related hypabyssal and volcanic
rocks formed in a collapsed caldera environ-
ment (Altunkaynak & Yilmaz 1998).

The Neogene and younger rocks are made up
of three lithostratigraphic units, separated from
one another by unconformities (Fig. 5a). These
are, from base to top, the Dikili Group, the
Zeytindag Group and an upper unit consisting
of the sediment fill of the Bergama Graben. Of
these three rock units only the lower one is
exposed in the Kozak Horst. The middle unit is
present only within the surrounding northeast-
southwest grabens. The Dikili Group is c. 750 m
thick and rests unconformably on the meta-
morphic rocks. It comprises a volcano-sedimen-
tary assemblage of Early-Middle Miocene age.
A direct stratigraphic contact of the Dikili
Group with the plutonic rocks is only rarely
exposed, indicating that the pluton was un-
roofed during deposition of the Dikili Group.
The succession is detailed in Fig. 5a and only a
brief summary is presented here. At the bottom
of the Dikili Group are dark siltstones, purple
mudstones, and white, finely laminated and
bituminous shales. The shales are predominant.
These rocks are interpreted as low energy
lacustrine deposits (Akyiirek & Soysal 1983;
Altunkaynak 1996). The Dikili Group is wide-
spread in western Anatolia and not restricted to
the northeast-southwest or east-west horst-
grabens of the Bergama region. In the Kozak
area it is exposed from the top of the horsts into
the surrounding graben depressions.

Volcanic rocks, spatially and temporally as-
sociated with the sedimentary rocks of the Dikili
Group, consist predominantly of andesite, latite,
dacite lavas and their pyroclastic equivalents
(Figs 3 and 5a). The volcanic centres are aligned
in a northeast-southwest direction (Fig. 3). The
lavas, lahar breccias and pyroclastic fall-out
deposits are arranged in a decreasing order

away from the volcanic axes. Isotopic dates on
the andesite and dacite lavas range from 19 to
15 Ma (Ercan et al. 19846, 1985; Altunkaynak &
Yilmaz 1997 and refs cited therein). The
palaeontological data obtained from the inter-
calated sedimentary rocks yield Early-Middle
Miocene ages (Akyiirek & Soysal 1983; Ercan et
al. 19846).

The Kozak Horst is separated from surround-
ing grabens by a set of en echelon, oblique-slip
and transtensional faults, displaying left-lateral
strike-slip and dip-slip components. The faults
strike mainly in northeast-southwest, north-
northwest-south-southeast and north-south
directions (Figs 2 and 4). The northeast-south-
west striking faults are predominant and they
dip steeply with an average angle of 70°.

The stratigraphic sequence in the northeast-
southwest grabens surrounds the Kozak Horst
and forms the Zeytindag Group illustrated in
Fig. 5a. Lying on top of the Dikili Group, or
resting directly on the metamorphic basement,
this sequence begins with the commonly intern-
ally chaotic coarse clastic Yayakoy Formation.
The strata are fault-scree, slope waste, debris
flow and lateral fan deposits that occur along the
steeply dipping faults, and were sourced from
fault-elevated blocks. Away from the faults
towards the graben axes they grade into sand-
stones, siltstones, mudstones, marls and white
lacustrine limestones of the Ularca Formation.
The Zeytindag Group is commonly un-
deformed, except near the fault zones where
the units are back-tilted towards the horst
blocks at an average angle of 15°.

Andesitic volcanic activity waned before de-
velopment of the northeast-southwest trending
grabens because their fill is devoid of intermedi-
ate volcanic rocks. Only few and scattered
basaltic lava flows (the Egrigol Basalts) formed
during this phase. These are interbedded with
lacustrine limestones of Late Miocene age
(Nebert 1978; Akyiirek & Soysal 1983; Ercan et
al. 19846). The lavas were fed from fissures,
associated mainly with the northeast-southwest
graben-bounding faults and are dated by the
Rb/Sr method at 9-6 Ma (Borsi et al. 1972;
Ercan et al. 1985).

The upper group is represented by the infill of
the Bergama Graben (Figs 3 and 4). The present
graben-floor sediments are related to ongoing
active processes controlled by the graben-
bounding faults, and are fan deposits formed
along the northern graben margin and fluvial
deposits. The fan deposits are sourced from high
hills bordering the east-west graben. The com-
plete graben fill of the Bergama Graben is
nowhere exposed, but is calculated from gravity
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data (The Turkish Petroleum Co., unpublished)
to be thicker than 500 m. The precise age of the
graben fill is not known, however, it may be
inferred from stratigraphic data to be younger
than Late Miocene-Early Pliocene because the
graben-bounding faults cut and elevate rock
units on both north and south horsts, which
contain strata as young as Late Miocene-Early
Pliocene age. No volcanic rocks were extruded
during development of the Bergama Graben
basin.

The southern sector

The geology of the southern sector can also be
divided into northeast-southwest trending
horsts and grabens (Fig. 4). These structures,
which are cut abruptly by the active graben-
bounding faults of the Bergama Graben,
appear to be the southerly continuation of
horsts and grabens of the same trend observed
in the northern sector (Fig. 2). Among the
structural zones of the southern sector, the
Maruflu Horst, located at the centre of the
region, is the most prominent morphological
feature. This horst is bordered by the Zeytindag
and Yayakoy Grabens to the west and the east,
respectively.

The Maruflar Horst has an average elevation
of 300 m. Toward the Zeytindag Graben, in the
northwest, the topography steps down along en
echelon oblique faults striking northeast-south-
west with normal slip as well as a dextral strike-
slip component (Fig. 4). The Maruflar Horst is
geologically similar to the Kozak Horst, but
elevation is lower and the cover rocks are more
intact. In the horst, rhyolitic domes and associ-
ated ignimbrites are present and distributed
along short curvilinear faults which delimit the
ponded ignimbrites. The distribution pattern,
and the time and space association of the vol-
canic rocks, suggest a link to a shallow-level
granitic pluton in a caldera environment, similar
to the Kozak Pluton. The rock association of the
southern sector, as illustrated on the geology
map and the stratigraphic column (Figs 4 and
5a) is the same as for the northern sector.

The data from the Bergama region may be
interpreted as follows. The three major rock
groups of the region are separated by unconfor-
mities and were deposited in three successive
superimposed basins of different orientation.
Consecutive stages of basin development are
described in Fig. 6. The lower unit is deformed
with approximately east-west trending open
folds. Rare reverse faults verging commonly
north are also recognized. The middle and
upper units are commonly undeformed.

The Edremit Graben region

The Edremit Graben is one of the largest east-
west trending, offshore grabens of western
Anatolia (Fig. 1), and is 80 km long and 5-
20 km wide. The northern margin of the graben
is bounded by the linear mountain front of the
Kazdag Mountain (Fig. 7), rising steeply from
sea level to over 1000 m. The southern margin
has a more subdued topography where the
coastline displays bays and inlets. This mor-
phology suggests that the northern side has
been recently elevated by the graben-bounding
faults, an interpretation supported by the pres-
ence of raised beaches c. 100 m asl. Along the
southern margin of the graben, north dipping
(> 50°), listric normal faults are closely de-
veloped (c. 1 km apart). The unconsolidated
sediments deposited on the footwall blocks are
back-tilted by c. 15°. Slickenlines on well-
polished fault planes have been measured from
25 individual faults and reveal major normal slip
with an average N60°E slip vector, plunging by
c. 50°. Faults on the southern side are antithetic
to the main northern margin fault system.

The Edremit Graben area is close to the area
of influence of the North Anatolian Transform
Fault Zone (NAFZ), which is presently the
most active major structure of Anatolia. This
dextral fault, which splits into several strands in
northwest Anatolia, has branches that trend
toward the Edremit Graben (Fig. 1). Possibly
related to motions on the NAFZ, the faults
situated to the north of the Edremit Graben
display both strike-slip and dip-slip components.
A petroleum exploration well drilled in the
Edremit Gulf area, has revealed strike-slip dis-
placement in the offshore areas, as evidenced by
offsets of the Neogene units, from the land areas
into the gulf (Turkish Petroleum Corporation,
unpublished). Seismic, gravity and drilling data
have shown > 2700 m of Neogene and younger
sediments in the gulf. Of these, c. 700 m are
weakly consolidated and unconsolidated clastic
rocks, deposited only within the present graben
floor. A geology map of the northern side of the
Edremit Graben (Fig. 7) shows that the region is
also divided into northeast-southwest trending
horsts and intervening grabens, similarly to the
Bergama Graben region. These are the Kazdag
and Ezine Horsts and the Etili and Giilpinar
Grabens.

The most prominent topographic feature of
the region is the Kazdag Mountain (Horst).
Along this horst, basement metamorphic
rocks of Palaeozoic-Triassic age (Bingol et al
1973) are exposed. The basement rocks in-
clude high-grade gneisses, schists, migmatites,
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Fig. 6. Block diagrams showing subsequent stages of the geological evolution of the Bergama Graben region, (a)
During Early Miocene time the region was covered by a vast lake basin(s) in which low-energy lacustrine
sediments, such as micritic limestones and shales, were commonly deposited. The volcanoes, trending northeast-
southwest, delimited the lake basin. Intermediate lavas, pyroclastic flows and fall outs were extruded from the
volcanoes, (b) The andesitic volcanic activity waned at the end of the Middle Miocene. A new set of northeast-
southwest trending oblique faults, along the similar trend of the volcanoes, were formed under a transtensional
regime during the Late Miocene. This created horsts and narrow grabens. Along the graben margins, coarse
elastics were deposited and sourced from the fault-elevated blocks. Away from the graben margins the
conglomerates grade into fine elastics and then into lacustrine limestones, deposited along the centres of the
grabens. (c) During latest Miocene-Early Pliocene time the horst-graben morphology was considerably reduced
as a result of severe erosion. Consequently, a low-relief plateau surface was established. This was followed by the
development of a set of approximately east-west trending normal faults formed under the north-south extension
during Plio-Pleistocene time. These faults cut, and clearly succeed, the northeast-southwest horsts and grabens.
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Fig. 7. Geological map of the southwestern Biga Peninsula, the northern side of the Edremit Graben [modified
after Karacik & Yilmaz (1998)]. KZH, Kazdag Horst; EH, Ezine Horst; EG, Etili Graben; GPG, Giilpmar
Graben; BG, Bayrami9 Graben.

metagabbros, and low-grade phyllites, marbles
and recrystallized limestones. Plutonic rocks
were emplaced into the metamorphic rocks
during Late Oligocene-Early Miocene times,
i.e. the Karakoy-Evciler and Kestanbolu Plu-
tons, isotopically dated at 25 ± 0.2 (Birkle &
Satir 1995) and 28 + 0.88 Ma (Fytikas et al
1976), respectively. The plutons are elliptical
magmatic bodies with northeast-southwest
long axes, and composed mainly of granodior-
ites and diorites enveloped by fine-textured
hypabyssal and volcanic rocks of similar com-
positions (Karacik 1995; Karacik & Yilmaz
1998).

In the northern sector, three major lithostrati-
graphic units, separated by unconformities, may
be distinguished (Figs 5b and 7); a lower unit
(the Kuc,iikkuyu Group), a middle unit (the

Ezine Group) and an upper unit (the Bayramic.
Group). Of the three rock units, only the
Kliciikkuyu Group is exposed on the horst
blocks. The Kuciikkuyu Group is composed of
a thick (> 300 m) volcano-sedimentary associ-
ation. At the base of the sequence is a thick
bituminous white shale unit (> 250 m); thin
sandstone beds alternate with shales in the
middle of the succession. This turbiditic sand-
stone-shale alternation is interpreted as a flysch
deposited in a lacustrine environment during
the Early Miocene (tnci 1984; Siyako et al
1989). Towards the top of the flysch, pyroclastic
beds representing early products of volcanic
activity are intercalated with the sediments.
During this period the northeast-southwest
trending en echelon, oblique faults with dextral
strike-slip (N45-60°E) components, were
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formed. The evidence for this is: (1) red
coloured, internally chaotic, coarse clastic rocks
deposited on top of flysch, or resting directly on
elevated basement metamorphic rocks - these
were formed as debris flow deposits and fluvial
pebble conglomerates; (2) red beds deposited
next to the fault planes, and apparently confined
to the vicinity of the northeast-southwest trend-
ing, steeply (> 60°) northwest dipping faults.

The coarse clastic rocks grade laterally and
vertically into a lacustrine white marl-shale
succession. The sediments have coal seams and
beds containing the Eskihisar sporomorph as-
sociation that yielded an Early Miocene age
(Benda 1971). Intermediate lavas are inter-
calated with the sediments; they are latite and
andesite lava flows, flow breccias and lahar
breccias, and accumulated along the northeast-
southwest oriented faults. The lavas are dated
by the K/Ar method at 19-17 Ma (Borsi et al
1972; Ercan et al. 1985).

The Ezine Group is present in the Etili Basin
which formed as a half-graben. There is no
distinct fault system along its northern side,
where the topography is subdued. The southern
edge of the graben is bounded by northeast-
southwest trending en echelon oblique-slip
faults. These faults are commonly steep, with
an average altitude of N65-75°E, 70-85°NW.

The Ezine Group rests unconformably on the
lower unit. At its base it consists of fault scree
deposits and fluvial pebble-cobble conglomer-
ates. These internally chaotic rocks were appar-
ently derived from the elevated fault blocks and
deposited along the basin margin. Some of these
strata may be of fan-delta origin. The coarse
clastic rocks pass laterally and vertically into
fine-grained sandstones and siltstones, which
grade rapidly into white limestones interpreted
as lake deposits (Siyako et al. 1989). The lime-
stones are the dominant lithology in the Ezine
Group. At the top of the sequence, red mud-
stones and siltstones alternate with, and gradu-
ally replace, the limestones. There are a few
scattered subaerial, vesicular basalt lava flows
(the Ezine Basalts) within the group (Figs 5b
and 7) which represent fissure eruptions fed
from vents along the faults running parallel to
the basin margin. No age diagnostic fossils were
found to date the sedimentary rocks of the
Ezine Group, however, basalts alternating with
the sediments were dated by K/Ar and Ar/Ar
methods at 6-4 Ma (Borsi et al. 1972; Ercan et
al. 1985; authors' unpublished data).

The southern boundary of the Etili Graben is
cut and bounded by a set of east-west trending
normal faults that are younger than Late Mio-
cene-Early Pliocene. These faults reduced the

size of the rift forming a new east-west trending
small graben, known as the Bayramic. Graben,
and modified its orientation from northeast-
southwest to east-west (Fig. 7). The east-west
trending faults are steep, north dipping and
segmented over distances < 10 km. Elevation
of the Kazdag Mountain to the present struc-
tural position occurred possibly during this
stage, because the influx of coarse elastics,
sourced from the Kazdag High, were deposited
as unconsolidated materials (the Bayramic.
Group) into the Bayramic, Graben basin along
the northern margin of the Kazdag Horst. No
age-diagnostic fossils have been found in the
present graben fill, therefore, ages of the present
graben fill can only be estimated from strati-
graphic data, but graben-bounding faults cut
and displace rocks as young as Early Pliocene;
hence, the graben fill is clearly younger than
this.

The present east-west trending Bayramic.
Graben appears to be cogenetic with the
Edremit Graben, because both are parallel and
have been formed by the young east-west
trending faults (Fig. 7). The southern sector of
the Edremit Graben region corresponds to the
northwestern slope of the Kozak Horst - geo-
logical maps and stratigraphic sections of this
region are shown in Figs 3 and 5a.

The Gediz Graben region

This region is located in the central part of
western Anatolia where one of the major east-
west trending grabens, the Gediz Graben, is
located (Fig. 1). The Gediz Graben is c. 140 km
long and 10-15 km wide, and forms an arc-
shaped structural pattern; the graben trends
approximately east-west and west-northwest-
east-southeast from the Ahmetli area to the
west and to the east, respectively (Fig. 1). The
graben faults are described in considerable
detail by Patton (1992), Cohen et al. (1995) and
Yilmaz et al. (1999), and only major geological
features will be outlined here. The graben is
asymmetrical, with the southern margin steeper
and seismically more active. Along the southern
margin rises the steep northern flank of Bozdag
Mountain, bounded by a major fault zone con-
sisting of a number of steeply (> 70°) north
dipping normal faults, one of which moved
during a major earthquake near Ala^ehir in
1969 (Eyidogan & Jackson 1985). The major
fault, although observed along the whole length
of the graben, is segmented on a short-length
scale (Fig. 8); each segment ^ 10 km. Drainage
on the northern slope of Bozdag Mountain is
mainly through fault-parallel linear valleys and
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Fig. 8. Simplified geological map of the Gediz Graben [modified after Iztan & Yazman (1990) and Yilmaz et al
(19976)]. EF, Evrenli Fault.

subsequent stream valleys. Headward erosion
by the streams has not yet reached the flat-lying
plateau at the top of Bozdag Mountain.

The northern edge of the Gediz Graben is
also fault bounded but topography along this
margin is subdued. The faults are morphologi-
cally less marked and seismically inactive. In
Bozdag Mountain metamorphic rocks of the
Menderes Massif, crop out as uplifted basement
against the Neogene units (Fig. 8) and consist of
schists, gneisses, migmatites and phyllites. Neo-
gene, and younger, sedimentary rocks overlie
the metamorphic rocks of the Menderes Massif;
they are different in the northern and southern
sectors around the Gediz Graben and are out-
lined separately below.

The southern sector

Cover rocks of the Menderes Massif consist of
three distinct lithostratigraphic units - a lower
unit (the Alasehir Group), a middle unit (the
Kizildag Group) and an upper unit (the Sart
Group); these may also be subdivided into
formations and members (Fig. 5c). The collec-
tive thickness of the succession is > 1500 m.

Geology of the southern sector is described
briefly below. Detailed descriptions of the litho-
stratigraphical units, the lithofacies and struc-
tures are given in Iztan & Yazman (1990),
Seyitoglu & Scott (1992), Cohen et al (1995)
and Yilmaz et al (19976,1999).

At the base of the Alasehir Group are poly-
genie, 5-100 m thick, cobble-pebble conglom-
erates of the Evrenli Formation, derived from
underlying schists and gneisses. This coarse (up
to 60 cm) clastic unit is poorly sorted and
subrounded to subangular, suggesting proximity
to the source. To the east, the coarse clastic
rocks are terminated by the major north-north-
east-south-southwest striking Evrenli Fault
(Fig. 8). The conglomerates are interpreted as
fault scree and fan deposits (Cohen et al 1995).
Although weak, the palaeocurrent directions,
obtained from clast imbrication, trend mostly
north-northeast and north-south, and are sub-
parallel to the Evrenli Fault. The lithologies of
the Alasehir Group collectively display a fining-
upward profile. This is observed clearly along
the east-west sections, where rapid lateral
transitions are observed from coarse conglomer-
ate to sandstone, siltstone and then to shale of
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the Zeytincay Formation. The sandstones
contain alternating lignite beds (c. 15 cm) and
the shales are bituminous. The fine detrital units
are interpreted as lacustrine facies (iztan &
Yazman 1990; Seyitoglu & Scott 1992, 1996;
Cohen et al 1995). The lithological ordering
indicates a rapid transition from a high-energy
fluvial depositional environment to a low-
energy lacustrine environment.

Toward the top of the Evrenli Group, shales
are replaced gradually by sandstones, fine-
grained channelled conglomerates and rare
limestone lenses (£altihk Formation), inter-
preted as the late-stage deposition in a lake
basin. These rocks are overlaid by red mud-
stones and sandstones, suggesting that the lake
basin was gradually filled, and rise above the
lake level.

Above the Evrenli Group, the Kizildag
Group begins with coarse clastic rocks, which
rest in many places directly on the Menderes
metamorphic rocks. The Kizildag Group may
be divided into two parts. The lower part is
represented dominantly by red, massive,
coarse-grained (5-15 cm) poorly sorted con-
glomerates (Kizil Formation). In the upper part
of the sequence, grain size diminishes, a faint
sorting is recognized and the colour turns gradu-
ally to yellow (Mersinligedik Formation). The
lower part (> 250 m thick) is interpreted to be a
fan deposit with associated river channel fills
(Iztan & Yazman 1990). The upper part (400 m
thick) is regarded as sediments formed in a
linear fluvial system (Cohen et al. 1995). The
palaeocurrent direction, measured from clast
imbrication, is either to the west or northwest
(Cohen et al 1995).

The Kizildag Group, which formed following
deposition of sediments in a low-energy lacus-
trine environment, marks the beginning of
major tectonic activity. The thick, coarse clastic
rocks in the lower part of the succession were
apparently formed in a high-energy depositional
environment. The energy of the environment
decreased gradually with time, as evidenced by
the fining-upward profile recognized in the suc-
cession. The tectonic activity may be associated
with development of the major normal fault
along which the Menderes Massif was elevated;
this is evidenced by the constant supply of
coarse clastic materials from the metamorphic
massif into the structurally low-lying basin in
front of it. The fault is a major breakaway
(detachment) fault and its present dip is < 25°
to the north. Above the fault plane red elastics
of the Kizildag Group are steeply back-tilted
(> 45°) to the south. The fault scarp is exposed
discontinuously between Karadut and Allah-

diyen villages, where erosion has partly
removed the red clastic rocks from the hanging
wall block. The polished fault scarp is barely
eroded by the modern streams, suggesting that
the fault plane has been exposed recently.
Under the present fill of the Gediz Graben, a
subhorizontal fault plane has been imaged on
seismic data (Eyidogan & Jackson 1985; Turkish
Petroleum Corporation, unpublished seismic
profile along the Gediz Graben, 1999). This
may be interpreted as part of the detachment
fault which has been cut and displaced on down-
thrown blocks by steeply dipping, younger,
normal faults of the Gediz Graben.

To the south, the detachment fault is traced to
the top of Bozdag Mountain, where a flat-lying
erosional surface, developed above the Men-
deres metamorphic rocks and the cover sedi-
ments, including the Upper Miocene red
elastics, is recognized. This erosion surface
represents a denudation phase that obliterated
pre-existing topography. For this reason, the
erosional surface may be used as a stratigraphic
marker to distinguish earlier and later geologi-
cal events. The rise of the Menderes Massif to its
present structural position and topographic ele-
vation is apparently younger than this erosional
phase, because the erosional surface and the
gently dipping detachment fault have been
faulted and displaced by a younger set of steeply
dipping (> 70°) faults (Fig. 8). Remnants of this
erosion surface and detachment are presently
observed in the downthrown blocks. These
faults initiated development of the present
Gediz Graben system and controlled the sub-
sequent sediment deposition.

The upper unit (Sart Group) is confined to
Gediz Graben Depression. This group consists
of thick (> 500 m), semi-lithified, buff-coloured,
coarse (> 3 cm), poorly bedded, alluvial con-
glomerates with minor sandstones and clays.
They rest unconformably on either the meta-
morphic rocks or on the Kizildag Group (Fig. 8).
The Sart Group borders the graben floor along
its southern margin, where it is uplifted by the
graben-bounding faults, and forms steep linear
hills (Fig. 8). The conglomerates are back-tilted
to the south, at varying angles (10-45°) depend-
ing on their proximity to the faults. The back-
tilting is due to rotation on the north dipping
normal faults. The clastic content of the Sart
Group may be interpreted as large fan and
fluvial sediments sourced from high hills border-
ing the graben. The clast imbrication indicates
an east to west palaeocurrent direction (Cohen
et al. 1995).

According to seismic data of the Turkish
Petroleum Corporation (unpublished), the
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thickness of the sediment fill in the Gediz
Graben changes abruptly from c. 2.5 to 3 km to
< 1 km along the graben axis, across approxi-
mately north-south trending faults which are
hidden under the unconsolidated sediments.
The faults appear to define grabens and inter-
vening horst blocks trapped within the Gediz
Graben. On the horst blocks, only the middle
and upper units are present; the lower unit is
confined to the grabens. This observation is in
close agreement with the present authors' field
observations from the southern sector, where
the approximately north-south striking Evrenli
Fault delimits the Evrenli Group and controlled
its deposition.

There is controversy about the ages of the
three rock groups discussed above. According to
Seyitoglu & Scott (1992, 1996) the three rock
groups form a continuous succession, and the
lower and middle units are Early Miocene in
age, based on sporomorph associations from a
lignite specimen from the top of the Kizildag
Group. Later studies in the region (e.g. Cohen et
al 1995) have used this age evidence exten-
sively. This Early Miocene age for the middle
rock unit is in apparent conflict with the age data
obtained from the same rock unit by other
studies. For example, Iztan & Yazman (1990)
and Ediger et al (1996) considered the red
clastic rocks of the Kizildag Group to be Late
Miocene in age by assigning Kizilhisar pollen
assemblages from the mudstone layers to the
Late Miocene. Emre (1996) collected a gastro-
pod fauna from the same rock group and as-
signed a Late Miocene-Early Pliocene age.
Recent studies (Ediger, Bati & Sanca, pers.
comm.) orientated towards resolving the age
controversy have gathered new fossil data sup-
porting the Late Miocene-Pliocene age. The
stratigraphical data from this study, as displayed
in Fig. 5c, also favour the Late Miocene age
assignment for the reasons given below. (1)
There is a time gap between development of
the three rock units, as represented by the
unconformities (Fig. 5c). Each one of these
rock units was formed under an entirely differ-
ent tectonic environment. For example, shales
of the Evrenli Group were deposited in a low-
energy, lacustrine environment. The overlying
Kizildag Group, as represented by the coarse
red conglomerates mostly of fluvial origin,
formed in a tectonically active environment. (2)
The lignite specimen, from which the Lower
Miocene Eskihisar sporomorph association was
identified, was collected from the sandstone-
conglomerate unit, lying at the top of the
Kizildag Group. These rocks were deposited in
a highly oxidizing, high-energy, fluvial environ-

ment unfavourable for coal formation. The
lignite fragment is small (20 x 5 cm) and
trapped within the sandstone-conglomerate
beds with its long axis lying obliquely to the
strike of the host rock. It therefore seems likely
that the lignite represents a transported frag-
ment. (3) The red clastic rocks pass laterally into
lacustrine limestones of the Adala Formation in
the northern side of the graben, which yield
Upper Miocene-Lower Pliocene fossils. Unay
et al (1995) list fossils of Pliocene-Pleistocene
age from the bottom of the Sart Group, indicat-
ing an age range from Pliocene to the present.

In the light of these data the following geo-
logical evolution may be envisaged for the
southern sector of the Gediz Graben. (1) The
Ala^ehir Group was deposited within an ap-
proximately north-south trending graben basin
which formed prior to the development of the
east-west graben system. This unit is Early-
Middle Miocene in age according to the sporo-
morph association. (2) The Kizildag Group was
possibly formed in response to rapid uplift of the
Menderes Massif, along a major breakaway
fault. The red elastics were shed from the
Menderes structural high and deposited within
structural lows surrounding the massif (Fig. 8).
This began during the Late Miocene and
possibly continued during Early Pliocene time
(Iztan & Yazman 1990). (3) The initial uplift of
the Menderes Massif and the consequent sedi-
ment deposition was followed by a major
erosional phase. During this phase, topographic
irregularities were considerably denuded. (4)
The erosional surface has been fragmented by
east-west trending steep faults, which also cut
older structures, and produced the present
Gediz Graben. This began during Pliocene-
Pleistocene times and has continued to the
present. The Sart Group was deposited during
this phase as the infill of the Gediz Graben.

The northern sector

A wide variety of rock groups crop out sepa-
rately along the northern edge of the graben.
Previous studies (e.g. Iztan & Yazman 1990;
Seyitoglu et al 1992, 1996; Cohen et al 1995)
concentrating on this narrow zone failed to
correlate these rocks and consequently links
between groups on the northern and southern
sides of the Gediz Graben have not been estab-
lished. Along the northern edge of the Gediz
Graben four major rock units may be dis-
tinguished. From west to east these are: the
Adala Limestone; the Toygar Volcanics; the
Aydogdu Formation; the Yesilyurt Formation.
The Adala Limestone is mainly a white
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Fig. 9. Simplified geological map of the region lying between the Simav and Gediz Grabens. SMG, Simav
Graben; GDG, Gediz Graben; GG, Gordes Graben; DMG, Demirci Graben; SG, Selendi Graben; GUG, Cure
Graben; UUG, U§ak-Ulubey Graben; DDK, Dilekdag-Demircidag Horst; IH, Icikler Horst; URH, Umurbaba-
Rahmanlar Horst; BDH, Beydag Horst; KH, Karadag Horst; BH, Bozdag Horst.

limestone which crops out in the Adala area
(Fig. 8) and unconformably overlies high-grade
metamorphic rocks of the Menderes Massif.
The Adala Limestone is represented by thick-
(> 100 cm) to medium-bedded micritic lacus-
trine limestones and is overlain unconformably
by a poorly lithified, sandstone-conglomerate
unit.

The Toygar Volcanics are represented by a
dacite dome 150-200 m in diameter which crops
out near Toygar village and is dated by the K/Ar
method at 15 Ma (Yazman &. Ercan, pers.
comm.; Seyitoglu, pers. comm.). The volcanic
rocks are petrochemically similar to the wide-
spread Lower-Middle Miocene volcanic associ-
ations of northwest Anatolia.

The Aydogdu Formation is a thick (> 200 m)
clastic unit that consists mainly of poorly
bedded cobble-pebble conglomerates, which
are commonly subrounded to subangular,
poorly sorted and poorly lithified. To the north,
the Aydogdu Formation is bounded by steeply
dipping, east-west trending, normal faults ex-
tending along the graben margins, on which are
sited hot springs and associated travertine
deposits. Away from the faults the coarse
elastics pass laterally into sandstones and are
interpreted as debris flow deposits and fan
conglomerates. The succession is repeated, and
becomes younger, towards the north, suggest-
ing that faulting migrated to the north with
time. The Aydogdu Formation is inferred to be
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Fig. 10. (a) Simplified geological map of the Demirci Graben and the surrounding areas. A-A', Direction of the
accompanying cross-section in (b). (b) Geological cross-section across the A-A' direction.

Plio-Quaternary in age by Ercan et al (1978)
and Yusufoglu (1996).

The Ye§ilyurt Formation is a red mudstone-
siltstone alternation that crops out extensively

to the north of Ye^ilyurt (Fig. 8). Between
Yesjlyurt and Usak (Fig. 9) it contains a
number of channelled conglomerate lenses.
Around Yesjlkonak village, near Es,me, red
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clastic rocks pass upwards into, or alternate
with, white limestones. The limestones are 20-
100 m thick and display similar lithofacies
characteristics to the Adala Limestone.

Further away from the graben margin, the
northern region is divided into approximately
north-northeast-south-southwest trending
horsts and grabens (Fig. 9). From west to east,
the major grabens are Gordes, Demirci, Selendi
and Usak-Ulubey. The grabens and the inter-
vening horsts share many similar lithological
and structural features and, therefore, only the
geology of one horst-graben pair is summarized
here - the Demirci Graben and the adjacent
tcikler Horst.

The geology map of the Demirci Graben, and
the accompanying geological section across the
graben, are illustrated in Figs lOa and b. The
graben is separated from the adjacent horsts by
a series of steep, discontinuous en echelon
oblique faults. None of the fault segments is
longer than 7-8 km. The majority of the faults
display clear right-lateral strike-slip and sub-
ordinate normal-slip displacements. The fault
planes are steeper than 70° and the slickenlines
plunge < 30°.

The generalized stratigraphic sections of the
Demirci Graben and the Icikler Horst are
presented in Fig. 5dl. At the base of the graben
fill is a cobble (up to 1 m in diameter) and
pebble conglomerate unit (50-300 m thick)
with subrounded to subangular clasts, derived
from underlying high-grade schists and
gneisses, belonging to the Menderes Massif.
The strata are internally chaotic, poorly sorted
clastic rocks - the Borlu Formation - and are
interpreted as debris flows and alluvial fan
deposits formed in association with elevations
of the adjacent fault blocks. The coarse elastics
are bounded by the north-northeast-south-
southwest trending faults. Away from the fault
zone the clast size decreases rapidly; the
cobblestones pass laterally into a well-bedded
sandstone-siltstone alternation - the Kopriibasi
Formation (< 250 m). At the top of the se-
quence these are replaced by marls and shales
of the Demirci Formation. A few limestone
lenses also occur at the top of the succession.

In the southern part of the Demirci Graben,
the fine-grained detrital rocks alternate with
green coloured, ash-fall tuff horizons (Fig. lOb).
The pyroclastic beds increase in thickness and
abundance towards the north, where the two
volcanic centres are located along the approxi-
mately northeast striking faults. Around the
volcanic centres, latite and dacite lavas, flow
breccias and lahar breccias of the Okcular Vol-
canics dominate. These were extruded during

Early-Middle Miocene time when most of
petrochemically similar intermediate volcanic
rocks of northwestern Turkey were generated
(Ercan et al 1985; Yilmaz 1989, 1990, 1997;
Seyitoglu et al. 1997). Isotopic dates on volcanic
rocks from this and neighbouring areas range
from 18 to 14 Ma.

In addition to the northeast-southwest strik-
ing graben-bounding faults, there is also a sub-
ordinate set of northwest-southeast trending
sinistral strike-slip faults in this region (Fig.
lOa). The two sets of faults may be interpreted
as a conjugated pair formed under north-south
compression, which affected the region during
the Early-Middle Miocene period. These two
sets of faults were cut and displaced by the east-
west striking faults during development of the
Gediz and Simav Grabens, located to the south
and north, respectively (Figs 9 and lOa). The
region bounded by the Gediz and Simav
Grabens forms a giant east-west elongated
horst block. This horst was gently north tilted
during development of the east-west trending
grabens, as shown by the following evidence: (1)
the post-Late Miocene-Early Pliocene low-
relief erosional surface, which is observed
extensively on the plateaux, developed above
the horst and has been tilted northeast by 10-
15°; (2) the metamorphic basement rocks under-
lying the Neogene cover have been uplifted to
higher elevations in the south than in the north;
consequently, the cover rocks have been mostly
removed by erosion in the south and the meta-
morphic rocks crop out more extensively along
the southern part of the horst (Fig. 9).

The volcano-sedimentary association of
Early-Middle Miocene age is overlain discon-
formably by the Adala Limestone [the Demirci
Formation of Inci (1984)] and, in places, rests
directly on the metamorphic rocks (Fig. lOb).
The Adala Limestone begins locally with con-
glomerates and sandstones sourced from the
adjacent fault-elevated structural high (Yilmaz
et al. 1997b). A further indication of the discon-
formity is the presence of an erosional surface,
recognized between the Adala Limestone and
the underlying units. According to palynological
data, the Adala Limestone is Late Miocene-
Early Pliocene in age (Inci 1984).

In the light of the data documented above,
correlations among the units of the northern
and southern sectors may be summarized as
follows: (1) the Toygar Volcanics have the
same petrochemical characteristics and formed
during the same time period as the volcanic
rocks of the Demirci Graben; (2) in the Demirci
Graben the lavas alternate with sedimentary
rocks which closely resemble the Alasehir
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Fig. 11. Simplified geological map of the Kale-Tavas Basin.
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Fig. 12. Simplified geological map of the Oren Graben.

Group of the southern sector in overall litho-
logical and structural characteristics. Both sedi-
mentary units are Early-Middle Miocene in age.

The coeval Upper Miocene-Pliocene red
clastic rock units of the southern and northern
sectors - the Kizildag Group and the Yesjlyurt
Formation, respectively - may be regarded as
laterally equivalent successions because they
grade into one another in the Sangol-Buldan
area east of the Bozdag Horst. The Kizildag
Group has coarser clastic material than the
Yes,ilyurt Formation. The difference in grain
size appears to be due to the proximity to the
source, the Bozdag Horst. Yesilyurt Formation,
in turn, grades into the Adala Limestone in the
northern regions, i.e. Giire, near Esme (Fig. 9).
Among these rock units, only the Aydogdu
Formation, with restricted outcrop along the
northern edge of the graben, is genetically con-
nected to the Gediz Graben. The Aydogdu
Formation and the Sart conglomerates of the
southern graben margin may thus be regarded

as laterally equivalent deposits formed within
the Gediz Graben basin.

The Gokova Graben region

The geology of the Gokova Graben and sur-
rounding regions (Fig. 1) has previously been
described in considerable detail (De Graciansky
1972; Atalay 1980; Ersoy 1991; Gorur et al
1995). Here, critical additional information
obtained during our field studies is presented.

In the Gokova region, basins of various ages
and orientations have been distinguished (Figs
11-13). The oldest basin, the Kale-Tavas
molasse Basin of §engor & Yilmaz (1981), is
Late Oligocene-Early Miocene in age and
orientated east-northeast-west-southwest. The
youngest basin is the modern Gokova Graben.
Between the development of these approxi-
mately east-northeast-west-southwest or east-
west basins, roughly north-south trending
basins formed during the Early Miocene and
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Late Miocene times. Locations of the basins are
shown in the simplified geological maps of the
region (Figs 1 and 13); the stratigraphic columns
are displayed in Fig. 5e and f. Major geological
characteristics of the basins are briefly described
below.

The Kale-Tavas Basin

The infill of the Kale-Tavas Basin is observed
discontinuously from the east of Denizli City in
the east to the north of Gokova Graben in the
west (Fig. 1). The Kale-Tavas Basin units rest
on the Lycian Nappes with angular unconform-
ity (Fig. 11). No stratigraphic contacts of the
basin units are observed with the Menderes
Massif. The sequence may be summarized as
follows (Fig. 5e). The lowermost unit is a red,
thick, massive to poorly bedded and poorly
sorted coarse conglomerate - the Alanyurt For-
mation. It is composed predominantly of ophio-
litic material derived from the underlying
ophiolite, which forms the uppermost tectonic
slice in the Lycian Nappe pile. The red con-
tinental elastics are devoid of fossils. They were
accumulated to the north of an approximately
northeast-southwest trending fault zone (Figs
11 and 13a) as debris flow and fluvial deposits
sourced from the fault-induced structural highs.
The clast imbrication indicates an approxi-
mately southeast to northwest palaeocurrent
direction. The grain size decreases toward the
north, where the red elastics pass laterally and
vertically into grey conglomerates, which in
turn give way to grey and well-sorted sand-
stones with some limestone lenses. In places
they pass laterally into grey shales containing
lignite beds. These are lagoonal and shallow-
marine elastics which contain gastropods,
bivalves and benthic foraminifers of Late
Oligocene-Early Miocene age (Kocjigit 1984;
Hakyemez 1989; Akgiin & Sozbilir 2000).

The sandstones are followed upwards by a
fly sen-like sequence, the Akcay Formation,
composed mainly of alternating sandstones and
marls, which contain frequent lenses of coarse
conglomerates formed as fluvial channel fills.
Upward in the section, the high energy of the
environment of deposition decreases, as evi-
denced by the fining-upward succession, and
eventually the elastics are gradually replaced by
limestones of the Kale Formation. The fauna
identified from the limestones yields Aquita-
nian-Burdigalian ages (Hakyemez 1989; Akgiin
& Sozbilir 2000). The younger part of the suc-
cession consists of fluvial and lacustrine depos-
its of Late Miocene-Pliocene age and rests
unconformably on the marine units. This begins

with a thick conglomerate unit - the Esenkaya
Formation - which passes laterally and verti-
cally into red mudstone-sandstone units com-
prising the Yenidere and Karagol Formations;
these contain coarse conglomerate lenses -
the Goktepe Formation. The top of the suc-
cession is a white lacustrine limestone - the
Yarkindag Limestone - which covers the entire
region.

The Oren and Yatagan Basins

The Oren and Yatagan Basins are approxi-
mately north-northwest-south-southeast trend-
ing subparallel basins (Figs 1, 12 and 13) which
display identical strata of Early Miocene age.
Commonly, the basin units rest unconformably
on slightly metamorphosed successions of the
western Taurides, composed dominantly of
Mesozoic platform carbonates and underlying
older phyllitic rocks. In places, the lowermost
clastic rocks rest unconformably on fossiliferous
marine limestones of the Oren Formation,
which possibly formed within the Kale-Tavas
Basin prior to development of the north-north-
west-south-southeast trending basins. For-
mation of these basins was apparently
controlled by an oblique fault system displaying
major dip-slip and subordinate dextral strike-
slip components. The Lower Miocene units are
disrupted by the east-west trending normal
faults around the Gulf of Gokova, which
opened the Gokova Graben (Fig. 12).

The Oren and Yatagan Basin infills consist
mainly of two rock units (Fig. 5f). The lower unit
is composed predominantly of clastic rocks,
beginning with coarse conglomerates. This unit
is a massive to poorly bedded and poorly sorted
grey conglomerate with well-rounded clasts of
the underlying recrystallized limestones and
phyllites. These are of debris flow and fluvial
origin. Upward in the succession, the coarse
conglomerates are replaced by sandstones. The
upper unit is a shale-marl dominated, fine-
clastic association assigned to the Turgut
Formation; it has a number of lignite beds. The
top of the sequence is a white, marl and lime-
stone unit - the Sekkoy Formation (Atalay
1980).

The north-northwest-south-southeast trend-
ing basin fills are commonly represented by
sediments, deposited in a fluvial and lacustrine
environment (Goriir et al 1995). However,
towards the south where the east-northeast-
west-southwest trending, partly coeval, marine
Kale-Tavas Basin lies, a number of marine
incursions into the north-south troughs oc-
curred intermittently, as evidenced by marine
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bivalve- and gastropod-bearing sandstone layers
identified within the lacustrine succession. The
marine beds wedge out towards the north.

The white lacustrine succession is replaced
upwards by brown to red continental mud-
stones and conglomerates of the Kultak For-
mation. In places, the red continental elastics
rest directly on the Lycian Nappe units. The
red beds yield a rich mammal fauna with an age
span from Middle Astracian to Turolian in the
Mugla region (Atalay 1980). The coarse clastic
unit is locally > 500 m thick. It is composed of
fluvial and debris flow deposits, laid down
within fault-bounded, approximately north-
south trending, basins. Fine clastic rocks re-
place the conglomerates both laterally and
vertically. The coarse and fine clastic rocks
were previously named the Yatagan Formation
(Atalay 1980). The top of the sequence is a
white lacustrine limestone - the Denizcik For-
mation - which is not confined to the limits of
the fault-controlled depressions where the
lower clastic rocks accumulated. It covers a vast
region as a capping limestone, extending from
the gulf areas in the west to the Denizli region
in the east (Figs 11 and 13b). This unit is the
equivalent of the Yarkindag Limestone of the
Kale-Tavas region. This indicates that the
north-south graben depressions were filled and
lost their topographic expression before depo-
sition of the limestones.

The Gokova Graben

This is the southernmost graben of western
Anatolia (Figs 1 and 12). It is c. 150 km long
and enlarges westward from c. 5 km to
> 30 km. A major part of the graben is off-
shore, forming the Gulf of Gokova. The north-
ern margin is bounded by a linear mountain
front, which rises steeply to > 1000 m. The
southern margin is topographically less steep
and marked by many bays and small offshore
islands. East-west trending listric normal faults,
together with a set of N60-80°E trending
oblique faults, characterize the northern
margin. The east-west striking faults commonly
cut and offset the oblique faults. Earthquakes
were registered along both of the fault systems
(Ambrasseys 1988; Jackson & McKenzie 1988;
Taymaz et al 1991). Due to the development of
the two sets of faults making an acute angle
with one another, the shoreline is not straight
but zigzags, due to breaks in the normal faults
at c. 5-10 km intervals. The oblique fault
system forms deep gorges inland containing the
major drainage of the interior region. The al-
luvial fans enlarging seaward have developed at

intersections of the two fault systems, i.e. the
Oren alluvial Fan (Fig. 12). The fault scarp is
observed clearly from the Oren area to the
eastern end of the graben; to the west of Oren
it is less well marked.

The graben-bounding faults of the Gokova
Graben have apparently controlled deposition
of a thick post-Miocene-Lower Pliocene(?)
sedimentary sequence comprising the Akbiik
Formation. The east-west faults cut the north-
northeast-south-southwest trending faults and
truncate the various rock groups, including the
Upper Miocene-Lower Pliocene(?) strata. The
sediments, which have been deposited along the
margin of the Gokova Graben, consist of coarse
elastics, formed as scree deposits, unconsoli-
dated slope debris and lateral fan deposits.
Their source is undoubtedly the uplifted horst
block lying in the immediate vicinity. The
graben fill is rotated gently (5-10°) northwards
due to rotation of the major east-west trending
listric faults. The age of the unconsolidated
sediments may be inferred to be post-Late
Miocene-Early Pliocene(?) from the strati-
graphic evidence because debris from rocks of
this age sourced from the adjacent horst blocks
have been incorporated into the present graben
fill.

In conclusion, structures and sediments of the
northern Gokova region suggest different epi-
sodes of basin development. During the first
episode (in Early Miocene time), intercon-
nected north-northwest-south-southeast and
east-northeast-west-southwest trending basins
were formed. The basins were filled and lost
their morphological expression at the end of
Middle Miocene time. A new group of basins
were developed along the rejuvenated north-
northwest-south-southeast trending faults
during Late Miocene times and possibly sur-
vived into the Early Pliocene. The modern
Gokova Graben developed later, along east-
west trending normal faults which cut and
truncate the older units and their associated
structures.

Discussion and conclusions

Considering the geology of the graben areas
outlined above, the following major stages may
be distinguished in the geological evolution of
western Anatolia: (1) a pre-graben stage; (2) an
east-west extensional stage; (3) an earlier stage
of north-south extension; (4) an interrupting
stage of north-south extension; and (5) a later
stage of north-south extension.



Fig. 13. Palaeogeological maps depicting the tectonic evolution of western Anatolian grabens from Early Miocene to present. The present shape of the Menderes Massif
is displayed in the maps for reference purposes, (a) Early Miocene: EG, Etili Graben; YGG, Yenice-Gonen Depression; GG, Gordes Graben; DMG, Demirci Graben;
SG, Selendi Graben; UUG, U^ak-Ulubey Graben; ORG, Ortaklar Graben; ADG, Aydm-Dalama Graben; OG, Oren Graben, YG, Yatagan Graben. (b) Late Miocene:
GPG, Giilpmar Graben, BG, Bayramic Graben; AG, Altmova Depression; OEG, Orenli-Egiller Graben; ZG, Zeytindag Graben; UG, Urla Graben; MG, Mustafa
Kemalpa^a Graben; £G, £ine Graben; BOG, Bozdogan Graben; KG, Karacasu Graben; DGG, Denizli Giiney Graben. (c) Plio-Pleistocene: BG, Bayrami? Graben;
EDG, Edremit Graben; BEG, Bergama Graben; SMG, Simav Graben; GDG, Gediz Graben; BMG, Biiyiik Menderes Graben; GLG, Gulluk Graben; GKG, Gokova
Graben; BH, Buldan Horst. O, Clastic materials, derived from the Bozdag Horst into the surrounding low lands. The obliquely ruled area represents the lake basin(s)
surrounding the Bozdag Horst.
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The pre-graben stage

This stage corresponds to the Late Cretaceous-
pre-Miocene time period. In western Anatolia
the following events have been recorded during
this period. (1) Collision between the continen-
tal fragments of the Pontides and the Taurides
along the Izmir-Ankara Suture (Fig. 1) during
the Late Cretaceous-pre-Middle Eocene inter-
val (§engor & Yilmaz 1981; Yilmaz et al 1991 a).
(2) Following collision, convergence continued
and the region underwent compression. Conse-
quently, the thrusting propagated northwards
and southwards across the Pontides and the
Taurides, respectively. Thrusting in the north
continued until the end of Late Eocene-Oligo-
cene times (Yilmaz et al 1991 a; Yilmaz & Polat
1998). In the south, within the western Taurides
and along the frontal thrust zone of the Lycian
Nappes, it continued until Late Miocene time
(De Graciansky et al 1967; §engor 1982; Hay-
ward 1984; §engor et al 1985). The Lycian
Nappes form a nappe package, consisting of
slices of the western Taurus metamorphic base-
ment and the overlying Mesozoic platform
carbonates together with the dismembered
ophiolites that form the uppermost nappe. The
nappe package is known to have travelled
southwards during Early Miocene time and was
finally emplaced onto the Lower Miocene basin
fill of the Antalya Basin before Late Miocene
time.

The amount of crustal shortening within
western Anatolia is difficult to ascertain
because: (1) the amount of shortening is not
known precisely across the middle, deep crustal,
ductilely deformed metamorphic rocks; (2) to
balance and restore cross-sections across the
orogen is difficult because of lateral movements
during, and after, collision. However §engor et
al (1985) and §engor (1993) estimated a mini-
mum shortening of 200 km from the Thrace
region in the north to the Mediterranean in the
south.

No sediments were deposited in central-
western Anatolia during the Late Eocene-Late
Oligocene interval, suggesting that the region
was a subaerial landmass and topographically
high, possibly as a consequence of the continu-
ing convergence. Since the continental crust is
presently c. 30-32 km thick (Ezen 1991), it is
assumed to have been > 50 km thick before the
onset of north-south extension (Le Pichon &
Angellier 1981; §engor 1982, 1993; Jackson &
McKenzie 1988).

Western Anatolia underwent high-tempera-
ture, medium-high-pressure metamorphism
during Eocene times (50-36 Ma) (§engor et al

1984; Satir & Friedrischen 1986; Hetzel &
Reischmann 1996), and widespread upper
mantle and crustal melting (45-20 Ma) is
shown by the mantle-derived, hybrid-intrusive
granites (Bingol et al 1982; Yilmaz 1989; Harris
et al 1994). The sillimanite-kyanite schists and
gneisses (Bozkurt & Park 1994) of the Men-
deres Massif formed at pressures of 5-8 kbar
and depths of 15-25 km. The geochronological
and structural constraints suggest that crustal
thickening and timing of the peak metamorph-
ism of the Menderes Massif were partly
synchronous.

The fluvial and lacustrine sediments, which
were formed extensively during Early Miocene
times, rest unconformably on high-grade meta-
morphic rocks of the Menderes Massif. Their
outcrops are observed from the northern (the
Demirci-Simav region) to the southern (the
Qine-Yatagan region) edges of the massif (Fig.
1), and suggest that the main uplift of the
Menderes Massif, resulting in exhumation of
middle and lower crustal rocks, occurred before
Early Miocene time. Approximately 20 km of
material was removed from the massif, and this
apparently happened before it was elevated
once again under the north-south extension
during Late Miocene time. Bozkurt & Park
(1994) demonstrated a detachment fault of poss-
ible Oligocene age from the southern border of
the massif. However, this age is widely debated
(e.g. Hetzel & Reischman 1996), mainly because
it is not substantiated by radiometric age data.
The problem of how the Menderes Massif was
exhumed during Eocene-Oligocene(?) time
remains unsolved. This may have occurred
along the low-angle thrusts, back thrusts and
the associated normal faults recognized exten-
sively in the massif.

The east-west extension stage

There are about 20 major, approximately north-
south trending, grabens in western Anatolia
(Fig. 1,13a and b) between the Sea of Marmara
in the north and the Gulf of Gokova in the
south. In detail, their trends display small
diversity between north-northeast and north-
northwest: the grabens do not appear to extend
east of longitude 29°E (Fig. 1). Some of these
grabens were formed during Early Miocene
time and others during Late Miocene time
(Figs 13a and b).

The southernmost representative of the
north-south Grabens are the Oren and Yatagan
Grabens, which merge into the approximately
east-northeast-west-southwest trending Kale-
Tavas Basin (Figs 11 and 13a). Within this
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Fig. 14. Schematic block diagrams showing subsequent stages of the graben evolution of western Anatolia from
the Early Miocene to the present, (a)-(c) represent the southern, central and entire western Anatolia regions,
respectively, (a) During the Late Oligocene the Kale-Tavas Basin was formed above the southerly transporting
Lycian Nappes. In association with this movement, the northwest-southeast trending (i.e. the Oren and
Yatagan) grabens were developed (see Fig. 13a). Further north, approximately north-south trending grabens
(see Fig. 13a) began to develop under east-west extension, possibly associated with ongoing north-south
compression. The north-south basins of the northern regions may thus be regarded as Tibetan-type grabens. (b)
During the Late Miocene, north-south extension began. The Bozdag Horst was elevated and a major breakaway
fault was formed. Above the detachment surface, approximately north-south trending grabens began to form as
cross-grabens (see Fig. 13b). (c) After the Late Miocene-Early Pliocene(?), the east-west trending modern
Graben basins began to form under rejuvenated north-south extension after a brief period of erosion. The east-
west grabens have truncated older structures and associated rock units, including Upper Miocene-Lower
Pliocene(?) strata.

basin, sediment deposition began during the
Late Oligocene (Chattian; Hakyemez 1989;
Akgun & Sozbilir 2000), indicating that this
graben began to form slightly earlier than the
north-south grabens. The Kale-Tavas Basin
extends westwards toward Crete and may

extend even further west to the Greek mainland
(Papanikolau 1984).

Mostly ophiolite-derived, coarse clastic ma-
terials of the Kale-Tavas Basin were supplied
from a structural high formed from the Lycian
Nappes located to the south of the basin. The
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southern margin of the basin with the structural
high is characterized by east-northeast-west-
southwest trending normal faults (Fig. 13a). In
this respect, the Kale-Tavas Basin, which was
situated above the contemporaneously south-
erly transported Lycian Nappe package, may
be regarded as a piggyback basin (Fig. 14a).
The previous view (§engor & Yilmaz 1981),
which regards it as a molasse basin with respect
to the Menderes Dome, located to the north, is
refuted by the following field data: (1) no meta-
morphic debris from the Menderes Massif was
transported into the Kale-Tavas Basin, thus,
there is no evidence to suggest that the Men-
deres Massif was topographically higher during
this period; (2) there is no stratigraphic contact
of the Kale-Tavas Basin sediments with the
Menderes Massif. The data thus suggest that
this part of the Menderes Massif remained
buried under the Lycian Nappes during this
period.

The north-south trending grabens are com-
monly bounded by oblique slip faults, i.e. strike-
slip faults with dip-slip components. They form
a conjugated pair, which possibly developed in a
north-south compressional stress field. This
view is supported further by gentle east-west
trending folds recognized extensively in the
Lower Miocene successions. There are also
locally developed reverse faults verging north
and south.

The earlier stage of the north-south
extension

The north-south extension began during Late
Miocene time. During this period the east-west
trending Bozdag Horst, located in the middle of
the Menderes Massif (Figs 1 and 12) was
elevated. Low-angle (10-15°) detachment faults
are recognized along both the southern and
northern flanks of the horst. High-grade meta-
morphic rocks and pre-tectonic granites of
Miocene age (19 Ma; Hetzel et al 1995) along
the footwalls of the detachment fault are juxta-
posed against unmetamorphosed Upper Mio-
cene continental red beds (The Kizildag
Group) in the hanging walls. The detachment
faults appear to have been active mainly during
the Late Miocene. The Upper Miocene fluvial
lateral fan deposits derived from the horst were
transported into the surrounding low topogra-
phy as coarse clastic materials. Away from the
horst, the coarse elastics pass into the lacustrine
limestones, suggesting that the horst was sur-
rounded by possibly interconnected lake basins
(Fig. 13b). Further away from the horst, to the

south and to the north, approximately north-
south trending cross-grabens began to develop
on the upper plates of the detachment faults
(Fig. 14b). These were long and narrow troughs
bounded by the oblique-slip faults which con-
trolled development of Upper Miocene sedi-
ment deposition. Some of these faults appear to
be spatially associated with the Early Miocene
basin-bounding fault system, as exemplified by
the Oren Graben. This suggests that these faults
represent reactivated structures, as described by
§engor et al. (1984), which had already formed
during the Early Miocene period (Bozkurt
1998). The initial stage of development of the
east-west trending normal faults also occurred
during this period. This may be documented
from the northern (the Edremit Graben:
Karacik & Yilmaz 1998), the central (the Soke
Basin faults: Yilmaz et al. 19976) and the
southern (the Giilluk Fault: Ercan et al. 19840)
regions. In addition to the stratigraphical data,
the evidence for the Late Miocene age of this
faulting is the basalt lavas dated at 9-6 Ma
extruded from these fault zones.

The interruption stage of the north-south
extension

Continuation of the north-south extension
appears to have been interrupted at the end of
Late Miocene-Early Pliocene(?) time when a
region wide, low-relief erosional surface formed
on rocks up to, and including, Upper Miocene
strata. Limestones and the red clastic rocks of
Late Miocene age, flat or tilted, were eroded
and lie below this surface. Remnants of the
erosional surface are presently observed on the
plateau areas almost continuously from the
Kazdag Mountain in the north to the Bozdo-
gan-Karacasu plateaux in the south of the
Menderes Massif (Fig. 1).

The later stage of the north-south
extension

Following development of the erosional surface,
north-south extension was rejuvenated and the
east-west grabens began to form (Fig. 14c). As a
result, the erosional surface, as well as the older
structures and the Miocene strata, was cut by
faults bounding the east-west trending grabens.
The continuity of structures and strata are
abruptly interrupted and/or offset across the
east-west grabens (Figs 2-4, 6, 7, 9, lOa and
11). The low-relief erosional surfaces on the
plateaux make a sharp edge and a steep angle
with the slopes of newly developed graben
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valleys. Headward erosion from the graben
floors to the top of the plateaux has not yet
been fully developed; the stream valleys across
the graben walls are presently in an incipient
stage. On the plateaux the streams still display
meandering profiles, despite the presence of the
nearby deep valleys. These morphological data
collectively indicate that the east-west graben
valleys are very young features and that the time
elapsed since their formation has been quite
short.

The geology of the graben regions outlined
above, when evaluated collectively, leads to the
evolutionary history described below.

(1) Thick volcano-sedimentary associations
were formed in western Anatolia during the
Early-Middle Miocene period. They share
many common geological features, which may
be summarized as follows: (a) a number of
approximately north-south trending, fault-
bounded basins were formed in an east-west
extensional regime; (b) magmas were emplaced
along the tensional openings associated with
these fault zones; (c) initial deposits in the
north-south grabens were coarse elastics. Later
shale-dominated successions were deposited
extensively in a low-energy lacustrine environ-
ment. These rocks contain extensive lignite beds
having a common pollen assemblage known as
the Eskihisar sporomorph association (Benda
1971; Lutting & Steffens 1976).

The coeval sedimentary rocks of similar
lithofacial characteristics crop out extensively
and suggest that possibly interconnected lake
basin(s) invaded the entire west of Anatolia,
from the £anakkale region in the north to the
Aydm-Mugla regions in the south (Fig. 1)
(Benda 1971; Benda et al 1974; Lutting &
Steffens 1976; Seyitoglu & Scott 1991). Contrary
to earlier claims (Seyitoglu & Scott 1991, 1996;
Cohen et al 1995), the evidence is conclusive
and therefore the Lower-Middle Miocene
lacustrine units have no genetic relationship to
the east-west graben basins. The Lower Mio-
cene sediments rest nonconformably on the
high-grade metamorphic rocks of the Menderes
Massif and suggest that the Menderes Dome
was not yet elevated to its present position
during this period.

According to some previous workers (e.g.
§engor et al 1984; Seyitoglu & Scott 1994), the
north-south and east-west grabens, such as the
Demirci and Gediz Grabens (Fig. 9), were
formed contemporaneously under ongoing
north-south extension during the Early Mio-
cene. They suggested that motions along the
east-west trending major detachment faults
triggered development of north-south trending

cross-faults on the hanging walls as accommo-
dation structures. The field data presented
above oppose this view, particularly for the
north-south trending Demirci, Gordes and
Selendi Graben basins, for the following
reasons, (a) The east-west grabens cut and
displace the north-south grabens. Conse-
quently, the north-south grabens remained as
hanging grabens on the footwall blocks. This
indicates that the north-south grabens were
continuous across the east-west graben areas
before development of the latter (Fig. 13c).
Clear evidence for their continuity is displayed
by seismic data, obtained from the file of the
Turkish Petroleum Corporation along and
across the east-west grabens. This reveals that
within the east-west grabens are remnants of
the trapped north-south trending grabens. (b)
The post-Oligocene stratigraphic sequence, as
shown above, is discontinuous in western Ana-
tolia and marked unconformities are commonly
recognized, particularly between the Middle
and Upper Miocene and the Upper Miocene-
Lower Pliocene(?) and younger units. These
intervals correspond to region-wide denuda-
tional phases.

(2) In western Anatolia, two magmatic epi-
sodes are readily distinguished (Borsi et al 1972;
Fytikas etal 1984; Yilmaz 1989,1990,1997). An
intermediate to felsic association was first
formed during Oligocene-Early Miocene
times, during which granitic plutons intruded
into shallow crustal levels such as in the Kozak
and Ezine-Kestanbol areas. They were sur-
rounded by temporally, spatially and genetically
associated hypabyssal and volcanic rocks
(Yilmaz 1989, 1990; Altunkaynak & Yilmaz
1998; Gene 1998; Karacik & Yilmaz 1998). The
second magmatic phase occurred during the
Late Miocene-Pliocene period, during which
alkaline basalt lavas were sporadically erupted
(Fytikas et al 1984; Ercan et al 1985; Yilmaz
1989,1990,1997; Seyitoglu etal 1997).

The magmatic associations of the first phase
display common petrochemical characteristics,
being high-K, calc-alkaline and hybrid. Their
compositions reveal crystallization from
mantle-derived magmas contaminated by up to
50% crustal materials (Borsi et al 1972; Yilmaz
1989,1990,1997; Giilec 1991). The high amount
of the crustal components appears to be related
to an over-thickened crust, through which the
magmas passed during Oligocene-Early Mio-
cene time. This magmatic event may thus be
regarded as a Tibetan or East Anatolian type,
and late-post-collisional with respect to Teth-
yan convergence (§engor & Kidd 1979; Yilmaz
1989,1990; Pearce et al 1990; Geng 1998).
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The Late Miocene-Pliocene basalts display
petrochemical features which are similar to the
lavas formed within a continental-rift environ-
ment (Fytikas et al 1984; Ercan et al 1985;
Yilmaz 1990, 1997). These data are in a close
agreement with the tectonic environment in
western Anatolia during this period. The first
magmatic phase died out c. 14 Ma ago (Yilmaz
1989, 1997). According to the radiometric ages
obtained from the various volcanic rocks from
the entire western Anatolian region, there
appears to be a brief non-volcanic interval,
corresponding to a period between 14 and
10 Ma (Yilmaz 1990, 1997). This period coin-
cides approximately with the transition from
north-south compression to north-south exten-
sion. This event may be evaluated as late oro-
genic collapse following excessive crustal
thickening, which is widely recognized in oro-
genic belts (Dewey 1988; Burchfiel & Royden
1991). An extensional regime often follows de-
velopment of the orogenic belts and the ex-
tensional driving forces are known to be related
to its pre-extensional history. In many cases, the
area of extension invades the area of shortening
with time (cf. Burchfiel & Royden 1991 and refs
cited therein). During this period major break-
away faults began to form around the Bozdag
Horst of the Menderes Massif (Figs 13b and
14b). Above the detachment faults, the hanging
wall blocks underwent large extensional strain
as they moved away from the horst (Fig. 14b).
The depositional response of the elevation of
Bozdag is the Kizildag Group in the Alasehir-
Salihli region (Fig. 9). The red, coarse elastics
were deposited along the periphery of Bozdag,
as exemplified in a number of areas, including
Yatagan-Mugla in the south [the Yatagan litho-
facies of the Becker-Platen (1970)], Mustafa
Kemalpas.a near Izmir in the west, Ortaklar-
Aydm (Cohen et al 1995) in the south and near
Buharkent-Buldan towns of Denizli in the east
(Figs 1 and 13b).

The triggering of the north-south extension in
the Aegean region has been variously attributed
to different mechanisms, as discussed at length
by §engor (1993). The views may be classified
under three main groups: (1) roll-back of the
subducted slab beneath the Hellenic Trench (Le
Pichon & Angellier 1979; McKenzie and
Yilmaz, 1991); (2) westward escape of the
Anatolian Plate toward the Aegean region
(McKenzie 1972; Dewey & §engor 1979); (3)
gravitational collapse of the over-thickened
continental crust (Dewey 1988; Seyitoglu &
Scott 1991).

Timing of the roll-back of the slab is not yet
clearly known. Seyitoglu & Scott (1991) argue

that the thermal collapse of the Menderes
Dome is the single cause of the north-south
extension. They also claim that the north-south
extension began during the Late Oligocene and
has continued uninterruptedly for the last c. 25-
30 Ma. The collapse mechanism has undoubt-
edly played role in accelerating the extension,
however, the Late Oligocene-Early Miocene
timing of inception of east-west extension is
not supported by the geological data docu-
mented above. Tectonic escape of Anatolia,
which began during Late Miocene-Pliocene
time (§engor 1979; §engor & Kidd 1979;
§aroglu & Yilmaz 1987), appears to be more
closely synchronous with the north-south exten-
sion. Therefore, it may be responsible for the
beginning of the north-south extension.

Determination of the time of initiation of the
modern graben basins can be estimated from
the present strain rate and the total amount of
extension. Using a variety of techniques, the
present rate of extension has been calculated to
be of the order of c. 2.5-6 cm"1 over a distance
of c. 800 km between Bulgaria and the
Mediterranean (Le Pichon & Angellier 1979;
Jackson & McKenzie 1988; Ekstrom & England
1989; Main & Burton 1989; Sellers & Cross
1989; Westaway 1994). The B factor of exten-
sion has been calculated from various sets of
data, including: (1) topographic data, employ-
ing the Airy isostatic balance; (2) gravity data
(Makris & Stobbe 1984; Meissner et al. 1987);
and (3) seismic data (Makris & Stobbe 1984;
Mindevalli & Mitchell 1989), obtained particu-
larly from the wide grabens of western Anatolia
(i.e. the Biiyuk Menderes and Gediz Grabens).
This ranges from 1.2 to 1.6 in the land areas to 2
in the Aegean Sea. Using these data, the time
period extrapolated for the amount of exten-
sion is < 5 Ma. This length of time is in close
agreement with the post-Late Miocene-Early
Pliocene age for the period of development of
the east-west grabens, as revealed by this
study's field data. This conclusion is supported
further by the palaeomagnetic data, obtained
from the northern Aegean region, indicating
that the main rotations on opposite sides of the
major east-west grabens occurred after the
Late Miocene (Kissel & Laj 1988; Orbay et al.
1998). The palaeomagnetic studies on the
Oligocene-Lower Miocene volcanic rocks indi-
cate that clockwise rotations up of to 30° in the
northern Aegean and northwestern Anatolia
occurred before opening of the east-west
grabens (Kissel & Laj 1988; Orbay et al. 1998).
This rotation restores the Lower Miocene
basins to an approximate north-south trend
(Fig. 13a).
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Timing of extension on the Biiyiik Menderes Graben, western
Turkey, and its tectonic implications
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Abstract: The Btiyuk Menderes Graben is one of the most prominent structures of western
Anatolia (Turkey) and borders the Aegean. New structural and stratigraphic evidence
demonstrates that the (?)Miocene fluvio-lacustrine, coal-bearing red clastic sediments
exposed along the northern margin of the graben are northward back-tilted, locally folded
and overlain unconformably by horizontal terraced Pliocene-Pleistocene sediments. Also,
there is no evidence that these red elastics at the base of the Neogene sequence were
deposited during neotectonic extension. It is suggested here that these sediments cannot be
regarded as passive neotectonic graben-fill deposits.

This new evidence further indicates that the age of the modern Biiyiik Menderes Graben
is Pliocene, younger than previously considered (Early-Middle Miocene) and that initia-
tion of north-south neotectonic extensional tectonics in the graben, and thus in western
Anatolia, is unlikely to have resulted from orogenic collapse. The Pliocene estimate of the
start of extension is in close agreement with the start of slip on the North Anatolian Fault
Zone. The north-south extensional tectonics, and associated east-west faulting and basin
formation, commenced during the Pliocene due to the effect of westward tectonic escape of
the Anatolian block along the North and East Anatolian Faults. New mammal evidence
also constrains the start of slip on the younger faults which bound the present-day graben
floor to c. 1 Ma.

The Biiyiik Menderes Graben has experienced a two-stage extension. An initial
extension (latest Oligocene-Early Miocene) along initially moderately, steeply dipping
normal faults was superseded by movement on steeper normal faults during the (?)Plio-
cene. The two phases of deformation appear to reflect significant changes in the tectonic
setting of western Anatolia and are attributed to orogenic collapse followed by tectonic
escape.

Western Anatolia (Turkey) is a region presently Gokova, Biiyiik Menderes, Gediz, Bakirgay,
dominated by approximately north-south di- Simav and Kiitahya Grabens) and their related
rected continental extension. It is part of a zone active normal faults are the most prominent
of distributed extensional deformation affecting neotectonic features (McKenzie 1978; Dewey
a large area (the Aegean extensional province) & §engor 1979; §engor et al 1985; §engor 1987;
that includes the Aegean Sea, Greece, Mace- Jackson & McKenzie 1988; Seyitoglu & Scott
donia, Bulgaria and Albania, and is bound by 1991,1992,1996; Emre & Sozbilir 1995; Goriir et
the Hellenic Trench in the south (Fig. 1). al 1995; Emre 1996; Kocjigit et al 1999) (Fig.
Regional Global Positioning System (GPS) 2). The activity of these structures is shown by
data show that the central Aegean is currently the numerous historical earthquakes which have
moving southwestwards, relative to Eurasia, at a occurred along the faults (e.g. Ambraseys 1988;
rate of c. 30-40 mm a"1 (Le Pichon et al 1995; Ambraseys & Jackson 1998 and refs cited
Barka & Reilinger 1997; Reilinger et al 1997 therein). In addition to these structures, north-
and refs cited therein), whilst Anatolia, which is south basins (e.g. the Gordes, Demirci, Selendi
undergoing counterclockwise rotation, is escap- and Usak-Giire basins), characterized by the
ing westwards from eastern Anatolia at a rate of widespread occurrence of Neogene sediments,
c. 30 mm a"1 and is being expelled onto the are also important features (Fig. 2).
African oceanic Plate along the Hellenic Apart from the high-angle, active graben-
Trench. This all results from the collision of the bounding normal faults and their role in the
Eurasian and Arabian Plates (Barka & Reilin- neotectonics of the region, evidence is available
ger 1997; Reilinger et al 1997 and refs cited that initially moderately steeper, but presently
therein). low-angle, inactive normal faults also played an

In western Anatolia, east-west and west- important role in exhuming the metamorphic
northwest-east-southeast grabens (e.g. the rocks of the Menderes Massif, in controlling

From: BOZKURT, E., WINCHESTER, J. A. & PIPER, J. D. A. (eds) Tectonics and Magmatism in Turkey and the
Surrounding Area. Geological Society, London, Special Publications, 173, 385-403. l-86239-064-9/00/$15.00
© The Geological Society of London 2000.
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Fig. 1. Simplified tectonic map of the eastern Mediterranean region showing major tectonic elements [simplified
from Barka & Reilinger (1997)].

sedimentation in the hanging-wall basins and in
the consequent extension during latest Oligo-
cene-Early Miocene phase of orogenic collapse
(Bozkurt & Park 1994, 1997; Emre & Sozbilir
1995; Hetzel et al 1995,1998; Emre 1996).

The origin and age of crustal extension in the
Aegean have been subjects of controversy for
many years. Extension in this region has been
explained by three different models: (1) the
tectonic escape model - the westward escape of
the Anatolian block along its boundary struc-
tures, the dextral North and sinistral East
Anatolian Faults, since the Late Serravalian
(12 Ma) following collision of the Arabian and
Eurasian Plates across the Bitlis Suture Zone
(Dewey & §engor 1979; §engor 1979, 1987;
§engor et al 1985; Goriir et al 1995); (2) the
back-arc spreading model - back-arc extension
caused by the south-southwestward migration of
the Hellenic Trench System [the mechanism of
subduction roll-back; see McKenzie (1978), Le
Pichon & Angelier (1979) and Meulenkamp et
al (1988)]. However, there is no common agree-
ment among scientists on the inception date for
the subduction roll-back process and proposed
ages range between 60 and 5 Ma (McKenzie
1978; Le Pichon & Angelier 1979,1981; Kissel &
Laj 1988; Meulenkamp et al 1988); (3) the
orogenic collapse model - localized extension
induced by late orogenic gravitational collapse
of overthickened crust following the latest
Palaeocene collision across Neotethys along

the izmir-Ankara-Erzincan Suture Zone
during the Late Oligocene-Early Miocene
(Seyitoglu & Scott 1991,1992).

More recently, Kocyigit etal (1999) proposed
an 'episodic, two-stage graben model\ with an
intervening phase of short-term compression for
the evolution of the Gediz Graben: a Miocene-
Early Pliocene first stage occurred as a conse-
quence of orogenic collapse and a second phase
of north-south extension originated from west-
ward escape of the Anatolian block, triggered
by the commencement of seafloor spreading
along the Red Sea during the Early Pliocene.
They consider that the intervening short-term
compressional episode resulted from a change
in the kinematics of the Eurasian and African
Plates.

The Buyiik Menderes Graben is bounded by
one of the principal active normal fault zones in
western Turkey. The main aspect of this paper is
to propose that neotectonic extension in the
Btiytik Menderes Graben began in the Pliocene
or later, rather than in the Early-Middle Mio-
cene as others have claimed in recent literature
(Seyitoglu & Scott 1991, 1992). The previous
age proposal was based on the age of sediments
and volcanic rocks at (or near) the base of the
sedimentary sequence. It is argued instead that
these sediments, exhumed with respect to the
present-day graben floor, have nothing to do
with neotectonic extension prevailing in the
region. The purpose of this paper, based on
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Fig. 2. Outline geological map of western Anatolia showing Neogene and Quaternary basins [simplified from
Bingol (1989)]. Note that the (?)Miocene and Pliocene sediments are not differentiated due to lack of data.

mapping, field observations and the reassess-
ment of available literature, is therefore to
present new structural and stratigraphic infor-
mation from the area around Aydm (Figs 2 and
3) that bears influence on the age of the Buyiik
Menderes Graben, and to discuss its impli-
cations for the age and cause of neotectonic
extension in western Anatolia.

Biiyiik Menderes Graben

Established knowledge

The Biiylik Menderes Graben, one of the major
east-west grabens in western Anatolia, is a
structure c. 125 km long and 8-12 km wide. The
plain in the interior of the graben consists of an
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Fig. 3. Stratigraphy of the Biiyiik Menderes Graben
around Aydm and its correlation with that of Cohen et
al (1995).

axial fluvial depocentre bounded to the north by
a segmented, moderately steep, south dipping
active normal fault. Some parts of this fault have
slipped in recent times, recorded by instrumen-
tal records and historical earthquakes [e.g. the
1899 Nazilli-Denizli Earthquake, the 1956
Soke-Balat Earthquake and the 1965 Denizli
Earthquake; see Ambraseys (1988), Westaway
(1993) and Ambraseys & Jackson (1998 and refs
cited therein). In other parts, the fluvial depo-
centre is bounded to the south by less important
antithetic normal faults. For most of its length,
the uplifting footwall of this active normal fault
on the north side of the graben floor contains a
narrow (c. 5-10 km) former depocentre which is
now eroding. This depocentre is bounded to the
north, at the southern edge of the outcrop of
Menderes Massif metamorphic rocks, by a
straight mountain front controlled by another
segmented south dipping normal fault and its
depositional substrate accumulated in the hang-
ing wall when this fault was active. This contact
is known to be a low-angle (at present) normal
fault, as in places it is possible to measure its slip

sense (e.g. Westaway 19900, b\ this study). How-
ever, there is no evidence (e.g. from seismicity)
that it is active at present. It has long been
suggested that neotectonic extension began on
this more northerly fault zone (e.g. Jackson &
McKenzie 1988; Seyitoglu & Scott 1991,1992)

In addition to the axial fluvial sedimentation,
many small lateral rivers cut through the
uplifted basin on the northern flank of the
Biiyiik Menderes Graben. These have caused
erosion of the Menderes Massif and uplifted
Neogene basin, and deposition of alluvial fans
on the valley floor where they are interbedded
with the axial fluvial sediments. As the same
pattern is evident within much of the sequence
of eroding sediments of the uplifted western
Anatolian Neogene basins (e.g. Roberts 1988;
Paton 1992; Cohen etal. 1995), it is assumed that
the same sedimentary and geomorphological
environment existed at the time when these
latter basins were infilled.

Sedimentary sequence

Fluvio-lacustrine sediments in and around the
Biiyiik Menderes Graben are best exposed in a
2-5 km wide zone along its northern margin.
These sediments are exhumed along the foot-
wall of the south facing active normal faults with
respect to the present-day graben floor. Three
main lithological associations, based on their
distinct structure, have been mapped in the
Aydm area: (1) northwards tilted sediments
(unit A); (2) almost flat-lying, terraced
sediments (unit B); and (3) marginal alluvial
fans and present-day graben-floor sediments
(unit C; see Figs 3 and 4). Each unit contains
vertical and lateral variations and displays vari-
ous relationships of interfingering and intergra-
dations.

Unit A. This unit consists mainly of northwards
tilted continental clastic sediments located be-
tween the metamorphic rocks of the Menderes
Massif in the north and the present-day graben-
bounding faults in the south (Fig. 4). The basal
lithology is a reddish, coarse-grained, well-
cemented, poorly sorted, polygenetic con-
glomerate composed of clasts derived from the
underlying metamorphics and minor but wide-
spread interbedded lignites. Above the con-
glomerates, the unit is composed of siltstone,
mudstone and shale alternations, together with
conglomerates and pebbly sandstones. Lateral
and vertical transitions from one lithology to
another are very common throughout this se-
quence, which is also characterized by numer-
ous scour-and-fill structures filled with channel
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Fig. 4. Simplified geological map of the northern margin of the Biiyiik Menderes Graben in the area between
Germencik and Umurlu.

conglomerates. This unit comprises a broadly
coarsening-upwards sequence with a total thick-
ness of c. 2 km (Cohen et al 1995). Laminar to
trough-like cross-bedding, pebble imbrication,
graded bedding and normal-type growth faults
are commonly observed synsedimentary struc-
tures in this unit. More details are given in
Cohen et al. (1995).

Unit B. This unit comprises approximately hori-
zontal, massive, cobble to boulder conglomer-
ates with alternations of sandstone, siltstone,
mudstone and claystone which crop out to the
south of the tilted sediments of unit A. Unit B is
bound by approximately east-west trending,
high-angle normal faults along the contacts,
both with the deformed sediments of unit A to
the north and the younger basin-fill sediments
(unit C) to the south (Fig. 4).

Unit C. These sediments, with the present-day
configuration of the Biiyiik Menderes Graben,
are juxtaposed with unit B sediments along
high-angle graben-bounding normal faults.
They are composed mainly of marginal alluvial
fan and graben-floor sediments. The northern
margin of the Biiyiik Menderes Graben is
marked by many steep, well-developed, alluvial
fans of diverse size, aligned in a narrow zone
(Fig. 4). The source of the alluvial fan sedi-
ments is the metamorphic basement and
exhumed unit A and B sediments. The alluvial
fans grade into fine-grained basin-floor sedi-
ments along the Biiyiik Menderes River. In
places, the alluvial fans coalesce and degrade
and result in a fault-parallel alluvial fan apron
(Fig. 4). The coarse-grained nature of the mar-

ginal sediments and the steepness of the alluvial
fans indicate rapid uplift of the source moun-
tains, accompanied by erosion and rapid sedi-
mentation, attesting to the activity of these
graben-bounding faults.

Structure

Three types of major structures occur along the
northern margin of the Biiyiik Menderes
graben: (1) an inactive, presently low-angle,
normal fault; (2) west-northwest-east-southeast
to northwest-southeast folds within the unit A
sediments; and (3) approximately east-west
high-angle, graben-bounding normal faults.

Table 1. Measurements of slickensides and slickenlines
on the presently low-angle normal fault

Location

1
2
3
4
5
6
7
8
9

10
11
12
13

Dip
direction
(°N)

192
192
220
200
202
190
192
194
192
195
204
206
194

Dip
amount
(°)

22
30
36
28
32
26
28
29
33
30
32
34
29

Rake
0

86
85
72
87
82
80
76
88
75
78
76
85
86

Sense

Normal
Normal
Normal
Normal
Normal
Normal
Normal
Normal
Normal
Normal
Normal
Normal
Normal
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Fig. 5. Schmidt lower hemisphere equal-area projections of: (a) presently low-angle fault; (b), poles to bedding
planes in Lower-Middle Miocene sediments; (c) graben-bounding, high-angle active normal faults. Great circles
in (a) and (c) are fault surfaces, the arrows are striations (see Tables 1 and 2 for details).

The northern boundary of the unit A sedi-
ments is a major south facing, low-angle (22-
34°; see Table 1; Fig. 5a), inactive, normal fault
that separates them in the hanging wall from
ductilely deformed metasediments and in the
footwall from metagranite of the Menderes
Massif to the north (Fig. 4). This fault has been
cut by steeper graben-bounding active normal
faults (as discussed below) and the meta-
morphics have been progressively uplifted,
mylonitized and exhumed in the footwall. The
deformed unit A sediments may thus be re-
garded as being deposited in a basin that was
situated on the upper plate of this fault.
Another, but circumstantial, piece of evidence

of contemporaneous sedimentation and faulting
is that the unit A sediments dip to the north,
suggesting rotation of both the fault and the
strata during the evolution of this fault. The
calculated ai trend, from stratum on this pre-
sently low-angle fault plane, is 163° and plunges
steeply at 71°, whereas &2 and a2 axes plunge at
5 and 15°, respectively (Fig. 5a). These estimates
of stress field orientations and others elsewhere
in this study are calculated from observed slip
vector orientations using the computer program
of Caputo (1989).

Dips of beds within the unit A sediments vary
throughout the basin. The available data (Fig.
6a) are interpreted as evidence of folding with
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Fig. 6. Geological maps of (a) Ikizdere and (b) Aydm areas [simplified and interpreted from Cohen et al (1995)]
showing the folds in unit A sediments and their boundary relationships with the Upper Pliocene-Pleistocene
fluvial sediments (unit B).

Table 2. Measurements of slickensides and slickenlines
on the high-angle graben-bounding faults

Location Dip Dip Rake
direction amount (°)
(°N) (°)

Sense

1
2
3
4
5
6
7
8
9

10

208N
200N
180N
190N
172N
170N
174N
182N
178N
184N

69
60
58
72
84
48
75
44
47
55

80
78
60
76
86
77
84
86
88
70

Normal
Normal
Normal
Normal
Normal
Normal
Normal
Normal
Normal
Normal

west-northwest-east-southeast axes. This fold-
ing can be seen directly in the field at the
locations covered in Fig. 6a, where dips of beds
change direction systematically over scales of
typically several hundred metres. This folding
thus occurs on a much larger scale than the
minor folding noted by Cohen et al (1995) and
causes lateral variations in dip on a scale of a
few metres. These folds are open structures with
vertical to inclined axial planes and gently
plunging axes that run parallel to the graben-
bounding normal faults (Figs 4, 5b and 6a). The
structures are observed to fold the bedding
planes of the unit A sediments. The dip of beds
averages 30° but in areas close to the inactive
normal fault this may increase to 35-40° (Fig.
5b).

Although the unit A sediments are northward
tilted and locally folded, the unit B strata in the
basin show a different evolution. They are
deformed only by graben-bounding normal
faults, which are the most conspicuous features

of the northern margin of the Biiyiik Menderes
Graben. These faults, which dip southwards
(Fig. 5c; Table 2), form the boundary between
the deformed unit A sediments and the approxi-
mately horizontal unit B and younger basin fill
(unit C; see Figs 4 and 6). These faults dip
southwards at angles of 44-84° (Table 2) and
show normal faulting with minor components of
left-lateral slip (Fig. 5c). Computed results of
slip data measurements on these fault planes
define an approximately vertical QI trending 25°
and plunging steeply at 75°, and a2 and <73

dipping gently at 10 and 15°, respectively (Fig.
5c). The unit A sediments have been exhumed
along the footwall of these active structures and
provide the source of both the terraced unit B
and younger basin-fill sediments (unit C). As
these faults control rapid changes in the mor-
phology and the drainage pattern, and are
marked by triangular facets, fault scarps and
active and extensive development of steep al-
luvial fans, they may have a neotectonic origin.
The activity of these structures is indicated by
the recent earthquakes that have occurred along
them (see Established knowledge).

Interpretation

Sedimentary unit A

The relatively steeply north dipping fluvial and
fluvial fan sediments with red weathering, which
are situated at the base of the young sedimen-
tary sequence in the uplifted basin north of the
Buytik Menderes Graben near Aydm, are called
unit A. This unit can be correlated with unit I of
Cohen et al (1995; Fig. 3). Cohen et al (1995)
tentatively accepted these sediments as equiva-
lent to the lignite-bearing sediments, also with
red weathering, from near Nazilli (Fig. 2).
Seyitoglu & Scott (1992) assigned to these red
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Table 3. The results of mammal sites dated by Unay et al. (7995) and Unay & De Brujin (1998)

Location

1

2

3
4

5
6

7

8

Name

Soke

Ortaklar

Germencik

Kurttepe

Bozkoy

Nazilli-^evketin Dag

Situation

BM valley floor

Uplifted basin
outside BMFZ
BM valley floor
BM valley floor

BM valley floor
Uplifted basin N of
BMFZ
Uplifted basin N of
BMFZ
Uplifted basin N of
BMFZ

Mammal age

(a) Early Biharian (Early Pleistocene)
(b) Toringian (Middle-Late Pleistocene)
Late Villanian (Late Pliocene)

Late Pliocene-Early Pleistocene
Late Biharian-Early Toringian (Early-Middle
Pleistocene)
Late Pliocene-Pleistocene
Late Villanian-Early Biharian (Late Pliocene-Early
Pleistocene)
Late Villanian (Late Pliocene)

Late Villanian-Early Biharian (Late Pliocene-Early
Pleistocene)

sediments the Eskihisar sporomorph assem-
blage which is dated Early-Middle Miocene
(20-14 Ma; Benda & Meulenkamp 1979).
Because these are the oldest Neogene sediments
in the Nazilli area, Seyitoglu & Scott (1992)
inferred that they mark the start of neotectonic
extension in the Biiyiik Menderes Graben.
Similarly, Lower-Middle Miocene coal-bearing
sediments were reported from different parts of
the Biiyuk Menderes Graben to the east of the
present study area in some earlier studies
(Karamanderesi 1972; Emre & Sozbilir 1995).
There are, of course, red Neogene sediments in
a lot of other places in western Turkey, includ-
ing sites outside extensional basins (e.g. Becker-
Platen 1971; Sickenberg & Tobien 1971; Kaya
1981; Gokcen 1982; Steininger & Rogl 1984).
However, it is not obvious that all of these
sediments are the same age. Most of the correla-
tions in the previous works were based on red
weathering. This suggests only that at some time
since the youngest of these sediments were
deposited the climate was subtropical for a
while, and thus oxidized whatever sediments
happened to be already exposed. It is known
from the literature that climates favourable to
hematite genesis in western Turkey persisted
until the early part of the Late Miocene, or
possibly even later (e.g. Steininger & Rogl
1984; Robertson et al. 1991). Thus, there is no
convincing evidence that the red fluvial sedi-
ments near Aydm have the same age as the red
lignite-bearing sediments near Nazilli. The
argument related to Neogene climate change
places a lower bound to the age of the sediments
at Aydm.

More recently, a mammal site from the pre-
viously mapped Lower-Middle Miocene sedi-
ments (Seyitoglu & Scott 1991) in the Nazilli

area (§evketin Dag: Table 3; Fig. 7, location 8)
yielded Late Pliocene-Early Pleistocene ages
(Late Villanian-Early Biharian) from these
(approximately horizontal) sediments (Unay et
al. 1995; Unay & De Brujin 1998). This means
that the Miocene ages for the sediments quoted
by Seyitoglu & Scott (1992) are no longer
tenable and revision of their stratigraphy and
its interpretation are urgently required. More-
over, another mammal site (Bozkoy: Table 3;
Fig. 7, location 7) from the northward tilted red
elastics, designated as unit A sediments in the
present study, yielded a Late Pliocene (Late
Villanian) age (Unay et al. 1995; Unay & De
Brujin 1998). However, Unay et al (1995) and
Unay & De Brujin (1998) reported neither the
stratigraphy at these locations nor the positions
of the dated sites in the succession. Pending the
necessary revision of the Seyitoglu & Scott
(1991) stratigraphy and taking account of the
other points already mentioned, the age of the
unit A sediments will be quoted in this paper as
Early Neogene (?Early-Middle Miocene or
even as young as ?Pliocene).

As noted by Cohen et al (1995), the presence
of abundant small-scale normal faults are
another characteristic feature in the unit A
sediments. The cut-off angle with the bedding
suggests that these structures formed as high-
angle faults (70° to the vertical) but rotated to
lower angles during northward back-tilting of
the unit A sediments. My own observations
strongly suggest a syndepositional origin for
these structures, confirming the conclusion of
Cohen et al (1995). Evidence for synde-
positional fault activity includes: (1) abrupt and
rapid termination of fault displacements
upwards in the stratigraphy; (2) thickness varia-
tions in the lithologies across the faults where
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Fig. 7. Simplified map of the Biiyiik Menderes Graben showing mammal sites dated by Unay et al (1995) and
Unay & De Brujin (1998). See Table 3 for details.

the sediments (usually, relatively coarse
grained) are thicker in their hanging walls than
in their footwalls; and (3) wedging of these
hanging-wall sediments, which thin away from
the fault.

Sedimentary unit B
This unit can be correlated with units II-IV of
Cohen et al (1995) (Fig. 3). It is not weathered
red and is thus younger than the time of any
climate which allowed that style of weathering
to happen. Evidently, an axial river existed
when it was deposited, so it presumably post-
dates the start of neotectonic extension within
the Biiyiik Menderes Graben. On the other
hand, it is not back-tilted nor does the bedding
diverge as would be expected if it thickened
towards a normal fault. This can be interpreted
in two ways: (1) unit B was deposited over a
sloping palaeoland surface and so it did not
thicken towards any active fault and does not
indicate the palaeohorizontal; (2) there was an
initial phase of extension on the more northerly
fault bordering the Menderes Massif meta-
morphics which tilted unit A, followed by a
pause during which unit B was deposited;
finally, extension resumed. The second in-
terpretation is preferred here.

The clear structural difference between the
unit B sediments and the older Neogene fluvial
sediments of unit A (Cohen et al. 1995; this
study) suggest a structural discontinuity be-
tween them. This, in turn, indicates either a
substantial time gap while the older unit was
eroded (see Discussion) or a sudden erosional
event, in which case the most probable cause is a
reduction in the base level of the river which
drained this area at the time. One possibility is
that this change relates to the start of cyclic
drawdown in global sea level c. 2.5-2 Ma, caused
by the first development of northern hemi-

sphere ice sheets. Another possibility is that it
reflects the Messinian drawdown in the level of
the Mediterranean at the end of the Miocene
(e.g. Robertson et al. 1991 and refs cited
therein). Many of the existing palaeogeographic
maps show a land bridge in the way, such that
this region either drained internally or north-
wards into the Paratethys [i.e. Black Sea; see e.g.
Robertson et al (1991 and refs cited therein)]. If
so, changes in its base level could have
responded to climate-induced changes in the
level of the Black Sea. The angular unconform-
ity between Miocene and Pliocene, and/or
younger sediments, has long been known and
was previously reported from the area to the
east of Aydm (Karamanderesi 1972).

Until recently, no diagnostic fossil evidence
existed from the post-Miocene sediments of the
Buyiik Menderes Graben. Unay et al (1995)
and Unay & De Brujin (1998) presented such
evidence from eight sites within the graben and
assigned, on the basis of mammal faunas, a Late
Pliocene-Pleistocene age to these fluvial sedi-
ments. The dated sites, except for location 7, lie
outside the study area, but their results are
summarized in Table 3 and the locations are
given in Fig. 7. The important note to be added
here is that the dated samples (except for lo-
cation 7) are from horizontal sediments, which
are designated as unit B in this study. The
obvious interpretation is that sedimentation
within the present fluvial depocentre has been
continuous since at least the Late Pleistocene,
but sedimentation in what is now the uplifted
basin north of this modern depocentre had
ceased by the late Early Pleistocene or Middle
Pleistocene. In other words, this fossil evidence
supports the view that the present set of normal
faults bounding the modern depocentre became
active around the end of the Early Pleistocene,
i.e. c. 1 Ma.

This interpretation is consistent with that of
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Jones & Westaway (1991) who made the first
tentative estimate of c.l Ma for the timing of
transition to the modern set of faults. Sub-
sequently, similar timings have been proposed
for other Aegean normal faults, notably in the
Gulf of Corinth where timing is constrained by
well-dated marine sediments (Westaway 1996).
Westaway (1994a, b) first suggested that this
timing may be the same throughout the region.
Later, Westaway (1996, 1998) proposed a poss-
ible physical mechanism.

Tilting and folding of Unit A

Unit A is tilted northwards which is thought to
be the result of back-tilting beside a set of south
dipping normal faults, as suggested by Cohen et
al (1995). This further means that extension was
occurring on a fault system which approximates
to the fault that bounds the oldest Neogene
sediments (in its hanging wall, with the Men-
deres Massif metamorphics in its footwall)
sometime after and/or during deposition of unit
A but before unit B was deposited. This fault
was later cut and locked up when slip began on
the now active fault zone along the edge of the
fluvial depocentre. This change occurred for
some reason connected with the observation
that slip on the initial fault zone back-tilted it
and thus changed its orientation so that slip
could no longer be maintained in the regional
stress field (e.g. Jackson & McKenzie 1988).
Similar abandoned young depocentres are evi-
dent in the footwalls of other active normal fault
zones in western Turkey and central Greece
(e.g. Roberts & Jackson 1991; Westaway 1998),
suggesting that a systematic effect affected fault
systems throughout this region. However, in
some localities in the Biiyiik Menderes Graben,
such as around Aydm, there are three genera-
tions of faults instead (Fig. 6b), indicating a
more complex pattern.

The fluvial sediments of unit A are also
observed to be folded (Figs 4 and 6). One
particular area has been chosen in which to
study these structures (Fig. 6a) and it is de-
scribed here for the first time in the literature.
It is a particularly good locality to study because
access is relatively easy.

The age of this folding is uncertain. Because
of this uncertainty in timing it is also not clear
whether the folding occurred synchronously
with extension during the deposition of unit A
sediments or during a short time interval follow-
ing the deposition of unit A. There are, of
course, plenty of possible mechanisms for fold-
ing during extension due to: (1) differential
compaction; (2) draping; (3) fault 'drag'; and

(4) lateral variations in tilt caused by individual
fault segments dying out along-strike. However,
the scale of the folding and the lack of any clear
relationship to the normal faults do not indicate
a synsedimentary cause (see below).

Before going further, it is important to decide
whether folds are local, i.e. unique to the Biiyiik
Menderes Graben, or regional. Similar struc-
tures within the Neogene sediments have long
been known. There are reports from many
Aegean islands, particularly those located close
to the coast of western Turkey (e.g. Kos, Samos,
Chios, Paros, Naxos, Mykonos, Anafi and
Milos) (Angelier 1976, 1978; Angelier & Tso-
flias 1976; Mercier 1976, 1979, 1981; Mercier et
al 1976, 1979; Jackson et al 1982; Boronkay &
Doutsos 1994) and many of the western Ana-
tolian grabens. In most of these studies it has
been emphasized that extension in the Aegean
was interrupted, at least in some places, by one
or more shorter periods of compression involv-
ing folding and/or thrusting. In contrast, Jackson
et al (1982) propose that these shortening struc-
tures can be satisfactorily explained by uplift in
the footwall blocks of normal faults and do not
require regional compression. They also sug-
gested that the compressional episodes are
probably not regional in extent and may not be
truly compressional in origin, but are more
likely to be a consequence of considerable
rotation due to internal deformation of blocks
bounded by major normal faults. However,
more recent studies, particularly that of
Boronkay & Doutsos (1994), report evidence
from the central Aegean region which suggests
that crustal shortening occurred during the
Miocene and that the resulting transpressive
structures controlled the evolution of sedimen-
tary basins.

Moreover, personal field observations near
the eastern end of the Biiyiik Menderes
Graben to the south of Buldan (Fig. 2), and in
other east-west grabens, and the integration of
available literature (e.g. Nebert 1960, 1978;
Ercan et al 1978; Dumont et al 1979; Boray et
al 1985; Yalgm et al 1985; Inci 1991; Yagmurlu
1991; Kogyigit et al 1995, 1999; Bozkus 1996;
Seyitoglu 1997; Yilmaz 1997; Altunkaynak &
Yilmaz 1998; Kocyigit & Bozkurt 1998; Yilmaz
et al 2000) confirm that the Miocene deposits in
many of the western Anatolian basins (regard-
less of their size and orientation) are deformed
and folded, strongly suggesting a regional event.

This information favours the second possi-
bility that folding occurred during a time inter-
val after deposition of unit A ceased but before
the deposition of unit B sediments began. This
event is constrained between the age of
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deformed Lower Neogene sediments (unit A)
and unconformable Pliocene-Pleistocene sedi-
ments (unit B). Given the available information
(already discussed), on the timing of unit A
deposition, this folding event can be dated
sometime after the Middle Miocene but before
the Late Pliocene. It is noteworthy that this time
interval corresponds to a major break in sedi-
mentation and magmatism, and a regional fold-
ing event, across many of the western Anatolian
basins (see Discussion).

Nevertheless, whatever the cause of folding in
unit A sediments, the important point is that
unit B sediments do not bear any sign of defor-
mation. The obvious interpretation is that the
Lower Neogene sediments, exhumed on the
shoulders of present-day Biiyuk Menderes
Graben, have nothing to do with the age of
initiation of neotectonic extension in the
graben as was previously thought by Seyitoglu
& Scott (1992). Instead, it is the younger Plio-
cene-Pleistocene undeformed sediments which
are coeval with formation of modern Biiyiik
Menderes Graben.

This interpretation thus indicates two distinct
phases of extension. The first phase of extension
involved slip on the presently low-angle normal
fault bounding the northern edge of the Lower
Neogene sediments (Fig. 4). This extension
appears to have accompanied the deposition of
unit A sediments. It was followed by an interval
during which unit A sediments were folded.
Later still, extension resumed and led to the
modern geometry of the Biiyiik Menderes
Graben.

Initial dip of the low-angle normal fault

As already mentioned, the northern boundary
of unit A sediments is a major normal fault, with
a present-day dip of 22-34° (Fig. 5a). The
present-day dips can be related to the dips of
the steepest dipping Lower Neogene sediments,
which reach 30-35°. The most appropriate way
to restore such dips is [following Westaway &
Kusznir (1993a)] to assume that the rocks
deformed during extension by distributed verti-
cal shear. If a and P are initial and present-day
dips of the fault, respectively, and 5 is the
present-day dip of the oldest hanging-wall sedi-
ments, then:

With p - 22—34° and 6 = 30-35°, the initial dip
of the fault plane (a) can be calculated as
44-54°, i.e. 49 ± 5°. Dips of this order are
common for many faults in the Aegean region
(e.g. Westaway 1993; Westaway & Kusznir

19930, b) and are explained by conventional
theory. Thus, this particular boundary fault is a
normal fault with an expected initial dip which
has been back-tilted as a result of substantial
extension. This agrees very closely with the
estimates by Cohen et al (1995) for the Biiyuk
Menderes Graben and those given by Westaway
(1993) and Westaway & Kusznir (19930, b) for
the initial dip of Denizli Normal Fault (Fig. 2).

Age of the Biiyiik Menderes Graben

The above observations demonstrate that unit
A sediments, since the earliest Neogene ones
along the northern margin of the Biiyiik Men-
deres Graben are back-tilted northwards and
folded, cannot correspond to the early graben
fill as previously suggested by Seyitoglu & Scott
(1992). Moreover, the clear angular difference
between the tilted beds of Lower Neogene and
horizontal Pliocene-Pleistocene sediments im-
plies the presence of a major regional un-
conformity. However, they were previously
considered to form a single continuous mega-
sequence (Seyitoglu & Scott 1992). The early
sediments of the neotectonic graben must there-
fore correspond to the horizontal terrace sedi-
ments exhumed in the footwall of the graben-
bounding normal faults (unit B), thus indicating
a Pliocene or younger age for the initiation and
formation of the present-day graben.

The important erosional surface that devel-
oped on the Lower Neogene sedimentary rocks
(unit A) is not unique to the Biiyiik Menderes
Graben but also occurs in many of the east-west
trending grabens in western Turkey, such as the
Gediz Graben (Yagmurlu 1987; Cohen et al.
1995; Kocyigit et al 1999), the Gokova Graben
(Goriir et al 1995) and the Kiitahya Graben
(Ko^yigit & Bozkurt 1998). In all of these cases,
this surface is overlain unconformably by Plio-
cene fluvial conglomerates. There are, of course,
many places in Turkey where sediments such as
those at the base of the Biiyuk Menderes se-
quence are found in sag basins or ovas (plains).
In principle, it seems reasonable to consider the
possibility that, in the Buyiik Menderes Graben,
the situation may be one where young normal
faults have cut an older sag basin and the early
sedimentation was previously misinterpreted.

Another way of attempting to estimate the
age of Biiyuk Menderes Graben is to divide the
extension across it (i.e. the sum of heaves of the
graben-bounding normal faults) by the exten-
sion rate. The total heave (- horizontal slip)
across the graben-bounding normal faults are
measured, as accurately as possible, on a struc-
tural cross-section based on fig. lib of Cohen
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Fig. 8. Geological cross-section of the northern margin of the Buyiik Menderes Graben (see Fig. 6b for location)
based on fig. lib of Cohen et al (1995). This cross-section indicates a total of c, 5 km of extension. Assuming a
uniform extension rate, the age of the fault zone is (c. 5 km/1 mm a"1) 5 Ma. One could partition this with a
possible c. 3 km of extension on the first set of faults, during the c. 5-2 Ma interval, then c. 1 km on the second
fault set during the c. 2-1 Ma interval, then another c. 1 km on the present set since c. 1 Ma. A-B, 1.32 km;
C-D, 0.4 km; E-F, 0.35 km; G-H, 0.3 km; I-J, 0.45 km; K-L, 0.5 km; M-N, 1.62 km.

etal (1995) (Fig. 8). Westaway (19940, b)
argued that a reasonable present-day extension
rate is c. 1 mm a"1. This cross-section indicates a
total of c. 5 km of extension. Assuming a uni-
form extension rate, the age of the fault zone is
c. 5 km/1 mm a"1, or 5 Ma (see Fig. 8 caption).

It was pointed out earlier that the deposition
of unit A and other Lower-Middle Miocene
sediments exposed along the northern margin
of the Biiyiik Menderes Graben may have ac-
companied an early phase of extension along
the presently low-angle normal fault at the
northern margin of the depocentre. Further-
more, it is not clear how much of the tilting of
these sediments, and the slip, occurred during
such an earlier phase and how much occurred
later. The same normal fault surface, active in
the first phase of extension, may have been
reactivated during the early part of the second
phase of extension. This is quite logical since it is
already known that new structures commonly
follow pre-existing planes of weakness.

The Pliocene initiation age for the Biiyiik
Menderes Graben is in close agreement with
those suggested for the Gediz Graben (Early
Pliocene: Kocyigit et al 1999), for the Gokova
Graben (latest Miocene-Pliocene: Kurt et al
1999) and for the whole of western Turkey
(Pliocene: Yilmaz et al 2000). Furthermore,
Burchfiel et al (2000) confirm that the initiation
of east-west trending grabens (that mark the
northern boundary of Aegean graben system) in
central Bulgaria is no older than 9 Ma (perhaps
no older than c. 6.5 Ma).

Discussion

Seyitoglu & Scott (1991, 1992) proposed that
the initiation of Biiyiik Menderes Graben, and
therefore the neotectonic north-south ex-
tensional tectonics in western Anatolia, oc-
curred in the Early Miocene. They thus
suggested that this extension involved the
spreading and thinning of crust which had pre-
viously thickened as a result of the Late Palaeo-
gene continental collision following closure of
the Neotethys Ocean. A Pliocene inception age
for the graben, proposed here, clearly contra-
dicts these previous conclusions. It is worth
mentioning that Seyitoglu & Scott (1992) pro-
vided no evidence that the lignite-bearing red
elastics were deposited during extension. The
only basis for their model is the assumption that
Neogene sediments record the initiation age of
the graben [following previous contentions by
§engor & Yilmaz (1981), §engor et al (1985)
and §engor (1987)] and the reassessment of the
sediment age using the newly proposed age span
of the Eskihisar sporomorph association (Benda
& Meulenkamp 1979) contained within the
lignite layers.

In contrast, other lines of evidence suggest
that the age of the present-day extension pre-
vailing in western Anatolia is Pliocene and is
therefore unlikely to be the consequence of
orogenic collapse.

• Evidence from the Nigde Massif in central
Anatolia (Whitney & Dilek 1997, 1998)
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suggests that Late Oligocene-Early Miocene
extensional collapse and core-complex for-
mation is not unique to western Anatolia but
is widespread and affects larger areas, in-
cluding central Anatolia. Similarly, Early-
Middle Miocene extension has also been
postulated for the Qankm Basin in central
Turkey (Kaymakci et al 2000).

• The presence of Early Miocene normal faults
and associated sedimentary basins in their
hanging wall is not limited to Turkey. Similar
zones are recognized in the Cycladic Massif
(e.g. Lister et al 1984; Urai et al 1990; Faure
et al 1991; Lee & Lister 1992; Gautier et al
1993; Gautier & Brun 1994; Vandenberg &
Lister 1996) and in the Rhodope Massif (e.g.
Dinter & Royden 1993; Tzankov et al 1996;
Dinter 1998; Burchfiel et al 2000). Therefore,
it can be proposed that extensional defor-
mation driven by gravitational collapse was
widespread, affecting larger areas including
the central Aegean, western Turkey and as far
east as central Anatolia. In contrast, north-
south neotectonic extension in Turkey is
limited to western Anatolia (Fig. 1).

• Using recent GPS measurements, Barka &
Reilinger (1997) and Reilinger et al (1997)
further demonstrated that central Anatolia
[the Ova Province of §engor et al (1985)],
previously affected by orogenic collapse-
accommodated extension, is now undergoing
an approximately north-south or north-
northeast—south-southwest shortening and
anticlockwise rotation due to slip along the
dextral North Anatolian Fault.

• Although Miocene continental sediments are
widespread in western Anatolia, within both
the north-south and east-west grabens
around and within the Menderes Massif, the
Late Miocene-Pliocene sediments are con-
fined to the east-west grabens (e.g. Paton
1992; Goriir et al 1995; Yilmaz 1997; Yusu-
foglu 1998; Kocyigit et al 1999; Yilmaz et al
2000), supporting the view that the east-west
grabens developed during the Pliocene.

• It has been concluded, based on palaeomag-
netic data and extrapolation of modern strain
rates, that most of the total extension in the
Aegean has occurred since the Early Pliocene
(Jackson & McKenzie 1988; Kissel & Laj
1988).

• Although the Miocene sediments in western
Turkey are usually deformed (as mentioned
above), the Pliocene and younger sediments
show no sign of such a style of deformation.

• Lastly, movements dated to 6-7 Ma (from
40Ar-39Ar laser probe experiments on white
mica; Lips 1998) have been documented

along the southern margin of the Gediz
Graben. This implies that a phase of Early
Miocene extension (Hetzel et al 1995) was
followed by latest Miocene extension at this
locality, both slips being accommodated on
the same fault (as is proposed in this study for
the Biiyiik Menderes Graben).

This evidence suggests that the neotectonic
phase of north-south extension in western
Anatolia commenced during the latest Miocene
or Pliocene. This age is in agreement with the
inception of dextral movement along the North
Anatolian Fault Zone (sometime in the Plio-
cene; Tokay 1973; Barka 1984, 1997; Barka &
Kadinsky-Cade 1988; Kocyigit & Rojay 1988;
Toprak 1988; Dirik 1991; Rojay 1993; Tatar
1993; Westaway 19940; Bozkurt & Kocyigit
1995, 1996; Westaway & Arger 1996, 1998;
Unay et al 1998; Yliriir et al 1998). This phase
of extension can thus be attributed to a 'tectonic
escape' mechanism. It is either a direct conse-
quence of slip on the North Anatolian Fault
Zone or an indirect consequence caused by
another change - e.g. a change in the geometry
of subduction along the Hellenic Trench -
caused by slip on the North Anatolian Fault
Zone.

It is thus suggested here that western Ana-
tolia may be an example of a region which has
experienced two modes of extension: a 'core-
complex mode' and a 'wide-rift mode' (cf. Buck
1991). The first phase may be related to the
latest Oligocene-Early Miocene gravitational
collapse of the orogenically thickened crust and
core-complex formation, following the Palaeo-
gene collision across the Neotethyan ocean
(Seyitoglu & Scott 1991, 1992). This event is
considered to have commenced c. 18-20 Ma [for
details see Seyitoglu & Scott (1992), Seyitoglu et
al (1992) and Hetzel et al (1995)]. It has been
suggested that, during this collapse, the Men-
deres Massif was exhumed in the lower plate of
presently low-angle normal fault(s) (Bozkurt &
Park 1994, 1997; Hetzel et al 1995, 1998). De-
position of the oldest sediments, which now crop
out along the Biiyiik Menderes Valley, may
have occurred in the hanging wall of such a
fault during the 14-20 Ma time interval (Seyi-
toglu & Scott 1991,1992; Emre & Sozbilir 1995;
Emre 1996; Seyitoglu 1997). Collapse and
related extension ceased by the mid-Late Mio-
cene (c. 12 Ma) according to 40Ar-39Ar biotite
cooling ages from the synextensional Salihli and
Turgutlu Granodiorites emplaced along the
footwall of the north facing, presently low-
angle, normal fault at the southern margin of
the Gediz Graben (Hetzel et al 1995). This
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timing is also consistent with the age of the
Miocene sediments (14-20 Ma; Seyitoglu &
Scott 1992; Seyitoglu 1997).

A comparison of the present-day graben-fill
sediments (Pliocene-Pleistocene) and radio-
metric constraints from the extensional shear
zone mylonites (c. 12-20 Ma: Hetzel et al 1995),
and the hanging-wall basin fill (c. 14-20 Ma;
Seyitoglu & Scott 1991, 1992; Seyitoglu 1997),
suggest a time gap lasting c. 6-8 Ma, separating
the development of major normal faults and the
associated metamorphic complexes from the
development of the horst-and-graben systems
currently observed in western Anatolia. The
latter interval may reflect a change in style of
extension or correspond to a time of regional
erosion that created the major disconformity
between unit A and B sediments, and the fold-
ing of Miocene sediments, in the Biiyiik Men-
deres Graben and in other Miocene basins in
western Turkey. This time interval also corre-
sponds to a major break in magmatism in
western Turkey (c. 14-10 Ma; Yilmaz et al.
2000) between the calc-alkaline, high-K Oligo-
cene-Early Miocene first stage which died out at
c. 14 Ma (Yilmaz 1989,1990,1997; Altunkaynak
& Yilmaz 1999); and also to the second phase of
Late Miocene-Pliocene rift-related basaltic vol-
canism. [Readers are referred to Yilmaz et al.
(2000) for a detailed discussion.]

Following the initiation of strike-slip move-
ment along the dextral North and sinistral East
Anatolian Faults, the Anatolian block began to
move westwards. The effect of westward tec-
tonic escape resulted in a north-south upper
crustal extension on active east-west normal
faults during the Pliocene. The start of neotec-
tonic extension is also marked by a change in the
nature of the volcanism from dominantly calc-
alkaline in the Middle Miocene to alkaline,
including the Pliocene Kula basalts (7.5 +
0.22-0.00025 Ma K-Ar ages; Ercan et al. 1985).

The above discussion further demonstrates
that the east-west and north-south basins in
western Turkey have not developed coevally,
as was thought, for instance, by §engor (1987)
and Seyitoglu (1997). In contrast, the north-
south basins are cut by later east-west trending
high-angle normal faults (see Yilmaz et al.
2000). This interpretation is further supported
by the fact that the north-south grabens are
elevated along the footwalls of the east-west
normal faults. Thus, the episodic two-stage
extension model suggested for the Gediz
Graben by Kocyigit et al. (1999) also seems to
be supported in adjacent regions. Firstly, it
explains why extension in western Anatolia and
the central Aegean have occurred during and

since the Pliocene (McKenzie 1978; Dewey &
§engor 1979; Kocyigit et al 1999). Secondly, it
also accounts for the differences between the
calculated initial dips of the low-angle normal
faults controlling the core-complex mode of
extension (c. 30° for the Gediz Graben; Hetzel
et al 1995: 49 ± 5° for the Biiyiik Menderes
Graben; this study) and the high-angle graben-
bounding faults which are active at present (up
to 82°; Hancock & Barka 1987; Westaway
1990a, b, 1993; Jones & Westaway 1991; Paton
1992; Cohen et al. 1995; this study).

Conclusions

• There is no evidence that the red clastic
sediments at the base of the Neogene se-
quence were deposited during neotectonic
extension.

• The Biiyiik Menderes Graben exhibits evi-
dence for two stages of extension - an initial
extension on moderately steeply dipping
normal faults was superseded by later steeper
normal faults. This can support the following
interpretation: during the first stage (latest
Oligocene-Early Miocene), the Lower Neo-
gene fluvial elastics were deposited in the
basin that sits on the hanging wall of the
normal fault(s), and the metamorphic rocks
of the Menderes Massif were deformed,
mylonitized and progressively exhumed in
the footwall. The main graben-bounding
normal faulting (Pliocene?) that overprints
this early phase cuts and offsets the Miocene
units and the normal faults.

• The fault that has controlled the early phase
of extension may have been reactivated
during the second phase.

• Mammal evidence constrains the start of slip
on these younger faults to c. 1 Ma, as has been
believed from other evidence.

• The Pliocene estimate for the start of exten-
sion is in close agreement with the start of slip
on the North Anatolian Fault Zone, which
further suggests that the extension can be
explained as a geometrical consequence of
this strike-slip movement. This further
implies that the whole crust in western
Turkey and the Aegean has since undergone
extension due to the effect of extrusion pro-
cesses along the North and East Anatolian
Faults (tectonic escape).

• The two phases of deformation appear to
reflect significant changes in the tectonic
setting of western Anatolia, which can be
attributed to orogenic collapse followed by
tectonic escape.
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Abstract: Central and Western Anatolia form a continental back-arc region related to the
Hellenic-Cyprus convergent plate boundary of the Anatolian and African Plates. The
Ak^ehir-Afyon Graben (AAG), the easternmost extension of the west Anatolian horst-
graben system, is located at the junction of Central Anatolia and eastern limb of the Isparta
Angle. The AAG is 4-20 km wide and 90 km long. It trends west-northwest-east-southeast
and is an actively growing rift containing two sedimentary infills of continental fluvio-
lacustrine origin bounded on both sides by oblique-slip normal faults. The older infill is
folded, thrust faulted and early Late Miocene in age. The younger infill, which is nearly
horizontally bedded, is Plio-Quaternary in age and rests on the older infill with angular
unconformity. The deformation of the older infill and the angular unconformity indicate a
Late Miocene phase of compression, which separates two extensional periods. The second
phase of extension has lasted since the Pliocene and is part of the current extensional
neotectonic regime of both west Central Anatolia and the Isparta Angle, despite being
previously reported as a compressional neotectonic regime.

The graben-bounding Aks,ehir Fault Zone (AFZ) and the Karagoztepe Fault Zone
display well-preserved fault surfaces and slickenlines. Although stereographic plots of the
fault slip data show that the graben-bounding structures are oblique-slip normal faults, the
AFZ has also been described as a single reverse fault. Both the field and seismic data,
particularly the 1921 Argitham-Aks,ehir and 1946 Ilgm-Argitham earthquakes, indicate
that the AAG is an active neotectonic structure. However, it can also be interpreted to lie in
a seismic gap when its rate of seismicity is compared with that of the Gediz-Simav Graben
forming its west-northwestern extension.

There is still no common agreed explanation extensional neotectonic regime which formed
for the neotectonic regime in Turkey. Four the horst-graben system in the Aegean and
principal explanations have been proposed: (1) west Turkey. Estimates of the onset age of
tectonic escape (Dewey & §engor 1979; Dewey Hellenic subduction range from 5 to 60 Ma
et al. 1986); (2) back-arc spreading (Le Pichon (McKenzie 1978; Le Pichon & Angelier 1979;
& Angelier 1979; Meulenkamp et al. 1988); (3) Kissel & Laj 1988; Meulenkamp et al. 1988). In
orogenic collapse (Dewey 1988; Seyitoglu & this case, the onset age of the extensional
Scott 1992); and (4) a two-stage graben model neotectonic regime is cryptic and could range
incorporating episodic graben formation from 60 to 5 Ma. In the orogenic collapse
(Kocyigit et al. 1999). In the tectonic escape model, the origin of the extensional neotectonic
model, the west-southwestward tectonic escape regime is related to spreading and stretching of
of the Anatolian Platelet has produced an overthickened crust. The onset age and for-
extensional neotectonic regime leading to mation of the horst-graben system in west
development of the horst-graben system in Anatolia is then predicted to be Late Oligo-
west Turkey just after collision of Arabia and cene-Early Miocene following cessation of the
Eurasia in Late Serravalian time (c. 12 Ma). In Palaeocene collision, and the shortening and
this model the onset age of the current ex- overthickening of the Aegean-Anatolian crust
tensional neotectonic regime is late Middle along the Izmir-Ankara-Erzincan Neotethyan
Miocene. In the back-arc spreading model, Suture. According to this model, graben for-
south-southwestward migration of the Hellenic mation is a continuous event lasting without
Trench System is assumed to have created an interruption from the Late Oligocene-Early

From: BOZKURT, E., WINCHESTER, J. A. & PIPER, J. D. A. (eds) Tectonics and Magmatism in Turkey and the
Surrounding Area. Geological Society, London, Special Publications, 173, 405-421.1-86239-064-9/00/S15.00
© The Geological Society of London 2000.
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Miocene when the current extensional tectonic
regime began.

According to the two-stage graben model, a
combination of back-arc spreading, tectonic
escape, orogenic collapse and roll-back pro-
cesses is responsible for formation of the
graben-horst systems. Indeed, the idea of a
two-stage graben can explain the temporal evol-
ution of the graben-horst systems. The graben-
horst systems in both West and Central Anato-
lia developed in two (Early-Middle Miocene
and Plio-Quaternary) extensional phases, inter-
rupted by an intervening Late Miocene and/or
Early Pliocene compressional phase. The onset
age of the current extensional neotectonic
regime in West and Central Anatolia is then
interpreted as early Middle Pliocene.

In the context of the neotectonics of Turkey,
Central Anatolia is a geologically critical area
for two main reasons. Firstly, the western half
of Central Anatolia is dominated by a series of
graben and horst structures bounded by active
oblique-slip normal faults. In contrast, its east-
ern half is characterized by a strike-slip tec-
tonic regime and related structures, such as
sinistral to dextral active strike-slip faults and
basins (Kocyigit 1984; §aroglu et al 1987;
Pasquare et al 1988; Kogyigit & Beyhan 1998).
Thus, Central Anatolia forms a broad tran-
sitional tectonic zone between the extensional
neotectonic regime of Aegean-West Anatolia
and the prominent strike-slip tectonic regime
of East Anatolia (Kogyigit 1985; Dewey et al.
1986; Y. Yilmaz et al. 1987). Secondly, Central
Anatolia is the continental back-arc of the
north dipping Hellenic-Cyprus subduction
zone. Most of the geological structures of
Central Anatolia and the Taurides, including
the Isparta Angle, have been sourced from
tectonic and magmatic events related to this
active convergent plate boundary (Glover &
Robertson 1998). For this reason, data
obtained from Central Anatolia and the
Isparta Angle contribute to wider solutions of
problems related to development of the East
Mediterranean.

The current tectonic regime of Central Ana-
tolia was previously termed the 'Ova Regime'
by §engor (1980). He defined the term 'Ova' as
a basin bounded by more than two oblique
faults. The geological mapping and case studies
carried out here, at a number of locations in
Central Anatolia, indicate that the depressions,
or 'Ova' of §engor (1980), in the western half of
Central Anatolia are grabens bounded by
oblique-slip normal faults but are strike-slip
basins in the eastern half. Hence, in this paper
the term 'Central Anatolian neotectonic

regime' is preferred in place of the term 'Ova
Regime'.

The current study area is the A§ehir-Afyon
Graben (AAG) at the southwestern corner of
Central Anatolia and is sited on the north-
eastern outer limb of the Isparta Angle (Fig. 1).
Some basic geological problems of both the
Isparta Angle and Central Anatolia still under
discussion include: (1) the interpretation of
most of previous workers (Boray et al. 1985;
§aroglu et al. 1987; Barka et al 1995) that basin
fill of the Ak§ehir-Afyon Depression is Late
Miocene-Pliocene in age and that its southern
margin-bounding structure is a reverse fault; (2)
whilst the current tectonic regime at the eastern
limb of the Isparta Angle is indeed compres-
sional, this group's recent field data indicate an
extensional neotectonic regime with oblique-
slip normal faulting and a Plio-Quaternary
basin fill for both the AAG and the Isparta
Angle. The first goal of this paper is to test
above-mentioned models of extension. The
second goal is to bring reliable observation-
based solutions to problems of the Isparta
Angle and Central Anatolia using recent data
from a case study carried out in the AAG, and
thereby to contribute to a solution of some
regional problems related to the tectonic evol-
ution of the East Mediterranean.

Tectonic setting

Major neotectonic structures of central Turkey
and adjacent areas include the sinistral Dead
Sea Fault Zone, the sinistral East Anatolian
Transform Fault Zone and the dextral North
Anatolian Transform Fault Zone. Since Plio-
cene times, the Anatolian Platelet has been
moving west-southwest along the latter two
structures, towards the easily subductable
oceanic lithosphere of the African Plate south-
west of the Hellenic to Cyprus Arc (Fig. 1). In
addition to the major structures, there are two
groups of second-order intracontinental faults
cutting across Central Anatolia. These com-
prise northeast-southwest and northwest-
southeast striking faults (Kogyigit 1984; Pas-
quare et al 1988; Kocyigit & Beyhan 1998).
The first group of faults splays off mostly from
the North Anatolian Transform Fault and dis-
plays both sinistral and dextral strike-slip move-
ment with considerable normal to reverse-slip
components due to variations in the general
trend of the faults - well-defined examples of
this group of faults are illustrated in Fig. 1. The
second group of faults is confined entirely to
Central Anatolia and comprises mostly
oblique-slip normal faults with considerable
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Fig. 1. (A) Location of central Turkey. (B) Simplified
neotectonic map of central Turkey. AH, Anamas
Horst; BH, Bolkardag Horst; DE, Emirdag Horst; KH,
Koroglu Horst; MH, Mihahccik Horst; SH, Sultandag
Horst; SHH, Sivrihisar Horst; AG, Antalya Graben;
AAG, Aks,ehir-Afyon Graben; BG, Beys,ehir Graben;
BPG, Beypazan Graben; £G, £ifteler Graben; IEG,
lnegol-Eski§ehir Graben; KNG, Konya-Nigde
Graben; LSG, Lake Salt Graben; KR, Karasu Rift;
ALFZ, Almus Fault Zone; BFZ, Bey^ehir Fault Zone;
£BFZ, £ayirhan-Beypazan forced Fold Zone; DF,
Davulga Fault; DLF, Delice Fault; GFZ, Goyniik Fault
Zone; HV, historical volcanoes; IEFZ, In6nii-Eski§ehir
Fault Zone; KF, Kirkkavak Fault; LSFZ, Lake Salt
Fault Zone; LFZ, La$in Fault Zone; MF, Mihahccik
Fault; NF, Nigde Fault; SF, Salanda Fault; YEFZ,
Yagmurlu-Ezinepazari Fault Zone; YF, Yildizeli
Fault; BVC, Bolvadin Volcanic Complex; EVC,
Erenlerdag Volcanic Complex; IVC, Isparta Volcanic
Complex; LEH, Lake Egirdir-Hoyran; IAESZ, Izmir-
Ankara-Eskis,ehir Suture Zone. Note: the east of
Afyon-Antalya Line is the eastern limb of the Isparta
Angle.

dextral strike-slip components - well-defined
examples of this second group are also seen in
Fig. 1. Owing to displacements along this
second group of faults, the western half of
Central Anatolia has been divided into a
number of horsts and grabens, one of which is

the Ak§ehir-Afyon Graben bordered by the
Emirdag and Sultandag Horsts (AAG, EH and
SH, respectively, in Fig. 1). Other major geo-
logical elements of Central Anatolia are the
Kirs,ehir Block, the Cretaceous-Early Tertiary
Izmir-Ankara Suture Zone, the Campanian-
Lower Quaternary Galatean Volcanic Complex
(Kogyigit 1991; Keller et al 1992), the Middle
Miocene-Quaternary Cappadocian Volcanic
Plateau and its isolated composite volcanoes
(Pasquare et al. 1988), and the Lower-Middle
Miocene Bolvadin, Erenlerdag (Innocenti et al
1975) and Pliocene Isparta Volcanic Complexes
(Fig. 1). The Aks,ehir-Afyon Graben, with its
boundary faults and basin fill, are the main the
topics of this paper.

The Ak^ehir-Afyon Graben (AAG)
The AAG is 4-20 km wide, 90 km long and
trends west-northwest-east-southeast. It is an
actively growing rift, as indicated by the 26th
September 1921 Argitham and the 21st
February 1946 Ilgin-Argitham Earthquakes
(Eyidogan et al. 1991). The rift is asymmetric
and contains the Eber and Aks,ehir Lakes
(Fig. 1).

Graben fill

The graben fill consists of two major sequences:
(1) a deformed (folded to thrust faulted) fluvio-
lacustrine sequence of Early-early Late Mio-
cene age, which is over 300 m thick and divided
into the Kostere and Golyaka Formations; (2)
an undeformed fluvio-lacustrine sequence of
Plio-Quaternary age, which is 670 m thick and
divided into the Dogancik, Gozpman, Tasjcoprii
and Dursunlu Formations. These two sequences
are separated from each other by an angular
unconformity (Fig. 2).

The Kostere Formation. This starts with a basal
conglomerate on an erosional surface of pre-
Jurassic metamorphic rocks and continues
upward with an alternation of various litho-
facies. At the top, it is first thrust by the same
basement and then overlain unconformably by
red continental clastic rocks of the Pliocene
Dogancik Formation (Fig. 2). The basal con-
glomerates are red-yellow in colour, thick
bedded to massive, unsorted and poly genetic in
composition. Pebbles are rounded to sub-
rounded and consist mostly of quartz, marble
and schist. The total thickness ranges from a few
metres up to 30 m. These basal conglomerates
are succeeded by numerous rock packages of
dissimilar facies and thicknesses (up to 22 m).
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Fig. 2. Simplified tectonostratigraphic column of the graben fill. M1-M6 are horizons of mammalian fossils; Rl
and R2 are sites of radiometric age datings.

The latter are yellow-pinkish sandstone-silt-
stone, blue-black organic-rich shale-marl, limy
marl, siltstone-mudstone with abundant angular
limestone clasts, massive sandstone, sandy
nodular limestone, limy sandstone, yellow-
white porous and highly fractured algal lime-
stone, and thin-medium-bedded micritic lime-
stone. The Kostere Formation also includes 2 m
thick and 150-200 m long lensoidal channel
conglomerate intercalations. It displays well-
developed syndepositional features, such as
cross-bedding, pebble imbrication, broken for-
mation (olistostrome) and normal growth faults
with displacements up to 2 m (Fig. 3). These

primary features and lithofacies of the Kostere
Formation indicate a tectonically active fan to
flood plain type of depositional setting at the
margin of a fluvio-lacustrine depositional
system.

At different horizons of the Kostere For-
mation, abundant macro- and micromammalian
fossils have been identified. These are: Byzanti-
nia bayraktepensis, Byzantinia cf. ozansoyi,
Cricetulodon sp., Pliospalax cf. canakkalesis,
Spermophillinus cf. bredai, Schizogalerix sp.,
Myocricetodon sp. and Myomimus sp. at the
M2 stratigraphic horizon (Kostere and Kirca
outcrops), and Byzantinia sp., Cricetulodon sp.,
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Fig. 3. Stratigraphical column showing various lithofacies, some syndepositional features (growth faults and
broken formations: olistostromes) and erosional top contact of the Kostere Formation (Kostere Outcrop).

Progonomys sp., Ramys cf. multicrestatus, Schi-
zogaleri cf. sinapensis and Soricidae at the M3
Stratigraphical horizon (Digrak-Asagicigil out-
crops). Middle Miocene (MN 7 and 8) and early
Late Miocene (MN 9-12) ages are assigned to
the middle and upper parts of the Kostere
Formation, respectively, on the basis of this
fauna (Fig. 2). Formerly, the Kostere For-
mation, particularly at Kirca, was dated as Late
Miocene-Pliocene by Boray et aL (1985) in the
absence of fossil evidence.

The Golyaka Formation. The Golyaka For-
mation is a lateral and lacustrine equivalent of
lower and middle parts of the Kostere For-
mation (Fig. 2). It is a grey-green-blue claystone
resting on siltstones and sandstones of the
Kostere Formation; the claystone is succeeded
by an alternation of massive blue marl,
medium-thick-bedded limestone, organic-rich
black claystone-shale, pinkish siltstone-mud-
stone and biotite-rich tuffite. A red palaeosoil
with abundant caliche nodules occurs at the top.

The Golyaka Formation also contains a few coal
seams up to 10 m in thickness at its lower levels.
The total thickness is c. 80 m. Immediately
above and below the coal seams (Ml strati-
graphical horizon of the Golyaka outcrop), a
rich macro- and micromammalian fossil assem-
blage occurs, consisting of Galerix sartji, Paleos-
ciurus sp., Cricetulodon sp., Democricetodon
sp., Mirabella anatolica, Eumyarion carbonicus,
Bransatoglis complicatus, Glis transversus,
Glirus aff. ekremi, Vasseuromys duplex, Gliridi-
nus haramiensis, Tapirus sp. and Dorcatherium
sp. Based on this fossil assemblage, an Early
Miocene (MN 2) age was assigned to lower
levels of the Golyaka Formation. Thus, it is
concluded that the first sequence of the graben
fill was deposited in a fluvio-lacustrine system
during an Early-early Late Miocene extensional
regime. Later, this sequence was deformed by
folding and thrusting during a short-lived
compressional regime, which interrupted the
normal faulting and terminated formation of
the AAG.
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Fig. 4. Geological map of the Sultandag area.

The Dogancik Formation. The Dogancik For-
mation represents the marginal part of a new
fluvio-lacustrine depositional system, and
occurs in variable sized and discontinuous out-
crops at both fault-bounded margins of the
AAG. It has been faulted, uplifted and tilted as
fault terraces lying at various elevations up to
570 m above the present-day elevation (980 m)
of the AAG floor (Fig. 4).

The type locality is Dogancik village, located
at the southwestern margin of the AAG. At this
locality it consists of fan conglomerates de-
posited by debris flow and braided streams. The
conglomerates are yellow to red, thick bedded
(up to 3 m) to massive, unsorted and poly-
genetic. They consist of subrounded to angular
cobbles to boulders up to 2 m in diameter, set in
a sandy matrix bound firmly by iron-rich calcite
and quartz cement. Pebbles in the conglomerate
are marble, phyllite, schist, quartzite and quartz,
together with algal limestone derived from the
Miocene Kostere Formation. Although the con-
glomerates are generally structureless, they
locally display poorly developed graded bed-
ding, cross-bedding and pebble imbrication.
The measured total thickness of the Dogancik
Formation is 250 m.

No precise age data for the Dogancik For-
mation could be obtained. However, the follow-
ing field evidence implies an Early-Middle
Pliocene age for the lower part: (1) it uncon-
formably overlies the Kostere Formation of
Middle-early Late Miocene age; (2) it is nearly
flat lying; (3) it is disconformably overlain by the
Pleistocene Tasjcoprti Formation; (4) the
Dogancik Formation is the coarse-grained mar-
ginal equivalent, and interfingers with fine-
grained depocentral facies of the Gozpinan
Formation, and the lower half of the Gozpinan
Formation contains mammalian fossils of early
Middle Pliocene age; and (5) it has been a
source area for Lower Quaternary fans with a
well-developed drainage pattern (Figs 2 and 4).

The Gozpinan Formation. This forms the lat-
eral and lacustrine equivalent of the Dogancik
Formation (Fig. 2). Basal, thin (up to 5 m) red
clastic rocks, resting on the erosional surface of
the Kostere Formation, are overlain by an
alternation of silts tone, muds tone, yellow-
green-blue marl, black shales, thin- to thick-
bedded lacustrine limestones. At the top, it
shows a transitional or locally erosional contact
with the overlying Pleistocene Dursunlu
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Fig. 5. Measured stratigraphical column showing
cross-bedded internal structure, d, Dreissensia; g,
gastropod; and m, mammalian fossil contents of the
delta deposits and their erosional top contact
relationship with a key horizon of palaeosoil, including
potter's field (PF) (250 m west of Taskoprii village); D,
disconformity.

Formation. It measures c. 320 m in total thick-
ness. Fine-grained clastic lithologies of the
Gozpinan Formation are full of gastropod,
pelecypod and micromammalian fossils, includ-
ing, in its lower and middle stratigraphic hor-
izons (M4A and M4B, respectively, in Fig. 2)
Arvicolidae and Mimomys sp. Based on these
fossils, an Early-Middle Pliocene age is assigned
to this formation.

The Taskoprii Formation. Marginal parts of a
new fluvio-lacustrine depositional system,
developed since the Pliocene, are distinguished
as the Tafkoprii Formation. In this last regime
the margins were broad but lakes were small
and isolated. One of them, Dursunlu Lake, has
been uplifted and dried out by the present day,
whereas the other (Aksehir and Eber) lakes,
have persisted. The Taskoprii Formation con-
sists of four major lithofacies, namely fan con-
glomerates, fan-apron deposits, flood plain
deposits and delta deposits.

Numerous ancient alluvial fans of different
sizes occur along both the southern and north-
ern margins of the AAG. They are aligned
parallel to the margin-bounding faults and
range in size from a few kilometres to 20 km in
length. Alluvial fans consist of partly lithified,
unsorted and polygenetic boulder to pebble
conglomerates in the proximal parts, where
clasts range from a few centimetres to 1.5 m in
diameter, set in a sandy matrix bound by an
iron-rich calcite and quartz cement, and coarse-
grained sandstone to siltstone in the distal parts.
These ancient alluvial fans are deeply eroded
and locally overlain by newly formed fans, im-
plying a recent motion along the margin-bound-
ing faults.

The southern marginal areas of the AAG are
covered by a broad and thick blanket of fan-
apron deposits resulting from the coalescence of
ancient alluvial fans. These deposits are domi-
nated by loose conglomerates comprising
boulders of varied sizes and pebbles set in a
sandy-clayey matrix. Both the fan and fan-
apron conglomerates grade into fine-grained
flood plain deposits consisting mainly of an
alternation of fine-grained sandstone, siltstone
and mudstone, with lensoidal channel conglom-
erates in some places. Maximum thicknesses of
the fan and flood plain deposits are 319 and
280 m, respectively, based on data from bore-
holes drilled through the fans and flood plains
(Quhadar 1977).

Delta deposits occur as uplifted and terraced
conglomerates within a 1-2 km wide belt paral-
leling the present-day shorelines of the Aksehir
and Eber Lakes, and located 4-5 km away from
them. These ancient delta deposits consist of
seven terraces located at different elevations
between 7 and 42 m above the present-day
level (958 m) of the lakes (Atalay 1975). They
consist mostly of medium-thick-bedded (up to
2.3 m) polygenetic conglomerates interbedded
with 10-30 cm thick yellow sandstone horizons
and 5-10 cm thick bands containing Dreissensia
sp. and gastropods. They show well-developed,
large-scale planar to trough cross-bedding,
graded bedding, top-set beds and pebble imbri-
cations (Fig. 5). Pebbles in the conglomerates
are well rounded and range in size from 0.5 to
10 cm. They are cemented together by an iron-
rich yellow-red calcite matrix. The observed
thickness of the delta deposits is 42 m. The
upper levels of delta deposits contain abundant
dreissensia and rare mammalian fossil, such as
Dreissensia pofymorpha, Dreissensia sp., Dreis-
sensia buldurensis and Bos sp. (M6 in Fig. 2),
yielding a Late Pleistocene age for the upper
parts of the Taskoprii Formation. This is
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confirmed by 14C ages of 12 725-14 125 a BP
obtained from the same deposits [R2 in Fig. 2;
see Kazanci et al (1997)].

The Dursunlu Formation. The Dursunlu For-
mation is well exposed in the eastern part of the
AAG and covers an area of 30 km2. It is a lateral
lacustrine equivalent of the Taskoprti For-
mation (Fig. 2) and comprises alternations of
lithofacies packages. The latter include fine-
grained conglomerate, sandstone, green-blue
and bioturbated claystone to siltstone, mud-
stone, thin-bedded to laminated carbonates and
yellow-green marl, including peat horizons up to
5 m in thickness. The fine-grained horizons and
peats are full of gastropods and mammalian
fossils (M5 in Fig. 2) including: Lepus sp.,
Ochotona sp., Mimomys savini, Lagurus
arankae, Microtus (Allophaiomys) nutiensis,
Ellobius sp., Apodemus sp., Micromys sp.,
Allactaga euphratica, Cricetulus migratorius,
Mesocricetus auratus, Spalax leucodon, Spermo-
philus sp., Trogontherium cuvieri, Carnivora sp.,
Mammuthus trogentherii, Equus sp., Hippopota-
mus sp., Cricetulus sp. and Bos primigenius.
Based on this fossil assemblage, an Early
Pleistocene age is assigned to lower levels of
the Dursunlu Formation (Gulec, et al. 1997). In
addition, the topmost carbonate horizon, which
is overlain conformably by upper levels of delta
deposits of the Taskoprti Formation, has a 14C
ageof23 245-31 785aBp[RlinFig.2;seeKazanci
et al. (1997)]. Thus, the Dursunlu and Tas^koprii
Formations must be Pleistocene in age.

The two formations are overlain disconform-
ably by a 0.3-1.5 m thick, red-brown palaeosoil
horizon including carbonate patches (caliche)
and a potter's field, a graveyard inherited from
an ancient civilization living at c. 4000-6000 BC
(Figs 2 and 5). This palaeosoil is a widespread
and a key horizon indicating climatic change
and a short-term erosional period separating
Pleistocene and Holocene sedimentation (Fig.
2). The Holocene units consist of actively grow-
ing and unconsolidated fan to flood plain sedi-
ments at, or near to, the fault-bounded margins,
and fine-grained, organic-rich silt, clay and lime
along the graben floor close to Aks,ehir and
Eber Lakes (Fig. 2). Their total thickness is
c. 100 m based on data obtained from explor-
ation boreholes (Quhadar 1977).

Graben structure

Structures shaping the AAG and playing key
roles in its episodic evolutionary history fall into
three categories: (1) folds; (2) reverse faults; and
(3) step-like normal faults.

Folds. Most previous studies (Atalay 1975;
Demirkol et al 1977; Ogdiim et al. 1991) report
that the Miocene-Pliocene infill of the AAG is
only tilted. However, this group's field geologi-
cal mapping shows that Miocene units compris-
ing the Kostere and Golyaka Formations are
folded and thrusted. Folds occur as a series of
anticlines and synclines with parallel to subpar-
allel axes; these are curvilinear in pattern and
range in length from a few kilometres to 15 km.
In general, they trend in two directions, north-
northwest-south-southwest and west-north-
west-east-southwest. These folds are well ex-
posed in Yakasinek village (Fig. 4), where they
are cut and displaced by the Aks,ehir Master
Fault, and buried by nearly horizontal Plio-
Quaternary graben fill (Fig. 6). The general
trend of these folds indicates an approximately
northeast-southwest directed compression at-
tributable to the post-Tortonian Aksu Phase of
Poisson & Akay (1981).

The Yakasinek Reverse Fault. Faults occur at the
southern margin of the AAG. One is map scaled
and well exposed in Yakasinek village, and is
therefore termed the Yakasinek Reverse Fault.
It is c. 2 km in length, displays a curved to
curvilinear fault trace and its nature changes
from an overturned contact to a high-angle
thrust fault dipping south-southwest at 60-80°.
At outcrop it occurs as a c. 20 m wide cataclastic
zone made up of a series of parallel to sub-
parallel and closely spaced reverse shear planes,
along which both the lowermost Upper Miocene
continental sequence and pre-Jurassic meta-
morphic rocks are intensely folded, sheared
and crushed. Within this shear zone, pre-
Jurassic metamorphic rocks are thrust from
south-southwest to north-northeast over lower-
most Upper Miocene clastic rocks. In addition,
in Yakasinek village, the fault is cut and down-
thrown by the Aksehir Master Fault, and buried
beneath a thick Plio-Quaternary graben infill
(Figs 4 and 6). This indicates that faulting is
younger than early Late Miocene but older than
Pliocene.

In both the Isparta Angle and west Central
Anatolia, most contacts between the Miocene
and older rocks are faulted. Some faults display
more than one set of fault plane-related kine-
matic indicators, such as slickensides, slicken-
lines, mineral fibres and fault steps. They
indicate normal, thrust and strike-slip faulting
in turn. The contact between the Miocene and
older rocks varies from normal to nearly verti-
cal, overturned and reverse faulted, as indicated
by the Yakasinek Fault in the study area (Fig.
4). In addition, Miocene sequences are full of
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Fig. 6. Geological cross-sections showing Late Miocene compressional structures (reverse fault, folds) and
younger normal faults cutting across them in the Yakasinek-Dogancik-Kirca area (see Fig. 4 for locations of
cross-sections).

normal growth faults, olistostromes and 1-20 m
thick intercalations of fault breccias. The latter
interfinger with fine-grained facies of the Mio-
cene sequence and wedge out in the direction
away from the faulted contact. These field data
can be attributed to a phase of extension and
normal fault-controlled sedimentation in Mio-
cene times. The normal faults might have
reactivated as reverse faults because of the
inversion in the earlier extensional regime after
Miocene sedimentation. Thus, this compres-
sional tectonic regime resulted in the Yakasinek
Fault and terminated the first phase of exten-
sion.

Some previous workers (e.g. Boray et al 1985;
Yagmurlu 1991) have reported that the graben
fill is folded, thrust faulted and Late Miocene-
Pliocene in age. They also attribute compres-
sional structures to a neotectonic regime. How-
ever, this group's detailed field mapping and
stratigraphical-palaeontological studies clearly
reveal that there are two different basin fills in
the AAG, with the oldest deformed in Early-
early Late Miocene times. This implies that the
extensional evolutionary history of the AAG
was interrupted by a compressional phase.

Step-like normal faults. Normal faults of varying
sizes occur at both margins of the seismically
active AAG (Fig. 7). They are well exposed as
short (> 1-10 km) and long (10 km) fault seg-
ments cutting older basement (pre-Jurassic
metamorphic rocks), the Lower-lowermost
Upper Miocene Kostere and Golyaka For-
mations, and their folded and thrust structures.
They also juxtapose these two formations with
either older basement or Plio-Quaternary
graben fill. They display a graben-facing step-
like pattern dominated by first-order major and
second- to third-order synthetic to antithetic
normal faults. The Ak§ehir and Karagoztepe
Fault Zones bounding the southern and north-
ern margins of the AAG, respectively, played a
key role in the development of the AAG
(Fig. 7).

Most previous studies of this area (Boray et al
1985: Ogdiim et al 1991; §aroglu et al 1987;
Barka et al 1995) have reported that the
Aksehir Fault Zone, at the southern margin of
the' AAG, is a reverse fault. However, this
group's mapping and kinematic analysis clearly
shows it to be an oblique-slip normal fault zone,
which is termed here the Aksehir Fault Zone
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Fig. 7. Seismotectonic map of the AAG and adjacent areas. M1-M6 are sites of mammalian fossils.

(AFZ). It comprises a 2-7 km wide, 120 km
long, graben-facing step-like normal fault zone,
and the strike changes from 285°W in the west
to 320°W in the central part and c. 270°E in the
east to produce an S-shaped outcrop pattern.
The fault zone includes numerous second- to
third-order, closely spaced, synthetic normal

faults ranging from 2 to 50 km in length which
display well-developed fault scarps, triangular
facets, and well-preserved fault slickensides and
slickenlines (Table 1). Their stereographic plots
show that the southern margin-bounding struc-
ture of the AAG is an oblique-slip normal fault
zone dipping on average 59°NE, with a minor
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Table 1. Measurement of slickensides and slickenlines on the Akqehir Master Fault

1
2
3
4
5
6
7
8
9

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52

Fault plane
(strike and dip)

N60°W, 44°NE
N65°W, 70°NE
N17°W, 61°NE
N21°W, 72°NE
N27°W, 65°NE
N16°W, 48°NE
N80°W, 29°NE
N79°W, 46°NE
N69°W, 56°NE
N45°W, 58°NE
N43°W, 42°NE
N43°W, 47°NE
N58°W, 30°NE
N77°W, 30°NE
N74°W, 34°NE
N44°W, 31°NE
N59°W, 32°NE
N47°W, 42°NE
N55°W, 43°NE
N48°W, 82°NE
N65°W, 64°NE
N73°W, 78°NE
N48°W, 50°NE
N46°W, 38°NE
N59°W, 74°NE
N62°W, 70°NE
N41°W, 68°NE
N42°W, 74°NE
N79°W, 47°NE
N42°W, 40°NE
N35°W, 42°NE
N58°W, 40°NE
N29°W, 52°NE
N32°W, 49°NE
N42°W, 72°NE
N42°W, 65°NE
N49°W, 77°NE
N56°W, 85°NE
N65°W, 84°NE
N55°W, 77°NE
N39°W, 76°NE
N52°W, 67°NE
N46°W, 82°NE
N55°W, 78°NE
N30°W, 74°NE
N40°W, 40°NE
N55°W, 48°NE
N62°W, 85°NE
N78°W, 70°NE
N77°W, 83°NE
N59°W, 68°NE
N75°W, 82°NE

Rake

85°SE
79°SE
45°NW
63°NW
46°NW
84°NW
73°SE
74°SE
57°NW
45°NW
72°NW
68°NW
90°
73°SE
78°SE
73°NW
85°NW
87°NW
77°NW
85°NW
85°NW
87°NW
85°NW
88°NW
49°NW
43°NW
53°NW
55°NW
58°NW
73°SE
61°SE
83°SE
72°SE
85°SE
84°NW
69°NW
82°NW
89°NW
90°
83°NW
81°NW
85°NW
72°NW
80°NW
73°SE
20°NW
60°NW
74°NW
57°SE
57°SE
62°SE
55°SE

Type of movement

Normal
Normal
Normal
Normal
Normal
Normal
Normal
Normal
Normal
Normal
Normal
Normal
Normal
Normal
Normal
Normal
Normal
Normal
Normal
Normal
Normal
Normal
Normal
Normal
Normal
Normal
Normal
Normal
Normal
Normal
Normal
Normal
Normal
Normal
Normal
Normal
Normal
Normal
Normal
Normal
Normal
Normal
Normal
Normal
Normal
Normal
Normal
Normal
Normal
Normal
Normal
Normal

amount of dextral and/or sinistral strike-slip
component of motion (Fig. 8a).

The Pliocene Dogancik Formation is cut,
terraced and elevated by up to 570 m above the

present-day elevation (980 m) of the graben
floor (Fig. 4). A borehole drilled through a
Lower Quaternary alluvial fan accumulated in
the downthrown block of the Ak^ehir Master



416 A-KOCYiGiTETAL.

Fig. 8. (a) Stereographic plots of the Ak§ehir Master Fault slip data on a Schmidt lower hemisphere net.
(b) Stereographic plots of the Karagoztepe Master Fault slip data on the Schmidt lower hemisphere net.

Fault encountered the same formation at a
depth of 320 m below the present-day elevation
of the AAG. These data indicate that total
throw on the AFZ has been c. 870 m (550 +
320 = 870 m) since at least the Late Pliocene.
This value more or less equals the total amount
of downcutting of several consequent streams,
which flow into the graben and cut deeply (up to
750-1100 m) into their beds along the southern
fault-bounded margin (Ogdiim et al 1991).
Thus, it may be concluded that the average rate
of motion along the AFZ is c. 0.3 mm a .

The northern margin of the AAG is more
complicated than the southern margin because
it is shaped by three sets of oblique-slip normal
faults, first detected in this study. These
comprise northwest, north-south and north-
east striking fault sets, and consist of short
(1-5 km) to long (up to 40 km), closely spaced,
synthetic to antithetic normal fault segments.
Major faults shaping the northern margin are
the Karagoztepe, Buyiikkarabag, £ukurcak,
Uyamk and Qavu§cu Faults. Owing to the latter
three fault sets, the northern margin has been
segmented into several second-order horsts and
grabens, namely the Adakale, Aladag, Dededag
and Karadag Horsts, with intervening Kizil-
bogaz, Uyamk-Yunak and Ilgm Subgrabens
(Fig. 7).

The main structure playing a key role in the
development history of the northern margin of
the AAG is the Karagoztepe Fault Zone, a
1-10 km wide, 90 km long, west-northwest and
east-northeast striking discontinuous fault zone.
It comprises numerous closely spaced, short
(1 km) to long (up to 25 km), synthetic to

antithetic fault segments which are cut and
displaced in both dextral and sinistral directions
up to 5 km by northeast striking fault sets (Fig.
7). The Karagoztepe Fault Zone cuts across
older basement and a continental sedimentary
sequence of Early-early Late Miocene age and
juxtaposes them with the Plio-Quaternary
graben fill. Faults of the Karagoztepe Fault
Zone display well-exposed fault slickensides
with a relief of 25 m and well-preserved slicken-
lines (Table 2). Their Stereographic plots show
that the northern margin-bounding structure of
the AAG is an oblique-slip normal fault zone
striking east-northeast and west-northwest, and
dipping south-southeast and south-southwest at
average angles of 56-61° (Fig. 8b).

As in the case of southern margin of the
AAG, the Pliocene Dogancik Formation and
the Lower Quaternary delta deposits of the
Ta^koprii Formation are cut, terraced and
tilted by up to 60°, and uplifted by up to 200 m
with respect to their present-day position in the
downthrown block of the Karagoztepe Master
Fault along which recent graben floor sediments
are tectonically juxtaposed with older rocks.
The total throw of the northern margin-bound-
ing faults of the AAG since the Early Quatern-
ary is therefore 200 m. This yields a rate of
subsidence of c. 0.2 mm a"1, which compares
with the rate of 0.3 mm a"1 for the southern
margin. Hence, the AAG has experienced an
asymmetrical evolutionary history during the
extensional neotectonic period, the second
phase of extension.

The current activity of graben-bounding
structures is indicated by: (1) numerous faulted,
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Table 2. Measurements of slickensides and slickenlines on the Karagoztepe Master Fault

1
2
3
4
5
6
7
8
9

10
11
12
13
14
15
16
17
18
19
20

Fault plane
(strike and dip)

N75°E, 50°SE
N89°E, 58°SE
N84°E, 64°SE
N80°E, 58°SE
N82°E, 48°SE
N84°E, 56°SE
N70°E, 64°SE
N68°E, 54°SE
N72°E, 48°SE
N66°E, 64°SE
N72°E, 54°SE
N76°E, 52°SE
N60°W, 50°SW
N65°W, 56°SW
N63°W, 60°SW
N58°W, 54°SW
N66°W, 58°SW
N74°W, 52°SW
N62°W, 56°SW
N64°W, 51°SW

Rake

70°SW
90°
90°
90°
90°
90°
90°
90°
90°
75°NE
78°NE
80°NE
75°SE
70°SE
80°SE
90°
78°SE
74°SE
90°
82°SE

Type of movement

Normal
Normal
Normal
Normal
Normal
Normal
Normal
Normal
Normal
Normal
Normal
Normal
Normal
Normal
Normal
Normal
Normal
Normal
Normal
Normal

terraced and fault-parallel ancient to recent
alluvial fans, with apices adjacent to the
graben-bounding faults; (2) faulting and ter-
racing of the Plio-Quaternary graben fill; (3)
shifting of stream courses; (4) deep erosion by
flowing consequent streams; (5) tectonic juxta-
position of Plio-Quaternary graben fill with
older rocks; and (6) cold to hot water springs
with actively growing travertines.

Seismicity

In the period of 1901-1986, 33 seismic events
with magnitude of 4-6.8 took place in the AAG
and adjacent areas (Table 3). Their epicentral
distribution shows that both the northwest strik-
ing graben-bounding faults and some of the
northeast striking second-order faults are active
(Fig. 7). In addition, all these seismic events are
shallow-focus earthquakes, as indicated by the
cross-section showing the distribution of earth-
quake foci between northern latitudes of 34-39°
(Harsch et al. 1981). Two seismic events are the
26th September 1921 Argitham-Ak^ehir and
the 21st February 1946 Ilgm-Argitham earth-
quakes, with magnitudes of 5.4 and 5.5, respect-
ively, which took place in the eastern part of the
AAG as indicated by numbers 4 and 14, respect-
ively, in Table 3. During these earthquakes, 12
people died, nine were injured, 285 houses and
some parts of railway track were heavily dam-
aged, and 153 houses including the railway
station collapsed entirely in Argitham-Ilgm-

Doganhisar counties and their villages. Unfor-
tunately, there is no fault plane solution of these
two earthquakes and other seismic events due to
the lack of accurate seismic records.

The west-northwesternmost part of the AAG
is the Gediz-Simav Graben where the Gediz
segment was ruptured during the 28th March
1970 Gediz Earthquake with a magnitude of 7.1
(Ambraseys & Tchalenko 1972). Despite this
large seismic event, during the past 29 years
seismicity of the AAG has been very low com-
pared with the Gediz-Simav Graben, which
implies that the AAG is the site of a seismic gap.

Discussion and conclusions

This paper documents how the Ak^ehir-Afyon
Graben (AAG) has developed episodically
rather than continuously. In general, the AAG
contains two major infilling successions, namely:
(1) a continental sedimentary sequence of
Early-early Late Miocene age (Kostere and
Golyaka Formations); and (2) a Plio-Quatern-
ary continental sedimentary sequence (Dogan-
cik, Gozpman, Tas^kopru and Dursunlu
Formations, and recent graben floor sediments).
The older infill is dominated by a sequence over
300 m thick, including red debris flow con-
glomerates, long and lensoidal channel con-
glomerates, coal seams (up to 10 m in
thickness) and the normal growth faults. It
accumulated in both the marginal and axial
parts of a fluvio-lacustrine depositional system
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Table 3. List of earthquakes which occurred in the Akgehir-Afyon Graben and adjacent areas in the period of
1901-1986*

No

1
2
3
4*
5
6
7
8
9

10
11
12
13
14*
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33

Longitude
w
31.4
31.1
31.8
31.79
31
31
31
31
31.4
31.8
31.9
31.4
31.9
31.79
31.15
32
31.94
31.1
31.4
31.5
31.7
31.3
31.01
31.42
31.54
31.49
31.74
31.77
31.07
31.47
31.73
31.59
31.52

Latitude
(Y)

38.35
38.65
38.4
38.42
39
39
39
39
38.3
38.47
38.5
38.3
38.3
38.24
38.63
38.5
38.48
38.97
38.7
38.9
38.7
38.9
38.71
38.2
38.77
38.76
38.72
38.97
38.63
38.88
38.94
38.58
38.98

dd-mm-yy

7-4-1901
1914
13-4-1921
26-9-1921
14_09-1925
20-09-1925
20-12-1926
07-02-1927
11-01-1931
12-1-1931
12-1-1931
28-01-1931
09-04-1931
21-2-1946
16-7-1946
01-02-1953
22-6-1956
3-11-1966
28-3-1970
28-3-1970
18-4-1970
6-5-1970
28-10-1975
23-7-1976
21-4-1977
26-4-1978
27-4-1978
26-5-1980
14-3-1982
27-4-1984
23-6-1984
17_1_1986
26-2-1986

Depth
(m)

0
0

30
10
0
0
0

15
0

20
30
0
0

60
40
0

40
9
0
0
0
0

23
0
0
0
0

29
0
0
0
0

10

Ms

5.1
5.7
5.2
5.4
4.9
4.9
4.9
5.2
4.9
5
5
6.8
6
5.5
5.1
5
4.6
4.6
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

Mb

0
0

0
0

0
0

0
0
0
0
4
0
4.4
4.7
4
4.1
4.1
4
4.3
0
0
4.7
4.5

Ml

0
0

0
0

0
0

0
0
4.8
4.4
0
4.1
0
0
0
0
0
0
4
4
4
4.1
0

Relative
magnitude

medium
medium
medium
medium
small
small
small
medium
small
medium
medium
medium
medium
medium
medium
medium
small
small
small
small
small
small
small
small
small
small
small
small
small
small
small
small
small

Relative
depth

shallow
shallow
shallow
shallow
shallow
shallow
shallow
shallow
shallow
shallow
shallow
shallow
shallow
medium
shallow
shallow
shallow
shallow
shallow
shallow
shallow
shallow
shallow
shallow
shallow
shallow
shallow
shallow
shallow
shallow
shallow
shallow
shallow

* These data were taken from Seismological division, Department of Earthquake Research, General
Directorate of Disaster Affairs, Ankara Turkey, and Gencoglu et al. (1990).

126 September 1921 Argithani-Ak^ehir Earthquake. % 21 February 1946 Ilgm-Argitham Earthquake.

established on relatively low-lying parts of an
uneven erosional surface inherited from a long-
term erosional period (Late Eocene-Oligo-
cene). This stage postdates the final collision,
uplift and overthickening of crust along the
Izmir-Ankara-Erzincan Suture Zone (IAESZ)
through Central and western Anatolia. The
younger infill is characterized by a 670 m thick
sequence consisting mainly of fan and fan-delta
conglomerates interfingering with a coal-bear-
ing fine-grained lacustrine facies. The older infill
is folded and thrust faulted, and overlain by
nearly horizontal younger infill with angular
unconformity. This is not a local situation
confined only to the AAG, but is also observed
in numerous other basins and young grabens,
such as the Karaman, U^ak, Senirkent-Hoyran,

Refahiye, Lake districts, Inonii-tnegol, in the
Ankara region, the Yankkaya, Soma, Gokova,
Kavacik, Gediz and Buyiik Menderes Grabens
in both Central and Western Anatolia (Kocyigit
1976, 1983, 1996; Ercan et al. 1978; Yagmurlu
1991; Gemici et al. 1991; Goriir et al. 1995;
Kosyigit & Kaymakci 1995; Kogyigit et al. 1995;
Bozkus 1996; Yusufoglu 1996). This regional
compressional deformation pattern (folds and
thrust faults) and the angular unconformity,
which separates older and younger infills,
clearly reveal a Late Miocene phase of
compression reflecting the well-known post-
Tortonian Aksu phase of compression which
prevailed through the eastern limb of the
Isparta Angle where the AAG is now located.
The Late Miocene phase of compression



EPISODICITY OF AK§EHIR-AFYON GRABEN, CENTRAL ANATOLIA 419

Fig. 9. Block diagram depicting a tentative episodic evolutionary history of the Ak^ehir-Afyon Graben. 1, Pre-
Jurassic metamorphic rocks; 2, older infill (Kostere and Golyaka Formations of Early-early Late Miocene age);
3 and 4, Dogancik and Tas,k6prii Formations of Plio-Quaternary age; 5, Gozpman and Dursunlu Formations of
Plio-Quaternary age; 6, uplifted and terraced delta deposits of Late Pleistocene age; 7, ancient fan-apron
deposits of Late Pleistocene age; 8, silt, mud and lime; 9, slope scree deposits; AMF, Ak§ehir Master Fault;
KTFZ, Karagoztepe Fault Zone; YRF, Yakasinek Reverse Fault; Ul and U2, angular unconformities; D,
disconformity: 3-9 form younger infill (neotectonic fill).

separates the two extensional periods and
implies that the AAG has an episodic evolution-
ary history (Kocyigit 1996).

The older infill (Kostere and Golyaka For-
mations) was deposited in a fluvio-lacustrine
depositional system which emerged after a
long-term erosional period under the control of
first phase of extension related to orogenic
collapse along the IAESZ (Dewey 1988; Seyi-
toglu & Scott 1996). Later, it was replaced by a
short phase of east-northeast-west-southwest
directed compression resulting from a probable
variation in the kinematics of the Eurasian and
African Plates in Late Miocene time. As
explained by Dewey et al. (1986), final collision
involving the entire demise of the oceanic crust,
and emergence of the Bitlis Suture Zone be-
tween the Arabian-African Plates and the Eur-
asian Plate, took place in Late Serravalian
(c. 12 Ma) times. This terminal collision and
suturing were followed by a transitional period
with a very low rate of intracontinental conver-
gence, uplift and thickening of the crust until the
Late Miocene. Thus, the Late Miocene interval
corresponds to a short-term phase of com-
pression in the eastern limb of the Isparta
Angle, and was responsible for deformation of
the older infill into a series of anticlines and
synclines; it also produced local high-angle
faulting (the Yakasinek Reverse Fault).

In Early Pliocene times, sea-floor spreading
began along the central line of the Red Sea
(Hempton 1987) and the wedge-shaped Ana-
tolian Platelet and its boundary faults, namely
the dextral North Anatolian and the sinistral
East Anatolian Transform Faults, were in-
itiated. The consequent west-southwestward
escape of Anatolia may have led to an increase
in the relative motion with respect to the
African Plate along the Hellenic-Cyprus con-
vergent plate boundary. It has also been pro-
posed that variations in relative motion of plates
may create roll-back processes (Froitzheim et al
1997) and such processes may have triggered
initiation of the second phase of extension in the
Pliocene which is still acting as a neotectonic
regime through Central and West Anatolia, as
well as in the AAG, even though it has been
claimed that the eastern limb of the Isparta
Angle, including the AAG, is under the control
of a compressional tectonic regime (Boray et al.
1985; Earkaetal. 1995).

The younger infill (the Dogancik, Gozpman,
Ta^koprii and Dursunlu Formations, and the
recent graben-floor sediment) was deposited on
the erosional surface of early formed and
deformed older infill under the control of this
second phase of extension and related oblique-
slip normal faulting. These events and their
products are depicted in Fig. 9, where, during
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the second phase of extension (the neotectonic
period), oblique-slip normal faulting and sedi-
mentation have still been active, as indicated by
both the seismicity and field evidence.

We are indebted to the president of Middle East
Technical University for financial support of field
studies. We also thank Erdin Bozkurt, who reorgan-
ized and improved the illustrations.
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Abstract: In the Turkish sector of the Afro-Eurasian collision zone, continuing northward
motion of the Arabian promontory is extruding the Anatolian region to the west. Although
the East Anatolian Fault Zone (EAFZ) is recognized as the southern boundary of this
tectonic escape, distributed deformation is occurring across a broad zone extending for at
least 300 km to the northwest, which includes a number of major dextral and sinistral fault
lineaments. The longest of these lineaments is the Ecemis, Fault Zone, although the long-
term significance of deformation, and specifically strike-slip, across this zone is disputed.
This zone is also the locus of major volcanic activity in the Kayseri region. The present
paper reports a palaeomagnetic study of young (1-2 Ma) lava flows which has aimed to
identify recent block rotations resulting from regional deformation in this region. Rock
magnetism shows the lavas to be dominated by low-Ti magnetite assemblages of primary
cooling related origin. Although grain properties are predominantly multidomain, signifi-
cant fractions of single domains are always present and responsible for a stable thermo-
remanence of normal and reversed polarity. Whilst group mean directions show that the
blocks in this sector of Anatolia show the typical counterclockwise rotation resulting from
tectonic escape, in this case by c. 10° during the last 1 Ma, larger differential rotations in
both senses are identified across the Sultansazhgi Depression. Comparable differential
rotations recorded by the 2.8 + 0.2 Ma Incesu Ignimbrite have resulted from the pull-apart
in this sector of the Ecemi§ Zone which has accommodated emplacement of the Erciyes
volcanic centre since the termination of ignimbrite activity. Within the wedge-shaped
terrane confined between the EAFZ in the south and the North Anatolian Fault Zone in
the north, the degree of counterclockwise rotation during tectonic escape within the last
2-3 Ma has diminished from c. 25° in the east to c. 10° towards the southwest. This
corresponds to a transition from highly strained to a less-strained lithosphere as the width
of the semi-plastic Anatolian terranes confined between the Arabian-Eurasian pincer
broadens out to the west.

Asia Minor has formed by successive docking of accommodated primarily by dextral motion
allochthonous terranes as the Palaeotethys and along the North Anatolian Fault Zone (NAFZ;
Neotethys Oceans have closed since Early Fig. 1), a major intracontinental transform
Mesozoic times. This (palaeotectonic) phase of defining the tectonic boundary between the
orogenic deformation has been progressively Eurasian Plate to the north and the Anatolian
replaced since Late Miocene times by continu- terranes to the south.
ing (neotectonic) deformation as the Arabian Geological data indicate that the relative
sector of the African Plate has impinged into the motion on the NAFZ increases to the west
Pontide Orogen along the Bitlis Suture Zone (§engor et al 1985; Andrieux et al. 1995), and
(BSZ; Fig. 1). Hence, progressive deformation the Global Positioning System (GPS) (Oral et
of the collage of accreted terranes has been al. 1995; Barka & Reilinger 1997) gives a range
driven by the northward motion of Arabia at a of 1.6-2.7 cm a"1 (Kiratzi 1993). Consequent
rate of c. 2.5 cm a"1 (Barka & Reilinger 1997) internal deformation of the Anatolian Block is
relative to the African Plate (c. 1.0 cm a"1), complex: in part, it is probably accommodated
Differential motion is taken up mainly along by block rotations along side splays such as the
the Dead Sea Fault Zone (DSFZ in Fig. 1) and is Kinkkale-Erbaa and Almus Fault Zones (KEF
responsible for westward extrusion of the crust and AF, respectively; Fig. 1). In addition, con-
in central Turkey. This escape tectonics is tinuing impingement of Arabia into Anatolia

From: BOZKURT, E., WINCHESTER, J. A. & PIPER, J. D. A. (eds) Tectonics and Magmatism in Turkey and the
Surrounding Area. Geological Society, London, Special Publications, 173,423-440. l-86239-064-9/00/$15.00
© The Geological Society of London 2000.
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Fig. 1. The tectonic divisions and distribution of major lineaments in Turkey and adjoining regions. The large
open arrows show relative motions of the plates and the smaller half-arrows are directions of movement on major
strike-slip faults. SLF, Salt Lake Fault Zone; KEF, Kinkkale-Erbaa Fault Zone; AF, Almus Fault Zone; EFZ,
Ecemi§ Fault Zone; SZ, East Mediterranean subduction zone; CATB, Central Anatolian Thrust Belt; DSFZ,
Dead Sea Fault Zone. The political boundary of Turkey is also shown, together with boundaries of areas
illustrated in subsequent figures. The inset figure shows the major terrane divisions of Turkey juxtaposed by the
collisional events preceding the neotectonic phase of deformation.

and Eurasia has produced complex deformation
within the wedge-shaped eastern sector sited
between the NAFZ and the East Anatolian
Fault Zone (EAFZ; Fig. 1); this is accompanied
by sinistral strike slip on the latter fault at a
slower rate (c. 0.9 cm a"1) than along the
NAFZ.

Although the EAFZ is recognized as the
southern boundary of the westward escaping
Anatolian region (Barka & Reilinger 1997), a
zone of distributed deformation extends for at
least 300 km to the northwest and includes
several major fault lineaments with both dextral
and sinistral senses of motion (Tchalenko 1977;
Ambraseys & Finkel 1987). The longest of these
lineaments, and the most distant from the
EAFZ, is the EFZ (Fig. 1), which has been a
zone of sporadic seismic activity in Recent times
(Ambraseys 1989; Jackson 1994), although its
longer term significance is unclear. The struc-
tural features of the fault zone have been
studied by Kocyigit & Beyhan (1998). They
refer to the northeast trending intracontinental
structure, that cuts across the Anatolian Plateau
between Duzyayla in the northeast and Anamur
county in the southwest, as the Central Anato-
lian Fault Zone (CAFZ).

In the short term (10-102 a), crustal defor-
mation in regions such as Turkey is resolved by
GPS measurements and ground surveying. In
the medium term (103~10 a) it is resolved by
geomorphic study of features such as offset
stream courses or changing elevations of ero-
sional and depositional surfaces. In the longer
term (> 105 a) deformation must be mainly
resolved by palaeomagnetic studies which iden-
tify divergences of magnetization directions
from expected geomagnetic field directions.
Such divergences are the signature of block
rotation. Combined geological and palaeomag-
netic information may then aid in resolving the
size and integrity of the fault blocks.

To apply this method, studies need to focus
on rocks that act as good long-term recorders of
the ancient geomagnetic field. Lava flows are
amongst the most suitable targets because they
usually record the field at the time of post-
emplacement cooling as a strong thermal rema-
nent magnetization (TRM); fortunately, such
rocks are widely distributed within Anatolia. In
this study, lavas which have erupted during the
last 1-2 Ma have been used to identify block
rotations in the vicinity of the EFZ, which
corresponds to the locus of volcanic activity



PALAEOMAGNETIC STUDY OF THE ECEMIS FAULT ZONE 425

Fig. 2. Outline geological map of Kayseri region showing the Central Anatolian Volcanic Province (CAVP)
and the adjoining sector of the Ecemis, Fault Zone. The palaeomagnetic sampling sites are also shown. 1,
Quaternary alluvium; 2, Plio-Quaternary subareal volcanic rocks; 3, Neogene subareal volcanic rocks; 4,
Neogene tuffs and pyroclastic rocks with some lava; 5, Pre-Neogene basement; 6, faults; 7, sampling sites.

dominated by the Erciyes Strato Volcanic Com-
plex near Kayseri (Fig. 2).

Geological framework

The Anatolide and Tauride Belts (Fig. 1)
formed as a consequence of continent-conti-
nent collision along the BSZ. Subsequent sutur-
ing has produced three tectonic provinces,
classified by §engor (1980) as the Aegean
Graben System, the Central Anatolian 'Ova'
(= plain) Province and the East Anatolian Con-
tractional Province. Neogene volcanic activity
in Anatolia has occurred in four main regions,
geographically located in eastern, central and
western Anatolia, and in the Galatean Volcanic
Province bordering the NAFZ along the north-
ern margin of the block. The Central Anatolian
Volcanic Province (CAVP) is located within the
Ova Province. It comprises some 20 eruptive
centres extending for 300 km along a northeast-
southwest trend. Activity appears to be concen-
trated at the intersections of major fault zones

such as the (dextral) Salt Lake and (sinistral)
Ecemi§ Faults (Fig. 1; Pasquare et al. 1988;
Toprak & Goncuoglu 1993). Volcanic and
volcaniclastic successions have been erupted
onto Neogene sedimentary basins (Salt Lake,
Ulukisla and Sivas) or older metamorphic com-
plexes (Kirs,ehir, Nigde).

Volcanic activity in the CAVP falls into three
major cycles of calc-alkaline magmatism (Pas-
quare et al. 1988) comprising: (1) an initial phase
of basaltic and andesitic eruption between 13.5
and 8.5 Ma; (2) an ignimbrite-producing phase
between Middle Miocene and Early Pliocene
times (c. 11 and 2 Ma); and (3) a continuing
cycle characterized by growth of major strato-
volcanoes (Erciyes, Hasandagi) and numerous
small monogenetic volcanoes erupting lavas and
tuffs predominantly of basaltic composition.
The present study is concerned with products
of the latter phase and largely with lavas
erupted from the Erciyes Stratovolcano Com-
plex (ESC), the largest regional example of the
stratovolcanoes of phase (3).

The ESC rises 3917 m above sea level. It was
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initiated by basaltic fissure eruptions coeval with
faulting and segmentation of the Cappadocian
Volcanic Province and initial sinking of the
Erciyes Depression. The stratovolcano is em-
placed onto the Cappadocian Ignimbrite suc-
cession and is therefore entirely plinger than
Late Pliocene in age. Subsecjlilftt eruptive
episodes have included basaltic arid andesitic
lavas, radial dyke emplacement and formation
of dacite-rhyodacite lava domes, and emplace-
ment of various hyaloclasite and pumiceous
deposits. The latter activity has continued into
Prehistoric times (15 500 ± 2500 a; Innocenti
et al 1975) and the stratovolcano is flanked by
many morphologically young lava flows. The
geochemical composition of the volcanic rocks
is predominantly calc-alkaline (Batum 1978).

The Erciyes Depression has resulted from a
releasing type of sinistral double bending on the
CAFZ since Early Pliocene times (Kogyigit &
Beyhan 1998). It is now bounded by marginal
fault systems recording accumulative down-
throws > 1000 m; the eastern margin, bounds
fault systems which branch into two subsystems
(Dundarh-Erciyes and Develi) crossing the
pull-apart basin (Fig. 2).

Field and laboratory methods

Lava flows are typically high-quality recorders
of the magnetic field at the time of cooling.
Since their tectonic orientation can usually be
constrained by flow structures or interbedded
strata, they are also effective recorders of
subsequent tectonic rotation. Their main limi-
tation is that rapid cooling will usually result in a
near-instantaneous record of palaeosecular
variation. It is therefore important to draw
tectonic conclusions from groups of sites yield-
ing a mean approximating to a time-averaged
palaeomagnetic direction. A second qualifi-
cation which can limit the value of some individ-
ual results, and increase scatter of inclinations in
the overall sample, is uncertainty in the tilt
adjustment: in the present case, lavas have prob-
ably flowed down primary slopes and they may
also have consolidated since initial cooling;
when orientation information is based on struc-
tures within the flow, the precise amount of the
tilt adjustment therefore remains uncertain.

The lavas were cored in the field, at sites
summarized in Table 1 and shown in Fig. 2,
using a motorized drill and oriented by sun and
magnetic compasses. Six or seven separate cores
were distributed across several metres of lava
flow outcrop. Core collection was accompanied
by assessment of the local geological setting to

evaluate orientation of the sampled units; the
sampled lava flows of this study have tectonic
tilts which are too low to be accurately discern-
ible and palaeomagnetic directions are there-
fore treated in situ.

In the laboratory, the field cores were sliced
into 2.3 cm long cylinders for routine palaeo-
magnetic measurements. Except for a few units
that exhibited instability to cleaning treatment,
the specimens had magnetic structures domi-
nated by discretely defined characteristic rema-
nent magnetizations (ChRM). These were
typically contaminated by only minor amounts
of viscous remnant magnetization (VRM). No
significant difference was observed between
ChRM defined by alternating field (a.f.) and
thermal cleaning, and approximately equal
numbers of cores were subjected to each clean-
ing technique.

All specimens were progressively demagne-
tized in steps of 50 or 100°C and 5 or 10
milliTesla (mT) until components were sub-
tracted, or directional behaviour ceased to be
stable. Remanence directions were calculated
by principal-component analysis and common-
site populations grouped to yield the site means
listed in Table 2. Lowest blocking temperature/
coercivity components are laboratory or dril-
ling-related acquisitions, or are in the present
field direction; these are removed in the first one
or two steps of treatment and are interpreted as
VRM. Higher and/or distributed demagnetiz-
ation spectra are regarded as ChRM and
included in Table 3.

Rock magnetism

The most important ferromagnetic mineral in
basaltic and andesitic lavas is usually a titano-
magnetite with a composition of about TM50
near the middle of the magnetite-ulvospinel
solid solution series and with a low Curie point
of c. 250° C. However, during cooling, such
grains typically undergo subsolidus exsolution
to produce ilmenite lamellae hosted by Ti-poor
magnetite. These lamallae may then be oxidized
to produce pseudobrookite and hematite if the
lava is permeated by fluids of high oxygen
fugacity during deuteric stages of cooling. A
general consequence of this alteration is to
subdivide the effective magnetic grain sizes and
enhance the magnetic stability, although the
recorded palaeomagnetic field direction will be
substantially the same as at the time of eruption.
Stages of petrologic alteration are subdivided
into seven classes (Haggerty 1976), ranging
from unoxidized to completely oxidized.
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Table 1. Summary of palaeomagnetic sampling sites in the Erciyes volcanic district and eastern Cappadocia,
central Turkey.

Site no. Age

Lavas - eastern flank of the Erciyes Volcanic Complex
1 Basalt, Develi Pliocene-Quaternary
2 Basalt, Develi Pliocene-Quaternary
3 Basalt, Develi Pliocene-Quaternary
4 Basalt, Develi Pliocene-Quaternary
5 Basalt, Develi Pliocene-Quaternary
6 Basalt, Develi Pliocene-Quaternary
7 Basalt, Kayseri Pliocene-Quaternary
8 Basalt, Kayseri Pliocene-Quaternary
9 Basalt, Kayseri Pliocene-Quaternary

10 Basalt, Kayseri Pliocene-Quaternary

Lavas - SW Kayseri, western flank of the Erciyes Complex
11 Basalt, Incesu Pliocene-Quaternary
12 Basalt, Incesu Pliocene-Quaternary
13 Basalt, Incesu Pliocene-Quaternary
14 Basalt, Incesu Pliocene-Quaternary
15 Andesitic tuff Pliocene-Quaternary
16 Basalt, Incesu Pliocene-Quaternary
17 Basalt, Incesu Pliocene-Quaternary
18 Basalt, Incesu Pliocene-Quaternary
19 Andesitic tuff Pliocene-Quaternary

Lavas - central Cappadocia
20 Basalt, Acigol Quaternary
21 Scoria, Bogazkoy Quaternary
22 Basalt, Acigol Quaternary
23 Basalt, Acigol Quaternary
24 Basalt, Acigol Quaternary
25 Basalt, Kurugol Quaternary
26 Basalt, Giivercinlik Quaternary
27 Basalt, Gore Quaternary

Lavas - Sultansazhgi Depression, South Erciyes Complex
28 Basalt, Incesu Quaternary
29 Basalt, Incesu Quaternary
30 Basalt, Yesjlhisar Quaternary
31 Basalt, £ayirozii Quaternary
32 Basalt, (Jayirozii Quaternary
33 Basalt, Soysaldi Quaternary
34 Basalt, Develi Quaternary
35 Basalt, Develi Quaternary
36 Basalt, Develi Quaternary
37 Basalt, Develi Quaternary

Incesu Ignimbrite
38 Mudflow, Bunyan Pliocene, 2.8 Ma
39 Ignimbrite, Bunyan Pliocene, 2.8 Ma
40 Ignimbrite, Sarimsakh Pliocene, 2.8 Ma
41 Ignimbrite, Kayseri Pliocene, 2.8 Ma
42 Ignimbrite, Saraycik Pliocene, 2.8 Ma
43 Ignimbrite, Incesu Pliocene, 2.8 Ma

N

6
6
6
6
6
6
6
6
6
6

8
6
6
6
6
6
6
6
6

7
7
7
7
7
7
7
7

7
7
7
7
7
7
7
7
7
7

9
12
8
7
8

10

Mo

130-139
104-188
38-558
33-520
20-289
51-372
52-149
24-131
23-132
62-80

9-14
68-220
8-47

30-89
14-25

0.3-9
24-136
95-124
3-64

6-54
232-941
378-2994

7-21
182-333
119-292
29-65
4-26

445-339
30-166
93-124

129-2492
125-2890
73-327
2-52

208-428
88-683
33-108

39-74
192-258
90-137
24-45
37-44
7-14

Ages of the lavas are estimated from aspect and setting. TV is the number of separately oriented cores. Intensities
of the Natural Remanent Magnetization (NRM), M0, are x 10'4 Am2 kg .
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Table 2. Summary of thermomagnetic and hysteresis properties of lavas in the Erdyes-eastern Cappadocia
region, central Turkey

Site no. Tcl TC2 RM Ms MR Hc MRS/Ms XMI)

\
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37

_
540
555
550
-
555
-
560
419
-
320
-
565
570
-
380
230
180
-
-
-
-
-
-
-
-
-
-
-
275
-
405
-
-
-

570
570
585
585
-
585
-
580
590
494
570
580
585
565
570
_
560
(525)
440
595
575
570
550
580
570
560
570
580
570
570
570
545
580
550
570
540

0.94
0.82
0.80
-
0.90
0.88
1.00
1.01
0.90
0.92
0.68
1.34
0.69
0.84
0.69
_
1.55
2.55
0.72
0.64
0.91
0.80
0.95
1.00
0.90
1.00
0.90
0.79
0.85
0.84
0.81
0.99
0.44
0.90
0.80
1.00

96.54
106.19
69.53
95.39
89.79
191.75
90.75
106.08
114.66
176.29
204.22
H
103.24
254.97
128.95
H
72.13
140.01
200.59
258.18
239.89
467.66
430.92
364.40
134.25
169.34
142.74
87.98
125.10
341.13
125.61
69.27
107.27
324.42
198.28
62.23

13.05
12.73
7.86
11.38
13.09
29.04
15.74
12.20
12.04
9.15
27.49
14.99
11.97
21.45
9.27
18.93
14.55
18.48
15.02
14.13
51.31
20.11
30.87
55.54
14.83
28.76
39.46
10.80
14.77
93.40
20.02
11.56
17.83
55.62
15.52
6.59

14.50
12.00
10.50
13.50
13.00
18.50
19.00
10.50
12.00
4.50
13.50
13.50
12.00
10.00
10.00
23.50
10.00
8.00
3.50
4.00
15.00
6.00
4.50
8.50
10.00
21.00
30.50
19.00
15.00
32.00
9.50
17.00
20.00
20.00
9.00
7.00

0.14
0.12
0.11
0.12
0.15
0.15
0.17
0.12
0.11
0.05
0.13_

0.12
0.08
0.07
0.07
0.20
0.13
0.07
0.05
0.21
0.04
0.07
0.15
0.11
0.17
0.28
0.12
0.12
0.27
0.16
0.17
0.17
0.17
0.08
0.10

0.75
0.79
0.81
0.79
0.73
0.79
0.77
0.79
0.81
0.93
0.77
#
0.79
0.88
0.90
0.90
0.63
0.77
0.89
0.94
0.44
0.96
0.90
0.73
0.81
0.69
0.46
0.79
0.79
0.48
0.71
0.69
0.69
0.69
0.88
0.85

TCI and TC2 are successive Curie temperatures; temperatures in brackets are observed in the cooling cycle only.
RM is the ratio at 100°C of the magnetization during cooling to the magnetization during heating. Units of
Ms and MRS are x 10~2 A m2 kg"1, and Hc is in mT.* A constriction in the hysteresis curve due to a mixture
of hard and soft magnetic phases. The values of Ms and MRS/Ms are not given if the sample failed to saturate
in a 1 T field.

Strong-field thermomagnetic analysis uses the
Curie temperature to indicate the nature of the
titanomagnetite; it may also provide infor-
mation about the degree of alteration that
occurs during heating. In this study, saturation
magnetization was measured from room tem-
perature to 700°C using a computer-controlled
horizontal Curie balance. The Curie tempera-
ture was estimated from the thermomagnetic
curve using the method of Gromme et al (1969);
the change in saturation magnetization at
100°C, following heating and cooling (the ratio
RM in Table 2), is a measure of alteration that
occurs during heating.

The majority of thermomagnetic curves in
these young lavas illustrate a smooth fall to
define the Curie point of a Ti-poor titano-
magnetite, usually just below the Curie point of
pure magnetite (c. 590°C; Fig. 3). In some speci-
mens, from lavas on the eastern flank of the
Erciyes Complex, two distinct magnetite phases
are discernible; one is a Ti-bearing phase with a
Curie point of c. 540°C and the other a pure
magnetite. A possible signature of low-tempera-
ture maghemitization resulting in the formation
of metastable non-stoichiometric titanomag-
hemite (cation-deficient titanomagnetite) is a
weak inflection in a few examples, defining
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Fig. 3. Examples of thermomagnetic curves
[saturation magnetization (Ms) v. temperature (in
°C)] from young lavas of this study; the scales on the
magnetisation axes are equivalent to 500 mT. Site 6 is
an example of a single magnetite Curie point whereas
site 9 show a distinct Curie point and site 32 has low
Curie point phase (probably maghemite) which
converts to magnetite on heating.

which is the most common feature of this collec-
tion (Fig. 3, Table 2), is probably due to incipi-
ent oxidation of magnetite to hematite by the
heating. Uncommon RM values of > 1 are usu-
ally present when a low-temperature phase is
discernible and a ferromagnetic mineral, poss-
ibly maghemite, is converted to magnetite.

Hysteresis data yield information about min-
eralogy and domain states: titanomagnetites and
titanomaghemites saturate in fields of 300 mT
or less, whereas hematites require much larger
fields to achieve saturation. The following hys-
teresis parameters were determined using a
Molspin vibrating sample magnetometer
(VSM): saturation magnetization, Ms, satura-
tion remanence, MRS; and coercive force, Hc.
With a maximum field of 1 T it is not possible to
saturate hematite and Ms cannot be determined
when this mineral is present in significant
amounts. However, only two of these young
lava flows failed to saturate, thus confirming
the dominance of titanomagnetite (Table 2).
Parameters Ms and MRS are dependent on the
concentration and type of the magnetic minerals
present; Ms is independent of grain size but A/RS
is smaller for multidomain (MD) than for single
domain (SD) minerals. Hence the ratio of MRS/
MS is a useful indicator of domain states: if MRS/
MS < 0.1, the sample is dominated by MD
grains; if MRS/MS > 0.1, small but significant
fractions of SD grains are indicated within a
dominant MD assemblage. Provided that these
mixed domain sizes are present within magnet-
ite only (indicated by MRS/MS values of
0.02-0.5), the equation

yields an estimate of the fraction of MD grains
present (Thomas 1992).

In these lavas MRS/MS is always ^ 0.5, con-
firming that titanomagnetite is the dominant
ferromagnetic mineral. The grains are predomi-
nantly in a MD state, although 10-20% fractions
of SD grains are present, as indicated by the
ratio XMD (Table 2), and are presumably the
main carriers of stable remanence.

Curie points of between c. 180 and 350°C. This is
observed in only five specimens and bears no
apparent relationship to magnetic stability
(Table 3). Hematite is discernible in none of
the thermomagnetic curves, although it can
escape detection because it has a saturation
magnetization only 2% of that of magnetite.
The reduction of saturation magnetization (Ms)
with heating, to yield RM values of c. 0.7-0.9,

Palaeomagnetic results

Examples of a.f. and thermal demagnetization
behaviours are shown in Figs 5 and 6. Com-
ponent trajectories are usually dominated by
one convergent ChRM subtracted at, or just
above, the Curie point of pure magnetite.
These components are of both polarities but
tend to have declinations significantly different
from the present day field direction. In the
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Table 3. Palaeomagnetic results from lavas of the Erciyes sector of the Ecemij Fault Zone, central Turkey

Site no. N/n R K a95 D /

Lavas - eastern flank of the Erciyes Complex
I 6/6
2 6/6
3 6/6
4 6/6
5 6/6
6 6/4
7 6/6
8 6/5
9 6/6

10 6/6

5.93
5.99
5.99
5.98
5.92
3.97
5.83
4.93
5.99
5.99

7.52
492.5
418.2
271.4
60.7

102.8
29.2
56.2

495.4
462.2

7.3
3.0
3.3
4.1
8.7
9.1

12.6
11.1
3.0
3.1

355.44
4.7

172.5
171.0
332.1
339.5
359.6
48.8

330.5
356.1

59.9
58.6

-55.3
-51.4

16.2*
15.8*
28.6
35.7*
54.5
55.5

Lavas - SW Kayseri, western flank of the Erciyes Complex
11 8/8
12 6/6
13 6/6
14 6/6
15 6/5
16 6/2
17 6/6
18 6/4
19 6/6

Lavas - central Cappadocia
20 7/6
21 7/4
22 7/5
23 7/3
24 7/7
25 7/5
26 7/5
27 7/3
(ii) 7/3

7.91
6.00
5.89
5.97
5.00
2.00
5.89
3.98
5.99

5.84
3.80
4.65
3.00
6.94
4.90
4.89
2.97
2.95

7.73
1168.9

43.7
196.4

1420.8
582.2
43.9

161.9
494.4

32.2
19.1
11.3

1212.2
97.7
41.6
34.8
79.3
37.9

6.3
2.0

10.2
4.8
2.0

-
10.2
7.2
3.0

12.0
21.6
23.8
3.5
6.1

12.0
13.2
13.9
20.3

151.3
193.5
192.7
308.2
175.1

5.2
338.2
339.2
197.4

174.8
109.7
203.6
213.9
359.1
20.5

155.9
96.1
94.8

-33.8
-58.4
-54.2
41.7

-42.2
42.7
-0.4*
44.3

-62.1

-63.9
-57.9*
-54.2
-30.9
62.1
53.3

-43.0
23.9*

-31.9*

Lavas - Sultansazhgi Depression, South Erciyes Complex
28 7/7
29 7/7
30 7/6
31 7/4
32 7/7
33 7/7
34 7/4
(ii) 7/6
35 7/7
36 7/4
37 7/7

Group mean results

6.96
6.97
5.98
3.93
6.86
6.98
3.96
5.96
6.94
3.98
6.93

170.6
182.5
316.2
43.5
42.4

338.7
77.4

132.4
97.9

145.6
83.2

4.6
4.5
3.8

14.1
9.4
3.3

10.5
5.8
6.1
7.6
6.7

188.1
17.8

278.9
218.7
29.7

185.7
324.2
158.9
171.9
324.5
180.0

-40.4
55.6
66.2*

-42.1
45.1

-74.8
54.4

-60.9
-54.4

54.0
54.0

Eastern flank of the Erciyes Complex
1 lavas 6.86 42.5 9.4 353.1 52.5
Western flank of the Erciyes Complex
8 lavas
Central Cappadocia
6 lavas
Sultansazhgi Depression
Sites 28-33
Sites 34-37

7.62

5.73

4.83
4.94

18.6

18.5

24.0
70.6

13.2

16.0

16.0
9.2

350.1

9.7

22.2
339.9

49.7

53.3

52.2
56.4
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Fig. 4. Examples of saturated and unsaturated hysteresis curves from lavas of this study.

context of this observation and the rock mag-
netic data, they are therefore interpreted as
thermal remanent magnetization . (TRM)
acquired during initial cooling, which record
instantaneous stages of Late Pliocene-Recent
secular variation and may also have been sub-
sequently rotated.

Plio-Quaternary lava flows from the eastern
flank of the Erciyes Volcano (sites 1-10) were
a.f. demagnetized and show a VRM removed
within the first one or two steps to subtract
single convergent components of both normal
and reversed polarity (cf. specimens 2-2 and 4-6;
Fig. 5). Declinations are within 30° of the
Recent field axis (Table 3). Sites 5 and 6 have
anomalously shallow inclinations in relatively
low coercivity components; magnetic properties
are not unusual at these sites (Table 2) and they
seem to have either recorded intermediate
directions during a polarity transition or have
been subjected to deformation during collapse.
Excluding these anomalous sites and a single,
possibly large, clockwise rotated direction at site
8, sites in this sector combine to yield a mean of
D/I = 353/53° (oc95 = 9°; Table 3) with reversed
sites inverted to a common polarity. (£), mean
declination; I, mean inclination; a95, radius of
the cone of 95% confidence about the mean
direction.)

Lavas on the western side of the Erciyes
Volcano are also dominated by single com-
ponents following the removal of a soft com-
ponent in initial steps. The latter are usually
random, although some examples are evidently
VRM in the present-day field, such as specimen
19-5 (Fig. 5), where this component is removed
to recover a reversed polarity ChRM. Polarities
in this sector of the volcano are predominantly
reversed and therefore at least > 0.78 Ma in age.
Declinations are also more variable and show
both clockwise (specimen 13-3; Fig. 5) and
counterclockwise (specimen 11-5; Fig. 5)
rotation. Site 16 showed complex directional
behaviour with only two specimens grouping
near the present field direction and was there-
fore rejected from further calculation. The very
weak intensities here (Table 1) are attributed to
a dominant paramagnetism rather than a tran-
sitional field record (Table 2; Fig. 4). Excluding
site 17, with anomalously shallow inclination,
the group mean of these lavas is D/I = 350/50°
(oc95 = 13°); the declination would not be signifi-
cantly changed by inclusion of site 17.

The lavas from the latest eruptive phase in
Central Cappadocia postdate the ignimbrite-
producing episode (Pasquare et al. 1988)
and are hence younger than 1.1 + 0.1 Ma
(Innocenti et al. 1975; Mues-Schumacher &

D and / are the mean declination and inclination derived from N specimens from site populations given in Table
1; in a few cases N includes two cylinders cut from the same field core. R is the magnitude of the resultant
vector derived from the n component directions from a site population of TV and k in the Fisher precision
parameter [= (n-l)/(n-R)]\ a95 is the radius of the cone of 95% confidence about the mean direction in
degrees. Where more than one component is recognized at a site they are listed in order of lower to higher
blocking temperature/coercivity.* Site mean directions excluded from group mean calculations.
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Fig. 5. Alternating field (a.f.) and thermal demagnetization (sample 19-5) results from lavas in the eastern and
western sectors of the Erciyes Volcano. The demagnetization behaviours are shown in situ as orthogonal
projections of the magnetization vector onto the horizontal (closed squares) and vertical (open circles) planes.
The demagnetization steps are listed in temperatures (°C) or peak a.f. (mT).

Schumacher 1996). Four lavas are reversed and
were therefore erupted during the latter part of
the Matuyama Chron (specimens 22-4 and 26-4;
Fig. 6). Site 27 has anomalous easterly declina-
tions with inclinations falling into two groups:
the intensities are very weak for Quaternary
basalt (Table 1) and this lava appears to have
been magnetized during a polarity transition.
The reverse-magnetized sites have considerable
scatter but if site 21 (where declination is
anomalous and possibly indicative of large local
counterclockwise rotation) is excluded, a coher-
ent mean of DII = 10/-530 (a95 = 16°) is derived
(Table 3) for this region.

Sites 28-37 comprise a west to east traverse
across the Sultansazligi depression in the
southern part of the Erciyes pull-apart basin

(Kocyigit & Beyhan 1998). In the first five
lavas, decimations in both normal- and reverse-
magnetized flows on the west side of the
Dundarh-Erciyes Subfault are rotated clock-
wise from the present field direction (specimen
28-2; Fig. 6), with the exception of site 30 which
has an anomalous westerly declination. Direc-
tions in the four lava flows at the eastern part of
the profile are, however, rotated counterclock-
wise; this sense of rotation includes both low
and high blocking temperature components of
opposite polarity at site 34. Thus, it appears
that opposite block rotations are defined by
these two sectors (Fig. 8), summarized by con-
trasting mean directions of DII = 10/52°
(oc95 = 16°) and DII = 340/56° (a95 = 9°) in
Table 3.
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Fig. 6. Examples of thermal demagnetization of young lavas from Cappadocia and the Sultansazhgi Depression.
Directions are in situ and symbols are as for Fig. 5.

Regional interpretation

For tectonic interpretation, the group mean
palaeomagnetic directions may be compared
with the present-day average dipole field in this
region. Derived from the mean latitude of
38.4°N, this has a direction of DII = 0/+57.50

(normal) and DII = 180/-57.50 (reversed); the
regional mean inclinations are within 15° of this
field direction (Table 3). The bias towards
shallower inclinations is presumed to be an
expression of the far-sided dipole effect very
widely recognized in Cenozoic lava studies
(Wilson 1971). The tectonic rotation, R\ is
determined by comparison of the mean direc-
tions with the predicted palaeofield axis. Nor-
mally, both observed and reference directions
have confidence limits (AD and DDref, respect-
ively). Beck (1980) proposed a confidence limit
on Rr defined by A#' - J(&D2 + AZ)ref).
Demarest (1983) concluded that this value over-
estimates the errors and showed that, provided
oc95 is small and preferably < 10°, a standard
correction factor is applicable. For n > 6 the

correction factor lies between 0.78 and 0.80;
&R can then be derived from the equation
Atf'= 0.8V(AD2 + ADref

2). Only if R' > &R can
a rotation be regarded as significant.

Five estimates of regional rotations are
derived from the present study. These are: east-
ern Erciyes, -7 ± 8°; western Erciyes,
-10 + 10°; central Cappadocia, +10 ± 13°;
western Sultansazhgi, +22 ± 13°; eastern Sul-
tansazhgi, -20 ± 7°. Thus, the young volcanic
regions around the Erciyes Volcano seem to
have rotated counterclockwise during the last
105-106 a, although the amount of rotation is
close to the error limits of the data. It is poorly
constrained for western Erciyes where the mean
includes three clockwise rotations of reversed
polarity (Table 3). There is an indication that
the sense of movement by block rotation
changes to the west and south, as shown by
results from central Cappadocia (Giirsoy et al
1998) and the western Sultansazhgi Depression.
The large (c. 1000 m) subsidence associated
with the Sultansazhgi Depression is evidently
linked to significant regional differential block
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Fig. 7. Summary of site mean directions for the four regions investigated in this study. Open symbols are upper
hemisphere projections and closed symbols are lower hemisphere projections; the squares are the direction of
the mean present-day dipole field and the diamonds are group mean directions (see Table 3).

rotation, as shown by the palaeomagnetic
results from young (and in some cases largely
uneroded) lava flows.

To clarify possible differential rotation across
this sector of the fault zone, the palaeomagnet-
ism of the Incesu Ignimbrite has been studied.
This is one of the youngest members of the
Cappadocian ignimbrite province, dated at
2.8 ± 0.2 Ma; it is also one of the most volumin-
ous, extending across the EFZ for at least 85 km
east of Kayseri (Mues-Schumacher & Schu-
macher 1996). It comprises a distinctive densely
welded, brown to pink unit that now underlies
the Erciyes volcanic edifice.

The magnetization in this unit is dominated
by a highly stable single component (Fig. 9)
residing mostly in magnetite, although an
unblocking spectra continuing to 630° C in some
samples suggests that hematite also contributes.
The components are of typical normal polarity

(attributable to the Gauss normal polarity
chron) and yield high within-site precisions
(Table 4). Rock magnetic and magnetic fabric
data comprise part of a larger study of the
Cappadocian ignimbrite province and will be
reported elsewhere. Alpha-95 values of as little
as 2-3° make this ignimbrite unit a high fidelity
recorder of block rotations after 2.8 Ma. Decli-
nations show a consistent regional variation
across the pull-apart basin (Fig. 10): the palaeo-
field declinations illustrate the typical counter-
clockwise rotations identified in the Sivas Basin
(Gursoy et al 1997) on the north and east side of
the Erciyes Complex, but change to c. 5° (clock-
wise to the east and south east of Erciyes. This
accords with the clockwise rotations observed in
the younger lavas further south in the Sultan-
sazligi Depression (Fig. 10). Continuing further
to the west, counterclockwise rotation is again
recognized when the west margin bounding
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Fig. 8. Geological map of the Erciyes Mountain and Sultansazhgi Depression with site mean declinations of
magnetizations; the error limits are 95% confidence limits. Keys are as for Fig. 2.

fault system is crossed (site 43); comparable
counterclockwise rotation is present in all of
the Cappadocian ignimbrites to the west (11.2-
1.1 Ma; unpublished data). Thus, the Incesu
Ignimbrite clearly records differential rotation
of up to 10° since this eruptive event occurred
2.8 Ma ago. The deformation is most obviously
explained in terms of pull-apart in this sector of
the fault zone, with local extension accommo-
dating emplacement of the Erciyes volcanic
centre since the termination of ignimbrite mag-
matism c. 1.1 Ma ago.

A summary of Cenozoic palaeomagnetic
results from the central Anatolian region which
may be used for mapping regional variations of
tectonic rotation is given in Table 5; the data are
plotted in Fig. 11. These data are all based on

regional or formation studies which may be
assumed to have averaged the effects of secular
variation and therefore record palaeomagnetic
directions. Additional data based on isolated
sites are given in Platzman et al (1998) and are
in general agreement with the pattern of
regional directions shown in Fig. 11.

A dominance of regional, but variable,
counterclockwise rotation is evident from these
data. Rock units older than Middle Miocene in
age were emplaced during the palaeotectonic
history and their cumulative rotations could
therefore be a composite of deformation during
both the palaeotectonic and neotectonic
regimes. Nevertheless, rotations recognized in
Eocene units are comparable over a large area
of central Anatolia (Tatar et al. 1996; Fig. 8)

Table 4. Palaeomagnetic results from sites in the Incesu Ignimbrite (2.8 Ma) in the Erciyes region

Site no. N R

Symbols are as for Table 3.

K ^95 D

38
39
40
41
42
43

6
7
10
9
7
9

6.00
6.99
9.95
8.92
6.99
8.98

1114
442
196
96
487
429

2.0
2.9
3.5
5.3
2.7
2.5

352.7
351.5
359.8
5.5
5.2

354.7

49.3
50.3
47.4
41.9
46.3
52.0

I
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Fig. 9. Typical orthogonal projections of samples from sites in the Incesu Ignimbrite illustrating clockwise and
counterclockwise rotation (see Table 4). Symbols are as for Fig. 5.

and north of the NAFZ (Saribudak 1989; Piper
et al 1996, 1997). They prove to be similar to
rotations recognized in neotectonic rock units
(Fig. 11), an observation which implies that
major differential rotation did not occur during

Fig. 10. Outline geological map of the Erciyes sector of
the Ecemis, Fault Zone showing magnetic declinations
and 95% arcs at sites in the 2.8 Ma Incesu Ignimbrite.
1, Quaternary basin fill deposits; 2, Plio-Quaternary
subareal volcanic rocks; 3, Neogene tuffs and
pyroclastic rocks with some lava; 4, Pre-Neogene
basement.

continental collision associated with the empla-
cement of Pontide and Tauride orogenic belts.

The palaeomagnetic study of lava flows,
which are demonstrably late in the volcanic-
tectonic history, is important because it can help
to constrain the timing of rotations associated
with regional deformation. In the Sivas Basin,
bordering the Kayseri Fault Zone 400 km to the
northeast (Fig. 11), mean rotations resolved
from Miocene, Pliocene and Quaternary vol-
canic rocks of -34, -25 and -28°, respectively,
show that the bulk of regional counterclockwise
rotation associated with lateral extrusion of
Anatolia has been concentrated within the last
part of the neotectonic history (Giirsoy et al
1997). The implication is that post-collisional
deformation was initially accommodated by
crustal thickening during Miocene and Pliocene
times, whilst regional rotations recording lateral
escape of the Anatolian Block commenced in a
major way when this thickening could no longer
be sustained.

The lava flows grouped as 'Quaternary' in the
Sivas Basin study are of young aspect but not
usually interleaved with datable strata. This
c. 25° of anticlockwise rotation is therefore
constrained only to the last 2-3 Ma. The present
study indicates that the magnitude of counter-
clockwise rotation diminishes to 10° or less in
the west and south of Anatolia [see also Giirsoy
et al. 1998], although it has all occurred during
the last 1-2 Ma. This decrease in the amount of
rotation is clearly linked to an increase in width,
and decrease in strain, across the zone of semi-
plastic lithosphere comprising the Anatolian
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Table 5. Summary of palaeomagnetic directions ofCenozoic age derived from studies in central Turkey

District/fault block Age* Location0 N Palaeomagnetic ot95
direction

Reference

E N D I

Results from rock units emplaced during the palaeotectonic regime
• North of the NAFZ
Mesudiye (N)
Mesudiye (R)
Niksar
Erbaa
Mesudiye
Kusuri
Kastamonu

• South of the NAFZ
Imranli
Almus
Kalehisar
Akdagmadeni
Yozgat
Bayat
Galatean Region

E
E
E
E
E
E
E

E
E
E
E-M
E
E
M

37.7
37.7
37.0
36.3
37.7
35.7
33.7

38.4
36.9
34.5
35.8
34.7
34.2
31.8

40.6
40.6
40.7
40.8
40.5
41.5
41.2

39.8
40.4
40.2
39.7
39.8
40.7
40.6

7
8

10
7
7
5
3

10
8
5
3
5
7

15

165.9
185.6
152.4
194.6
166.8
161.2
164.2

146.0
144.1
160.4
133.9
158.4
172.1
196.8

-50.4
-45.1
-42.5
-48.8
-49.9
-48.4
-31.7

-34.2
-47.5
-51.0
-43.5
-46.5
-47.1
-56.5

6.7
15.1
11.3
15.3
9.6

12.9
10.6

6.3
7.6
5.2
5.2

18.6
7.6
6.9

Baydemir 1990
Baydemir 1990
Tatar et al. 1995
Piper etal. 1996
Orbay & Bayburdi 1979
Sanbudak 1989
Piper et al. 1996

Baydemir 1990
Tatar etal 1995
Piper et al 1996
Tatar et al 1996
Tatar et al 1996
Piper et al 1997
Giirsoy et al 1998

Results from rock units emplaced during the neotectonic regime
CAT1

Yildizeli
^arki^la
Kangal
Giirun
Gemerek (R)
Gemerek (N)
Inkonak (R)
Inkonak (N)
Yenikoy (R)
Yenikoy (N)
Haramikoy (R)
Haramikoy (N)
Karaman
Karapmar
Karacadag
Hasandagi
Ignimbrites
E Erciyes
W Erciyes
Cappadocia
Sultansazhgi 1
Sultansazhgi 2

M-Q
M-Q
M-Q
M-Q
P-Q
M
M
M
M
M
M
M
M
P
Q
P
M
M-P
Q
Q
O
Q
Q

36.5
36.9
37.0
37.0
37.2
36.0
36.0
37.0
37.0
36.4
36.4
31.8
31.8
33.2
33.6
33.7
34.2
34.8
35.6
35.0
34.7
35.2
35.5

39.8
39.8
39.5
39.0
38.8
39.2
39.2
39.4
39.4
39.1
39.1
38.5
39.5
37.2
37.5
37.7
38.0
38.6
38.6
38.5
38.3
38.5
38.4

5
12
18
6
7

35
41
30
30
49
32
37
45
13
5

13
7

15
7
8
6
5
5

169.7
150.9
147.9
129.6
157.0
111.9
307.9
129.8
307.1
126.3
329.6
190.1

2.4
174.3
156.9
177.5
170.1
169.3
173.1
170.1
189.7
202.2
159.9

^7.6
-50.8
-55.0
-47.9
-54.1
-60.8
32.2

-37.3
49.6

-33.3
47.7

-40.9
37.2

-51.8
-42.2
-57.6
-57.6
-47.1
-52.5
-49.7
-53.2
-52.2
-56.4

19.9
11.9
10.9
15.6
14.0
9.6
6.7
7.7

10.0
8.8
7.2
5.3
4.3
8.6

14.9
7.0

10.9
4.4
9.4

13.2
16.0
16.0
9.2

Gursoy et al 1997
Giirsoy et al 1997
Gursoy et al 1997
Gursoy et al 1997
Gursoy et al 1997
Krijgsman e£0/. 1996
Krijgsman et al 1996
Krijgsman et al 1996
Krijgsman et al 1996
Krijgsman et al 1996
Krijgsman et al 1996
Krijgsman et al 1996
Krijgsman et al 1996
Gursoy et al 1998
Gursoy etal 1998
Gursoy et al 1998
Gursoy etal 1998
Unpublished data
This paper
This paper
This paper
This paper
This paper

The directions given are the reversed palaeofield directions and the location listed is the centre of the study area.
N is the number of separate units included in the calculated mean and a95 is the radius of the cone of 95%
confidence about the mean direction.* Ages are: C, Upper Cretaceous; E, Eocene; M, Miocene; P, Pliocene;
Q, Quaternary.1 CAT, Central Anatolian Thrust Belt. +, Mean calculated from five sites in Late
Cretaceous-Eocene volcanic rocks.

composite terranes as it broadens out to the
west between the rigid pincer blocks of Arabia
and Eurasia (Fig. 11).

Following Cummings (1976), the fault pat-
terns developed within such a system are related
to the pattern developed within a wedge-shaped

body (Anatolia) in a Prandtl cell compressed
between two oblique rigid forelands (Arabia
and Eurasia) by Gursoy et al (1997) and Barka
& Reilinger (1997). The correspondence is not a
direct one because the Prandtl cell predicts that
the fault systems in Anatolia should be concave
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Fig. 11. Group mean palaeomagnetic directions with 95% confidence limits from Late Cretaceous and Cenozoic
rock units in central Turkey based on the compilation of Table 4. All vectors are shown as directions of the
reversed polarity field (with the exception of the third result from the Re§adiye area for clarity). Note that results
from rock units emplaced in the palaeotectonic regime may include rotations imparted during continental
collision, whereas rotations of rock units emplaced during the neotectonic regime are assigned to this latter
regime only.

to the northwest, whereas in practice they are
dominantly convex (Figs 1 and 11). This exten-
sion of the Prandtl cell to a lithosphere scale
could be complicated by the following points:
(1) the compressive/strike slip regime in Ana-
tolia merges into an extensional regime in
western Turkey where the wedge is uncon-
strained; the predictions of the Prandtl cell
more closely correspond on the eastern side of
the Arabian Promontory (Barka & Reilinger
1997, fig. 12c) where the crust is constrained as
in the Prandtl cell; (2) fracture systems may be
progressively rotated and/or change their shape
as continuing escape modifies the extruded
terrane; the curvatures of the Prandtl fractures
may then be expected to change progressively
during ensuing deformation; (3) the Eurasian
Plate incorporates the Black Sea Basin which
developed as a back-arc basin behind the sub-
ducting Intra-Pontide Ocean in mid-Cretaceous

times (Goriir et al 1994) immediately to the
north of Turkey; Eurasia north of the NAFZ
may not, therefore, be acting as a truly rigid
foreland.

The importance of temporal change in the
regional stress system with continuing defor-
mation is suggested by the results from
Cappadocia. Here, the ignimbrites which
erupted between c. 11 and 2 Ma ago have a
mean declination of D = 350° (unpublished
data); this is recorded in the youngest units and
implies that counterclockwise rotation of
c. 10° in this southern sector of Anatolia was
concentrated within the last 1-2 Ma. The ac-
companying sinistral double bending at the
Erciyes sector of the EFZ has produced pull-
apart during this same interval and permitted
emplacement of the stratovolcanic complex.
The pull-apart is recognized by clockwise
rotation of young lavas in the Sultansazhgi
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Depression and the tncesu Ignimbrite east of
the western boundary fault system.

Whilst counterclockwise rotation is a key
feature of continuing motions deduced from
the GPS in the Anatolian region (Oral et al
1995; Barka & Reilinger 1997), the palaeomag-
netic results imply that the average short-term
rotations of 1.2° Ma'1 deduced from GPS data
are exceeded by an order of magnitude on a
regional scale by fault blocks in the c. 10-
100 km size range.

This study has been facilitated by a link between
Cumhuriyet University of Sivas and the Geomagnet-
ism Laboratory of the University of Liverpool sup-
ported by the British Council, the Scientific and
Technical Research Council of Turkey (TUBITAK),
project number 198Y008 and NATO Scientific Affairs
Division (CRG.972054). We are very grateful to Rolf
Schumacher and Ulricke Mues-Schumacher for
identifying sampling sites in the Incesu Ignimbrite for
palaeomagnetic study, and to Tony Morris and Arno
Patzelt for reviewing of the manuscript. We also thank
E. Bozkurt for his great enthusiasm and effort
invested in the preparation of this Special Volume
and this paper.
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S-I-A-type intrusive associations: geodynamic significance of
synchronism between metamorphism and magmatism in Central

Anatolia, Turkey

DURMUSBOZTUG
Department of Geological Engineering, Cumhuriyet University, TR-58140 Sivas,

Turkey (e-mail: boztug@cumhuriyet.edu.tr)

Abstract: The Central Anatolian crystalline region, comprising metasediments, ophiolitic
slabs and numerous intrusives, has been called the Kirs.ehir Massif, the Kirs,ehir Block or
Central Anatolian Crystalline Complex. Intrusive associations in Central Anatolia are
summarized as: (1) a syncollisional, S (or Csx)-type, peraluminous and two-mica leuco-
granitic association; (2) a post-collisional, I (or HLO)-type, metaluminous, high-K calc-
alkaline, typically K-feldspar megacrystic monzonitic association; and (3) an A-type, post-
collisional and within-plate alkaline association comprising a high-K and silica-oversatu-
rated alkaline, K-feldspar megacrystic monzonitic and syenitic subgroup, and a silica-
undersaturated alkaline feldspathoid-sodalite syenite porphyry subgroup.

Radiometric data suggest that metamorphism and magmatism in Central Anatolia were
synchronous during the Late Cretaceous. This implies that metamorphism may have been
generated by inverted metamorphism induced by the Anatolide-Pontide collision and was
linked to a decreasing metamorphic grade from the north (i.e. from the main suture zone)
towards the south (i.e. Taurides). Collision-related intrusive rocks within this crystalline
body reflect differences in geological setting, mineralogical-chemical composition and
associated ore deposition. Published data considering the distribution and timing of
metamorphism and magmatism in the Central Anatolia suggest that both are related to
the Anatolide-Pontide collision along the Izmir-Ankara-Erzincan Suture Zone in the Late
Cretaceous. Various magmatic episodes affected along the passive margin of the Anato-
lides, including a syncollisional peraluminous episode, a post-collisional calc-alkaline
hybrid and a post-collisional within-plate alkaline episode.

The juxtaposition of two plates by collision at includes granitoides (Akiman et al 1993; Boztug
the end of an orogenic cycle takes several tens of et al 1994; Gonciioglu & Tiireli 1994; Erler &
millions of years [c. 30-50 Ma according to Bayhan 1995; Erler & Gonciioglu 1996; llbeyli
Bonin (1990)]. This time span is particularly & Pearce 1997). Recent studies (Alpaslan &
characterized by a distinctive geological record Boztug 1997; Ekici & Boztug 1997; Boztug
that embraces magmatism, metamorphism and 1998; Tatar & Boztug 1998) show that the
sedimentation (Coward & Ries 1986). Turkey collision-related granitoids can also be sub-
constitutes an important part of the Alpine- divided into some associations on the basis of
Himalayan collision system. It is widely recog- temporal and spatial distribution related to their
nized that the Neotethyan oceanic realm geological-geodynamic setting, and their
opened in this region during the Triassic and mineralogical-chemical characteristics. These
closed in the Late Cretaceous (§engor & Yilmaz include S-type (Chappell & White 1974, 1992;
1981; Poisson 1986). This has been the import- White & Chappell 1988) or CST-type (crustal-
ant post-Palaeozoic convergent system respon- shearing, thrusting type; Barbarin 1990), a
sible for the evolution of Turkey. The Late syncollisional (Harris et al. 1986) peraluminous
Cretaceous subduction and the subsequent col- leucogranitic association; an I-type (Chappell &
lision of the Neotethyan oceanic crust with the White 1974,1992; Chappell & Stephens 1988) or
Rhodope-Pontide fragment resulted in the for- HLO-type (hybrid-late orogenic type; Barbarin
mation of the Izmir-Ankara-Erzincan Suture 1990), a post-collisional (Harris ef al. 1986) high-
Zone, the eastern Pontide arc magmatism, and K calc-alkaline monzonitic association; and an
crustal thickening and metamorphism during A-type (Collins et al. 1982; Whalen et al. 1987),
Late Campanian-Maastrichtian times (§engor post-collisional, within-plate alkaline associ-
& Yilmaz 1981). Post-collisional structures in- ation. A concomitant Late Cretaceous regional
elude the Sivas Basin (Cater et al. 1991; Yilmaz metamorphic event is proposed by various
1994) and other Central Anatolian basins authors from the global geological setting
(Gorttr et al. 1984); collision-related magmatism (§engor & Yilmaz 1981) and K-Ar radiometric

From: BOZKURT, E., WINCHESTER, J. A. & PIPER, J. D. A. (eds) Tectonics and Magmatism in Turkey and the
Surrounding Area. Geological Society, London, Special Publications, 173,441-458. l-86239-064-9/00/$15.00
© The Geological Society of London 2000.
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Fig. 1. Simplified distribution of plutonic and metamorphic rocks in Central Anatolia, Turkey [modified after
Bingol (1989)]. The abbreviations for plutons (from west to east) are: Hm, Hamit; By, Baymdir; Br, Baranadag;
Ea, Egrialan; Sh, Sarihacili; Yz (Cn, Ak, Ad, Ya, Kr), composite Yozgat Batholith consisting of Cankili
Monzodiorite, Aksakoyunlu quartz Monzodiorite, Adatepe quartz Monzonite, Yassiagil Monzogranite,
Karakaya Monzogranite); Yb, Yiicebaca; Dv, Davulalan; K$, Karagayir; Ksd, Kosedag; DC, Dumluca; Mm,
Murmana; Kkb, Karakeban; H£, Hasanselebi.

data (Erkan & Ataman 1981; Goncuoglu 1986;
Alpaslan et al 1996) from different parts of
Central Anatolia.

This paper deals essentially with the main
mineralogical and whole-rock major and trace
element geochemical characteristics of the S-I-
A-type magmatic rock associations and the
geodynamic significance of the Late Cretaceous
synchronization of these collisional-related
granitoids and metamorphism in Central Ana-
tolia. All the geochemical analyses data have
been obtained at the Mineralogical-Petro-
graphical and Geochemical Research Labora-
tories (MIPJAL) of the Department of
Geological Engineering of Cumhuriyet Uni-
versity in Sivas, Turkey, with a Rigaku E-WDS-
3270 X-ray fluorescence spectrometer. Both the
major and trace element concentrations have

been analysed with pressed pellet pastilles
produced by a hydraulic press sample prep-
aration apparatus, working with a pressure of
12 tonnes, following mixture of 10 g of rock
powder and 10 drops of water, including 10%
dissolved polyvinylpyrolidon [poly (l-vinyl-2-
pyrolidon)] binding material. Calibration was
conducted using USGS and CRPG rock stan-
dards (Govindaraju 1989).

General overview to metamorphism and
collision-related intrusives in Central
Anatolia

Many studies have been carried out on the
metamorphism in Central Anatolia (Fig. 1) by
different authors. Among the most important
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Table 1. The geochronology data of intrusive and metamorphic rocks in Central Anatolia, Turkey

Studied rock unit Method Age (Ma) Reference

Intrusive rocks
Baranadag Q Monzonite
Cefahkdag Pluton
Kosedag Batholith
U9kapih Granitoid

Baymdir neph. Syenite
Murmana Pluton
Agacoren Granitoid

Metamorphic rocks
Kalkanlidag-Kir§ehir region
Nigde Massif
Yildizeli-Sivas region

Total Pb in zircon mineral
Rb-Sr whole-rock biotite isochrone
Rb-Sr whole-rock isochrone
Rb-Sr whole-rock isochrone
Rb-Sr whole-rock biotite isochrone
K-Ar biotite
K-Ar biotite
K-Ar muscovite
Rb-Sr whole-rock isochrone
Rb-Sr whole-rock isochrone
Rb-Sr whole-rock isochrone

K-Ar mineral (biotite, amphibole)
K-Ar mineral (biotite)
K-Ar mineral (biotite, muscovite)

54
71
42 + 4
95 + 11
77.8 ± 1.2
74.9 + 1.2
76.2 + 1.2
78.5 + 1.2
70.7 + 1.1
110 + 5
108 + 3

69-74
76-77
68-77

Ayan (1963)
Ataman (1972)
Kalkanci (1974)
Goncuoglu (1986)
Goncuoglu (1986)
Goncuoglu (1986)
Goncuoglu (1986)
Goncuoglu (1986)
Giindogduefa7. (1988)
Zeck & Unlii (1987)
Giile? (1994)

Erkan & Ataman (1981)
Goncuoglu (1986)
Alpaslan et al (1996)

studies are: Erkan (1976, 1977, 1978, 1981);
Seymen (1984); Tolluoglu (1987); and Tolluoglu
& Erkan (1989). These studies conclude that the
protolith comprised Palaeozoic sedimentary
units, sometimes intercalated with basic igneous
rocks before metamorphism. Metamorphic
units have been identified, in stratigraphic
order, as the Kalkanhdag Formation, the Kar-
gasekmez Quartzite Member, the Naldokendag
Formation and the Bozgaldag Formation; these
are considered to be part of the Kirs,ehir Block
(KB) (Goriir et al 1984; Poisson 1986) and the
Central Anatolian Crystalline Complex
(CACC) (Goncuoglu et al 1991). Most of these
studies identify a decrease in metamorphic
grade from north to south in Central Anatolia.
They also suggest two different metamorphic
episodes: the first is a progressive regional
dynamothermal deformation stage, ranging
from greenschist to amphibolite fades, and the
second is a retrograde cataclastic process related
to uplift.

Widespread magmatic intrusive associations
are emplaced into the metamorphic rocks of the
CACC, the pre-Maastrichtian Central Anato-
lian Ophiolite (Yalimz et al 1996) and other
units of Cretaceous-Early Tertiary age. They
are unconformably covered by Eocene or
younger sedimentary units in Central Anatolia
(Fig. 1). Hence, these plutons are considered to
have been emplaced in a time interval between
the Late Cretaceous (Maastrichtian) and the
Eocene.

Radiometric age determinations on some of
these plutons and crustal metamorphic rocks in

Central Anatolia, by various authors, are sum-
marized in Table 1. On the basis of existing
literature, the Central Anatolian intrusive rocks
may be subdivided into pre-orogenic to syn-
orogenic to post-orogenic suites, comprising:
(1) some gabbroic rocks and oceanic plagiogra-
nites (Goncuoglu & Tiireli 1993; Yalimz et al
1996); (2) S-type or CSx-type, syncollisional,
peraluminous, two-mica granites (the Ugkapih
Pluton - Goncuoglu 1986; the Yiicebaca Pluton
- Alpaslan & Boztug 1997; the Sanhacih Leuco-
granite - Ekici & Boztug 1997); (3) calc-
alkaline, alumino-cafemic to cafemic, collision-
related plutons displaying I-type and S-type
features (the Cefahkdag Pluton; Geven 1995);
(4) an I-type or HLcrtype, high-K calc-alkaline,
typically K-feldspar megacrystalline post-
collisional monzonitic association in the
composite Yozgat Batholith (Tatar & Boztug
1998); (5) A-type, post-collisional silica-over-
saturated alkaline, syenitic-monzonitic and
monzogabbroic-monzodioritic plutons (includ-
ing the Hasancelebi Pluton - Yilmaz et al 1993;
the Kosedag Pluton-Boztug et al 1994; the
Karac.ayir Pluton-Boztug et al 1996; the Dum-
luca, Murmana and Karakeban Plutons-Boztug
et al 1997; the Davulalan Pluton - Alpaslan &
Boztug 1997; the Idi^dag Syenite-Goncuoglu et
al 1997; the Baranadag quartz Monzonite, and
the Hamit and Qamsari quartz Syenites - Otlu
& Boztug 1998) and silica-undersaturated alka-
line plutons [including some parts of the Kar-
agayir and Davulalan Plutons, and the Egrialan
Syenite - Boztug 1998; the Hayriye nepheline
Syenite (Kayseri-Felahiye) - Ozkan & Erkan
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Fig. 2. Total alkali v. silica diagram [dividing line has been taken from Rickwood (1989)], AFM ternary diagram
(Irvine & Baragar 1971) and Al2O3/(Na2O + K2O) v. Al2C>3/(CaO + Na2O + K2O) diagram (Maniar & Piccoli
1989) of the S-type and I-type intrusive associations.
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Fig. 3. Major (Batchelor & Bowden 1985) and trace element geotectonic discrimination (Pearce et al 1984)
diagrams for the S-type and I-type intrusive associations.
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1994; the Durmu^lu nepheline-nosean-mela-
nite Syenite porphyry and the Baymdir nephel-
ine cancrinite Syenite - Otlu & Boztug 1998];
and (6) post-collisional mafic gabbroic/dioritic
plutons (the Yildizdag Pluton, Yildizeli-Sivas
region; Boztug et al 1998).

S-type intrusive association

The Yucebaca and Sanhacih Leucogranites
typically represent S-type mineralogy and geo-
chemistry (Alpaslan & Boztug 1997; Ekici &
Boztug 1997) among the Central Anatolian
collision-related intrusive associations. The
Yucebaca Pluton is exposed within medium- to
high-grade metasediments of the CACC in the
Yildizeli district of the Sivas region (Alpaslan &
Boztug 1997). The Sanhacih Leucogranite con-
stitutes part of the composite Yozgat Batholith
in Central Anatolia (Ekici & Boztug 1997; Tatar
& Boztug 1998). There is no stratigraphic or
radiometric evidence for the ages of these
leucogranites, although they are assumed to be
the oldest granitic rocks in Central Anatolia by
various authors (Erler & Bayhan 1995; Erler &
Goncuoglu 1996; Ekici & Boztug 1997; Boztug
1998). Both plutons consist of pinkish-grey
aphanitic-granular leucogranites composed of
quartz, orthoclase, albite-oligoclase and small
amounts of biotite and muscovite. These rocks
are also called two-mica leucogranites on the
basis of their mineralogical composition (Alpa-
slan & Boztug 1997; Ekici & Boztug 1997).
Major element chemical data (Table 2) show
an apparent peraluminous, calc-alkaline (Fig. 2)
aluminium saturation index (ASI) value
[equivalent to molecular Al2O3/(Na2O + K2O +
CaO); see White & Chappell (1988)] > 1.1 and
normative corundum. These are characteristics
of S-type granites as described by Chappell &
White (1974, 1992) and White & Chappell
(1988). These types of granites are also called
CsT-type, an abbreviation of crustal shearing
and thrusting determined by Barbarin (1990),
and are attributed to shearing associated with
thrusting during the crustal thickening process.
The genetic classification of Barbarin (1990)
seems to accord with the S-type classification of
the Australian (Chappell and White) school
(Chappell & White 1974,1992; White & Chap-
pell 1988; Chappell 1984, 1996) who propose
that supracrustal-derived granitic melts are gen-
erated by ultrametamorphism during crustal
thickening. The R1-R2 geotectonic classifi-
cation diagram, based on major element data
described by Batchelor & Bowden (1985) and
trace elements (Pearce et al. 1984), shows a
syncollisional crustal origin for the Yucebaca

and Sanhacili Leucogranites in Central Ana-
tolia (Fig. 3). Such an origin is also supplied in
the mid-ocean ridge basalt (MORB)-normal-
ized spider diagram which shows a considerable
enrichment in the contents of Rb, Ba and K, and
a depletion in Ti (Fig. 4). On the other hand, Sr
shows an enrichment in the Yucebaca Pluton
and a depletion in the Sanhacih Pluton, which
could be related to secondary removal resulting
from feldspar alteration or to low-temperature
feldspar fractionation. The latter interpretation
is more consistent with the observation that the
Sanhacih Leucogranite contains more Rb, Ba
and K than the Yucebaca Pluton , which could
reflect low-temperature feldspar fractionation
(Bonin 1987; Chappell 1996).

I-type intrusive association

This association constitutes part of the com-
posite Yozgat Batholith in Central Anatolia
(Fig. 1). It is composed of five mappable sub-
units called the Cankih Monzodiorite, the
Akgakoyunlu Quartz Monzodiorite, the Ada-
tepe quartz Monzonite, the Yassiagil Monzo-
granite and the Karakaya Monzogranite (Tatar
& Boztug 1998). The most distinct feature of
these subunits is that they all, except for the
Karakaya Monzogranite, contain large K-feld-
spar megacrysts, visible even in hand specimens,
and augite, hornblende and biotite as the major
mafic. They represent the metaluminous and
calc-alkaline trends of subalkaline composition
(Fig. 2) with ASI values < 1.1 and include
normative diopside.

These mineralogical and chemical features
are considered to be evidence of I-type (Chap-
pell & White 1974, 1992; Chappell & Stephens
1988) or HLO-type (hybrid-late erogenic type;
Barbarin 1990) intrusive rocks. Some detailed
studies suggest that all these subunits were
solidified from a single magma derived by both
mixing and mingling types of interaction be-
tween coeval underplating mafic magma and
crustal-derived felsic magma (Boztug 1998;
Tatar & Boztug 1998). Some solidification pro-
cesses, like fractional crystallization (FC) and
assimilation fractional crystallization (AFC),
are proposed during solidification of this hybrid
magma source to yield different subunits show-
ing a well-preserved reverse zoning in the com-
posite Yozgat Batholith (Tatar & Boztug 1998).
The FC process is clearly observed in the rock/
MORB spider diagram, indicating that the first
cooling product is the Cankih Monzodiorite and
the last one is the Karakaya Monzogranite (Fig.
4). Such derivation from both mantle and crustal
source materials for the I-type or HLO-type



Table 2. Averages and standard deviations of the whole-rock major (wt%) and trace element (ppm) chemical compositions of the collision-related Central Anatolian S-I-
A-type magmatic associations

Pluton*

Yb

Sh

Cn

Ak

Ad

Ya

Ka

Dcf

Dem

Mmf

Mmm

Kkf

Kkm

Rock type1"

S/lcgr

S/lcgr

I/md

I/qmd

I/qmz

I/mzgr

I/mzgr

A/qmz

A/mgo

A/qmz

A/nmgo

A/mz

A/sy

A/qs

A/nmgo

n*

6

3

2

7

19

27

7

8

8

8

3

2

3

6

3

Si02

70.79
(1.86)
74.49
(0.32)
53.85
(0.35)
57.31
(1.57)
64.01
(2.58)
64.83
(2.03)
67.89
(0.74)
65.83
(1.10)
52.28
(1.88)
65.00
(2.11)
46.90
(2.99)
63.58
(0751\V. IJ)

62.17
(0.64)
67.69
(1.58)
49.10
(3 84i^j.ot;

A1203

16.56
(0.56)
14.97
(0.21)
17.10
(0)

16.34
(0.72)
15.51
(0.57)
15.90
(0.57)
15.44
(0.34)
17.18
(0.45)
16.35
(1.36)
16.86
(0.55)
17.08
(1.41)
17.42
(0391\\j.jyj
17.40
(0.09)
16.21
(0.82)
17.60
(0971\v.y i )

Ti02

0.24
(0.13)
0.03

(0.01)
0.95

(0.07)
0.79
(0.1)
0.53
(0.1)
0.53

(0.06)
0.48

(0.03)
0.44

(0.13)
1.49

(0.69)
0.49

(0.17)
1.70

(1.40)
0.59

(3 031\3.\J3)

0.60
(0.07)
0.33

(0.07)
2.00

(0 i^\\\>.±jj

Fe203t
§

1.31
(0.81)
0.47

(0.14)
7.75

(0.78)
7.30

(0.53)
4.79

(1.29)
4.28

(0.48)
3.18

(0.17)
3.26

(0.45)
7.70

(1.14)
3.36

(0.79)
7.30

(3.82)
4.10

(0061(U.UV)

5.16
(0.09)
3.29

(0.43)
10.89
d 301\±.j\j}

MnO

0.01
(0.02)
0.02

(0.02)
0.10
(0)
0.13

(0.04)
0.09

(0.02)
0.09

(0.01)
0.05

(0.01)
0.05

(0.02)
0.12

(0.01)
0.04

(0.02)
0.37

(0.43)
0.07

f0911\\j.£i)
0.10

(0.02)
0.05

(0.01)
0.15

(0041W-u^/

MgO

0.33
(0.22)
0.55

(0.02)
3.30

(0.28)
3.08

(0.29)
1.98

(0.46)
1.82

(0.24)
1.44

(0.11)
0.92

(0.25)
6.15

(1.80)
1.64

(0.55)
6.60

(0.78)
0.73

(0911\u.yi)
0.75

(0.47)
0.60

(0.08)
3.87

d 621^-L.UZ,;

CaO

1.56
(0.68)
0.50

(0.17)
8.60

(0.14)
6.81

(0.95)
4.24

(1.04)
4.13

(0.56)
3.22

(0.29)
1.99

(0.34)
8.60

(1.06)
2.84

(0.51)
13.59
(3.83)
2.04

(C\ ^<\\y-j-j)
1.54

(0.49)
1.05

(0.12)
5.34

d 371\^"-" J

Na20

3.88
(0.25)
4.02

(0.29)
3.00

(0.14)
2.87

(0.24)
2.76

(0.14)
2.81

(0.26)
2.70

(0.06)
5.02

(0.38)
3.47

(0.80)
4.58

(0.21)
3.18

(1.12)
5.87

(0761W- ' "/
5.94

(0.36)
4.84

(0.20)
5.52

(0471Vy.t / )

K20

5.70
(0.62)
4.75

(0.23)
2.80

(0.28)
3.60

(0.29)
4.44

(0.74)
4.42

(0.28)
4.65

(0.13)
5.04

(0.33)
2.70

(0.53)
4.69

(0.32)
2.10

(0.96)
4.54

(0081W-uo/
5.68

(0.08)
5.87

(0.31)
2.74

(0761W- ' u/

P205

0.07
(0.04)
0.01

(0.01)
0.45

(0.07)
0.32

(0.05)
0.19

(0.04)
0.19

(0.04)
0.14

(0.02)
0.16

(0.05)
0.30

(0.10)
0.21

(0.05)
0.46

(0.40)
0.19

(0091\\J.\J£)

0.12
(0.05)
0.11

(0.03)
0.58

(0021^u.vz,;

LOI^

0.64
(0.36)
0.48

(0.42)
0.75

(0.07)
0.76

(0.34)
0.68

(0.29)
0.70

(0.41)
0.65

(0.20)
0.74

(0.26)
1.71

(0.70)
0.72

(0.14)
2.52

(0.42)
0.69

(n 111\\J.LL)

0.95
(0.48)
0.63

(0.24)
2.20

(1 801VJ--OU/

Total

101.34
(0.83)
100.30
(0.46)
98.65
(0.07)
99.30
(0.86)
99.22
(0.95)
99.67
(0.94)
99.82
(1.12)
100.63
(0.66)
100.85
(0.44)
100.44
(0.61)
101.70
(0.31)
99.81
(0111vV'11/
100.42
(1.05)
100.65
(0.82)
99.98
(0 551\y.jj)

Co

na

82
(6)
27
(2)
25
(2)
16
(5)
14
(1)
11
(1)
11
(1)
24
(3)
11
(3)
23

(U)
na

17
(1)
10
(1)
na

Cu

na

12
(1)
16
(4)
19

(U)
9

(7)
9

(3)
8

(1)
7

(2)
53

(28)
5

(2)
267

(426)
na

3
(2)
3

(1)
na

Pb

na

54
(H)
24
(3)
32
(5)
47

(12)
47
(8)
44
(7)
23

(11)
11
(2)
13
(4)
14
(3)
na

20
(7)
22
(3)
na

Zn

na

36
(12)
107
(2)
100
(3)
86

(10)
84
(5)
76
(1)
61
(8)
72
(5)
51
(8)
63

(17)
na

95
(12)
74
(9)
na

Rb

229
(55)
511
(36)
70
(6)
100
(12)
156
(37)
155
(14)
187
(7)
172
(22)
71

(18)
159
(23)
78

(42)
na

179
(20)
213
(35)
na

Ba Sr

1135 799
(268) (171)

nd 22
(10)

1137 888
(445) (32)
1202 707
(203) (204)
1025 602
(280) (113)
1117 682
(166) (90)
964 603
(71) (39)
643 211
(88) (28)
437 396
(76) (92)
959 306

(140) (40)
723 488

(574) (147)
na na

685 118
(501) (44)
385 92

(192) (30)
na na

Nb

16
(5)
24
(6)
13
(1)
14
(3)
19
(5)
16
(2)
16
(2)
51
(5)
33
(9)
24
(3)
32

(29)
na

81
(14)
65

(24)
na

Zr

258
(69)
65

(12)
218
(13)
220
(31)
229
(21)
230
(16)
236
(10)
280
(39)
141
(52)
216
(27)
140
(35)
na

265
(58)
363
(59)
na

Y

39
(7)
15

(11)
18
(0)
24
(4)
32
(5)
31
(2)
33
(1)
39
(5)
20
(4)
33
(2)
21
(9)
na

47
(7)
50
(8)
na

Th

na

28
(5)
14

(10)
14
(5)
27

(17)
23

(14)
22

(16)
24

(15)
16

(14)
12
(4)
16
(7)
na

12
(4)
17
(5)
na

Ga

na

17
(1)
20
(2)
18
(1)
19
(1)
19
(2)
20
(1)
22
(1)
na
-
na
-
14
(1)
na

24
(1)
24
(1)
na
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Pluton*

Kd

He

Kc

Dv

Eg

Br

Hm

Rock type1

A/sy

A/qs

A/mz

A/qmz

A/sy

A/qs

A/sy

A/qmz

A/qs

A/sy

A/sy

A/qmz

A/qs

A/qmz

A/qs

n*

40

30

2

7

2

4

13

2

2

9

2

9

6

6

9

Si02

60.18
(2.10)
62.72
(2.26)
56.57
(1.51)
60.11
(2.57)
64.36
(1.18)
65.48
(1.78)
61.77
(2.06)
69.53
(0.15)
67.21
(1.21)
61.40
(1.31)
60.70
(2.33)
63.04
(1.43)
63.82
(1.21)
61.48
(0.93)
64.34
(1.61)

A12O3 TiO2 Fe2O3t
§ MnO MgO CaO Na2O K2O P2O5 LOI11

17.47 0.62 4.75 0.11 2.03 3.04 4.37 5.83 0.29 1.08
(0.52) (0.07) (0.93) (0.03) (0.72) (0.67) (0.40) (0.54) (0.07) (1.04)
17.22 0.54 3.85 0.10 1.60 2.12 4.42 6.18 0.21 0.87
(0.38) (0.07) (0.73) (0.03) (0.76) (0.57) (0.29 (0.52) (0.06) (0.49)
17.37 0.73 6.33 0.12 2.76 4.85 3.92 4.61 0.40 1.02
(0.74) (0.00) (0.20) (0.01) (0.13) (1.31) (0.02) (0.58) (0.06) (0.26)
17.19 0.61 4.98 0.11 2.35 3.29 4.26 5.12 0.29 1.71
(0.58) (0.10) (0.92) (0.02) (0.64) (0.60) (0.48) (0.27) (0.07) (1.83)
17.68 0.71 0.70 0.06 0.48 1.66 4.79 7.19 0.03 1.71
(0.91) (0.00) (0.17) (0.02) (0.55) (1.20) (0.43) (0.22) (0.00) (1.39)
15.89 0.54 1.07 0.14 0.29 1.67 4.19 6.86 0.11 2.20
(0.72) (0.09) (0.19) (0.19) (0.18) (1.23) (0.64) (0.88) (0.06) (1.02)
19.80 0.14 1.21 0.06 0.12 0.49 4.58 8.62 0.04 1.81
(1.52) (0.09) (0.88) (0.04) (0.08) (0.24) (1.48) (1.83) (0.02) (0.62)
17.78 0.11 0.82 0.01 0.28 1.83 5.22 4.92 0.03 0.86
(1.24) (0.01) (0.85) (0.01) (0.01) (0.40) (0.34) (0.37) (0.00) (0.26)
17.15 0.26 1.63 0.02 0.19 1.06 5.33 6.51 0.05 0.96
(0.22) (0.11) (0.10) (0.02) (0.27) (0.76) (0.25) (0.33) (0.05) (0.42)
19.06 0.44 3.20 0.10 0.98 2.90 4.77 6.64 0.23 0.73
(0.55) (0.10) (0.96) (0.04) (0.28) (1.30) (0.36) (0.59) (0.23) (0.50)
18.93 0.39 3.74 0.09 1.17 3.84 3.48 7.48 0.19 0.55
(0.33) (0.05) (1.07) (0.01) (0.40) (0.76) (0.55) (0.30) (0.08) (0.08)
18.03 0.42 3.94 0.11 1.73 3.81 3.80 5.05 0.18 0.53
(0.06) (0.04) (0.28) (0.01) (0.23) (0.54) (0.15) (0.20) (0.03) (0.12)
17.97 0.40 3.63 0.10 1.51 3.33 3.82 6.12 0.19 0.47
(0.39) (0.03) (0.25) (0.01) (0.24) (0.32) (0.34) (1.05) (0.01) (0.24)
18.22 0.45 4.33 0.09 1.69 4.24 3.47 4.86 0.17 1.03
(0.45) (0.05) (0.47) (0.01) (0.27) (0.33) (0.17) (0.27) (0.02) (0.44)
18.00 0.34 3.13 0.08 1.26 2.88 4.05 6.02 0.16 0.59
(0.31) (0.08) (0.88) (0.02) (0.35) (0.81) (0.41) (0.49) (0.06) (0.22)

Total

99.78
(1.15)
99.82
(1.36)
98.66
(0.16)
100.00
(1.04)
99.34
(0.90)
98.66
(0.49
98.62
(0.50)
101.37
(0.05)
100.35
(0.81)
100.46
(1.26)
100.52
(0.61)
100.63
(0.59)
100.85
(0.24)
100.03
(1.12)
100.84
(0.45)

Co

37
(22)
57

(31)
47
(2)
35

(24)
22
(8)
23

(14)
19
(5)
100
(3)
80

(20)
10
(3)
13
(4)
13
(1)
12
(1)
15
(1)
10
(3)

Cu

76
(42)
55
(9)
95

(31)
78

(25)
32
(4)
30
(1)
32
(6)
31
(2)
29
(2)
8

(3)
12
(4)
10
(3)
15
(6)
11
(3)
9

(3)

Pb

36
(26)
38

(10)
30
(2)
31
(6)
29
(2)
30
(1)
43

(21)
31
(3)
35
(3)
93

(26)
38
(2)
29

(16)
39

(13)
54

(30)
53

(15)

Zn

100
(51)
94

(18)
89
(2)
94

(12)
64
(4)
69
(4)
83

(21)
64
(2)
73
(5)
103
(13)
98
(6)
93
(1)
91
(2)
78
(6)
81
(7)

Rb

168
(42)
222
(43)
119
(47)
155
(13)
95

(17)
123
(5)
182
(39)
164
(13)
350
(24)
226
(48)
206
(14)
155
(17)
202
(32)
137
(16)
249
(57)

Ba

714
(196)
547

(147)
111
(26)
658

(117)
2804

(1133)
1225
(137)
1622

Sr

515
(162)
355

(133)
781
(72)
54

(57)
376

(143)
92

(49)
1356

(1163) (1188)
1409
(114)
497
(48)
1089
(381)
858

(468)
1062
(195)
1091
(250)
2283
(250)
923

(473)

1351
(234)
294

(103)
842

(367)
1111
(154)
558
(94)
653
(93)
741
(42)
615

(200)

Nb

21
(8)
28
(7)
23
(2)
18
(6)
60

(14)
72

(25)
49

(22)
24

(12)
40
(1)
36

(14)
32
(6)
18
(1)
23
(3)
16
(6)
24
(8)

Zr

244
(78)
380

(159)
208
(14)
234
(31)
510

(200)
484

(306)
546

(388)
335

(101)
270

(181)
524

(205)
265
(58)
234
(7)
276
(31)
256
(8)
294
(46)

Y

46
(15)
59

(15)
39
(6)
39
(6)
47
(3)
59

(12)
44
(8)
26
(2)
58
(2)
46
(8)
41
(0)
34
(3)
41
(5)
27
(2)
46
(9)

Th

16
(10)
26

(10)
14
(7)
13
(4)
31
(9)
47

(15)
78

(43)
63

(28)
82
(9)
40

(25)
24

(11)
31

(18)
31

(15)
25

(13)
65

(42)

Ga

na
-
na
-
na
-
na
-
78
(2)
68
(8)
na
-
5

(3)
48
(8)
na
-
18
(0)
19
(1)
19
(2)
19
(1)
20
(1)



Table 2. Continued

Pluton*

Cs

Ds

By

Rock typef

A/qs

A/mzgr

A/nmsp

A/sy

A/ncs

n*

5

2

6

3

7

Si02

67.27
(1.60)
69.99
(0.08)
57.19
(0.57)
63.93
(0.49)
62.12
(1.91)

A1203

18.24
(0.54)
16.61
(0.11)
20.72
(0.36)
19.70
(0.18)
20.15
(0.70)

TiO2

0.18
(0.08)
0.11

(0.04)
0.29

(0.05)
0.22

(0.03)
0.21

(0.12)

Fe203t
§

1.54
(0.56)
1.10

(0.11)
2.78

(0.47)
1.77

(0.15)
2.06

(0.96)

MnO

0.03
(0.03)
0.03
(0)

0.09
(0.01)
0.04

(0.04)
0.07

(0.03)

MgO

0.47
(0.09)
0.47

(0.04)
0.64

(0.08)
0.37

(0.05)
0.51

(0.20)

CaO

1.12
(0.56)
0.96

(0.29)
3.21

(0.82)
1.10

(0.37)
1.55

(0.68)

Na2O

5.06
(0.30)
4.78

(0.04)
5.79

(0.55)
5.56

(0.64)
6.14

(0.97)

K20

6.20
(0.21)
5.07

(0.17)
8.54

(0.27)
7.37

(1.32)
7.25

(0.93)

P205

0.06
(0.02)
0.04

(0.01)
0.09

(0.02)
0.05
(0)
0.06

(0.05)

LOI11

0.69
(0.23)
0.81

(0.44)
1.66

(0.27)
0.62

(0.16)
0.87

(0.32)

Total

100.86
(0.27)
99.96
(0.09)
101.01
(0.36)
100.74
(0.34)
101.06
(0.46)

Co

4
(2)
3

(0)
9

(1)
5

(1)
6

(3)

Cu

6
(1)
6

(2)
11
(2)
5

(2)
11

(10)

Pb

84
(21)
59

(16)
117
(23)
67
(7)
97

(28)

Zn

68
(9)
58
(2)
109
(9)
78
(3)
92
(8)

Rb

384
(45)
375

(141)
267
(40)
305
(10)
294
(74)

Ba

290
(163)
309

(299)
1436
(612)
256

(137)
651

(767)

Sr

235
(89)
191

(130)
1154
(269)
226
(82)
369

(379)

Nb

48
(15)
28

(12)
42

(11)
46
(2)
49
(9)

Zr

440
(140)
217
(7)
473
(45)
523

(353)
430

(236)

Y

66
(3)
59

(21)
46
(4)
54
(1)
48

(10)

Th

94
(32)
61
(7)
40

(17)
111
(47)
96

(84)

Ga

23
(1)
21
(3)
19
(1)
23
(2)
22
(4)

The plutons are as follows: Yb, Yiicebaca; Sh, Sanhacih; Cn, Cankili; Ak, Akcakoyunlu; Ad, Adatepe; Ya, Yassiagil; Ka, Karakaya; Dcf, Dumluca felsic; Dem, Dumluca mafic; Mmf, Murmana felsic; Mmm,
Murmana mafic; Kkf, Karakeban felsic; Kkm, Karakeban mafic; Kd, Kosedag; H?, Hasan?elebi; Kc, Kara^ayir; Dv, Davulalan; Eg, Egrialan; Br, Baranadag; Hm, Hamit; Cs, Camsan; D§, Durmus,lu; By,
Bayindir. fThe Rock types are as follows: (S/, I/, and A/ before the abbreviation of rock type represent S-type, I-type and A-type associations, respectively; qmz, quartz monzonite; mzgr, monzogranite;
mgo, monzogabbro/monzodiorite; nmgo, nepheline monzogabbro/monzodiorite; mz, monzonite; sy, syenite; qs, quartz syenite; nmsp, nepheline-nosean-melanite syenite porphyry; ncs, nepheline-
cancrinite syenite. J Number of analysed rock samples. § Total iron as ferric oxide, f Loss on ignition.

The numbers given in parentheses below each value correspond to the standard deviation; na, not analysed.



Fig. 4. MORB-normalized spider diagrams of the S-, I- and A-type intrusive associations.
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Fig. 5. Total alkali v. silica diagram of the A-type intrusive association [dividing line has been taken from
Rickwood (1989)].

intrusive association in Central Anatolia seems
to be a relevant signature of an arc-related
origin in the geotectonic classification of this
association (Fig. 3). As pointed out by Pearce et
al (1984) and Harris et al (1986), the arc-related
geochemical appearance of most post-col-
lisional calc-alkaline granitoids is sourced in the
magmatic melt from which these rocks were
derived by partial melting in a post-collisional
crustal thickening environment. These rock
types are known to be particularly located
around the triple-junction area of the VAG,
syn-COLG and WPG granite types of Pearce et
al. (1984), and are identified from trace element
geotectonic discrimination diagrams as shown in
Fig. 3.

A-type intrusive association
The most widespread plutonic units in the col-
lision-related Central Anatolian intrusive suite
are of alkaline composition (Fig. 1). This associ-
ation comprises: (1) the silica-oversaturated
alkaline and (2) the silica-undersaturated alka-
line subgroups, on the basis of both mineralogi-
cal and chemical compositions (Otlu & Boztug
1998; Boztug 1998). The latter is observed to
intrude the former in the field. The common
mineralogical-chemical feature of these sub-
groups is an alkaline trend in the total alkalis v.
silica diagram (Fig. 5), and they include alkaline

mafic minerals such as aegirine, arfvedsonite-
riebekite and hastingsite amphibole. On the
other hand, the silica-oversaturated ones
always contain free quartz whilst the silica
undersaturated ones generally contain nephel-
ine, and rarely nosean and cancrinite, in the
modal mineralogical compositions (Ozkan &
Erkan 1994; Boztug et al 1996; Goncuoglu et
al 1997; Otlu & Boztug 1998; Boztug 1998). All
these mineralogical and chemical characteristics
identify an A-type intrusive association within
the collision-related central Anatolian pluton-
ism.

The silica-oversaturated alkaline subgroup is
the most abundant one in the A-type intrusive
association in Central Anatolia. It includes the
Divrigi region plutons (Dumluca, Murmana and
Karakeban), and the Kosedag, Hasancelebi,
Karagayir, Davulalan, Egrialan and Kaman
region plutons (Baranadag, Hamit and £amsan)
(Fig. 1). The silica-undersaturated alkaline sub-
group is represented by the Durmus,lu nosean-
nepheline-melanite Syenite porphyry and the
Baymdir nepheline-cancrinite Syenite in the
Kaman region (Otlu & Boztug 1998), the
Idi^dag Pluton (Goncuoglu et al 1997) and the
Hayriye Nepheline Syenite (Ozkan & Erkan
1994).

Detailed geology and petrology of these units
is described by Yilmaz et al (1993) for Hasange-
lebi; Boztug et al (1994) for Kosedag; Boztug
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Fig. 6. Major (Batchelor & Bowden 1985) and trace element geotectonic discrimination (Pearce et al 1984)
diagrams for the A-type intrusive association.
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et al (1996) for Karagayir; Alpaslan & Boztug
(1997) for Davulalan; Boztug et al (1997) for
Divrigi region plutons; and Otlu & Boztug
(1998) for the Kaman region plutons. The
major rock types of the silica-oversaturated
alkaline plutons are monzonite, syenite and
their quartz-normative variants. The mineral-
ogical reflection of silica-oversaturated alkaline
chemistry is usually represented by the presence
of free quartz, which makes it possible to classify
these rocks in the trace element geotectonic
discrimination diagrams of Pearce et al (1984).
These rocks always include K-feldspar and
plagioclase as felsic constituents. The mafic
minerals are basically hastingsitic or kaersutitic
amphiboles, aegirine-augite and biotites. This
subgroup clearly identifies 'late erogenic' and
'WPG' settings on the Batchelor & Bowden
(1985) and Pearce et al (1984) diagrams, re-
spectively (Fig. 6). The alkaline composition
and geodynamic setting suggest that these
rocks can be classified as 'post-collisional group
IV magmatism' (Harris et al 1986). The
Durmus.lu nosean-nepheline-melanite syenite
porphyry and Baymdir nepheline-cancrinite
syenite units from the silica-undersaturated
alkaline subgroup show a highly alkaline miner-
alogy and chemistry (Otlu & Boztug 1998).

The Dumluca Pluton is enriched in the most
incompatible elements and yields a negative Ba
anomaly. Ba readily substitutes for K in feld-
spar, hornblende and biotite (Wilson 1989). A
negative Ba anomaly in the Dumluca, Murmana
and Karakeban Plutons can be related to high
temperature feldspar fractionation rather than
that of hornblende and biotite, i.e. some highly
alkaline rocks such as syenites and feldspathoi-
dal syenites could have been crystallized from
the same magma. The Kosedag Batholith
records a negative Ba anomaly, which can be
related to feldspar fractionation in Fig. 4, similar
to those of the Divrigi region plutons. There are
also some wide variations in the contents of Th,
Nb and Sr, among which Th is remarkably high.
The behaviour of Sr (Fig. 4) reflects feldspar
crystallization at low temperatures. On the
other hand, the behaviour of Th, Nb and Y may
also indicate a fractionation or crustal contami-
nation, or low-degree partial melting of the
source material (Wilson 1989). Depletions in
Rb and K in the Hasan^elebi Pluton (Fig. 4) is
consistent with alteration by albitization.
Yilmaz et al (1993) have already noted the
existence of deuteric alteration such as scapoli-
tization, albitization and carbonatization in this
pluton. However, the high contents of Th, Nb,
Zr and Y may be interpreted to show a high
degree of magma fractionation or a low degree

of partial melting of source material during
magma genesis. The main trend of the MORB-
normalized trace element spider diagram of the
Karac.ayir Pluton resembles that of the Hasan-
gelebi Pluton in Fig. 4. As for the Th enrich-
ment, Schuiling (1961) has already observed
euhedral thorianite (ThO2) among the acces-
sory minerals in the Karac.ayir Pluton. The
MORB-normalized trace element distribution
diagram of the Davulalan Pluton is more re-
stricted than those of the Karac.ayir and Hasan-
9elebi Plutons, which also contain a negligible
nepheline and are associated with fluorite
mineralization. However, there are some dis-
tinctive features in Fig. 4, such as the Rb and K
contents displaying a sharper positive anomaly
than that of Th. The MORB-normalized trace
element spider diagram (Fig. 4) indicates that
Ba, Sr and Ti contents of the £amsan Quartz
Syenite are lower whilst the contents of Rb, Th,
Nb, Zr and Y are higher than those in the
Baranadag and Hamit subunits. This can be
considered as evidence for fractionation from
the Baranadag through Hamit to the £amsan
Units in the Kaman region plutonic complex.
A similar relationship is also encountered in
the Durmu^lu and Baymdir subunits (Fig. 4).

Geodynamic significance of
synchronism of metamorphism and
magmatism

Radiometric dates determined by various
authors in different parts of Central Anatolia
(Table 1) reveal that the metamorphism and
magmatism occurred together in the Late Cre-
taceous, producing the metamorphic-magmatic
rock assemblage in Central Anatolia. The
regional geological setting of Central Anatolia
and surroundings (Fig. 1), and the local geologi-
cal features of the mapped areas, reveal that this
could result from the collision between the
Anatolide and the Pontide basements following
consumption of the northern branch of the
Neotethyan oceanic crust along the tzmir-
Ankara-Erzincan Suture Zone. The crustal
metasediments of the CACC could have been
affected by inverted metamorphism (Le Fort
1986; Burg et al 1994), resulting from the
Anatolide-Pontide collision at the northern
margin of the Anatolide-Tauride segment. This
was the passive margin of the Anatolide-
Pontide collisional system (Fig. 7). This new
interpretation of the geodynamic evolution of
Central Anatolia is also supported by the fol-
lowing observations: (1) initial rock composi-
tions of the crustal metasediments in Central



454 D. BOZTUG

Fig. 7. Suggested geodynamic evolutionary model for the Central Anatolian collision-related plutonism.

Anatolia resemble those of Palaeozoic rocks in
the Taurides, and most of the data from meta-
morphic petrology indicate a decrease in meta-
morphic grade from north (from main collision
zone) to south (towards the Taurides); (2) the
southerly situation of the fossiliferous Palaeo-
zoic units in the Taurides (Ozgiil 1976) is sup-
plementary evidence for the geodynamic
interpretation outlined above.

Collision-related intrusives within this crys-
talline body may have been emplaced into the
passive margin of the Anatolides by various
magmatic pulses such as: (1) an S-type (or CST-
type), syncollisional per aluminous episode; (2)
an I-type (or HLO-type), post-collisional high-K
calc-alkaline hybrid episode; and (3) an A-type,
post-collisional within-plate alkaline episode
(Fig. 7). A syncollisional, S (or Csx)-type,
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peraluminous and two-mica leucogranitic
association (the Ortakoy Pluton - Gonctioglu
1986; the Yticebaca Pluton - Alpaslan & Boztug
1997; the Sanhacili Leucogranite - Ekici &
Boztug 1997) is thought to be formed from
minimum melt composition anatectic melts
derived from supracrustal material during ultra-
metamorphism induced by the juxtaposition
(syncollision) of the Anatolides and Pontides
(Fig. 7). The I-type (or HLO-type), post-col-
lisional, metaluminous, high-K calc-alkaline,
typically K-feldspar megacrystalic monzonitic
association, is considered to have been derived
from a hybrid magma formed by the magma
mixing-mingling processes between mantle-
derived underplating mafic magma and crustal-
derived felsic magma. Mantle-derived under-
plating mafic magma can be derived from the
adiabatic decompressional melting of upwelling
upper-mantle material following crustal thick-
ening (Fig. 7). After crustal thickening, uplift of
the basement during core complex development
(Whitney & Dilek 1997,1998) may cause litho-
spheric attenuation which makes possible the
adiabatic decompressional melting of upper-
mantle material to yield A-type, within-plate
alkaline magma. Such a melting of upper-
mantle material could produce rocks of the: (1)
high-K and silica-oversaturated alkaline, K-
feldspar megacrystic monzonitic and syenitic
subgroup; and (2) silica-undersaturated alkaline
feldspathoid-sodalite syenite porphyry sub-
group. The subgroup produced depends upon
processes such as H2O activity in the magma
chamber, which can modify the composition of
any primary magma (Bonin 1987, 1988, 1990),
or upon different primary magmas derived from
mantle sources by different types and degrees of
partial melting under water-poor conditions
(Wilson 1989; Rollinson 1993).

Conclusions

The Central Anatolian crystalline region, com-
prising metasediments, ophiolitic slabs and
numerous intrusives, has been called the Kirs,e-
hir Massif, the Kirs,ehir Block or the Central
Anatolian Crystalline Complex. Consideration
of major and trace element chemistry, and
timing of magmatic activity, suggest that meta-
morphism in Central Anatolia may have been
generated by an inverted metamorphism
induced by the Anatolide-Pontide collision.
This interpretation is supported by the apparent
synchronism of metamorphism and magmatism
in the Late Cretaceous, and is reflected in a
decrease of metamorphic grade from north (i.e.
from the main suture zone) to south (i.e.

towards the Taurides). However, the collision-
related intrusives within the crystalline complex
record some differences in geological setting,
mineralogical-chemical composition and associ-
ated ore deposition. They can be classified, from
oldest to youngest, as; (1) a syncollisional, S (or
CSx)-type, peraluminous and two-mica leuco-
granitic association; (2) a post-collisional, I (or
HLO)-type, metaluminous, high-K calc-alkaline,
typically K-feldspar megacrystalline, hybrid
monzonitic association; (3) an A-type, post-
collisional and within-plate alkaline association
comprising: (a) a high-K and silica-over-
saturated alkaline, K-feldspar megacrystalline
monzonitic and syenitic subgroup and (b) a
silica-undersaturated alkaline feldspathoid-
sodalite syenite porphyry subgroup.

Published data on metamorphism and mag-
matism in the CACC suggest that both the
metamorphism and the magmatism seem to be
related to the Anatolide-Pontide collision along
the Izmir-Ankara-Erzincan Suture Zone in the
Late Cretaceous. The metamorphism is inter-
preted to have been formed by inverted meta-
morphism during collision at the passive margin
of the Anatolide Plate. High-medium-grade
crustal metasediments of the CACC are thought
to have been formed from the northernmost tip
of the Anatolide-Tauride segment along the
tzmir-Ankara-Erzincan Suture Zone due to
the Anatolide-Pontide collision. This accounts
for the decrease of metamorphic grade from
north (i.e. from the main collision zone) to
south (i.e. towards the Taurides). Subsequent
magmatism may have been reinitiated at the
passive margin of the Anatolides by various
magmatic episodes, which included a syncolli-
sional peraluminous pulse, a post-collisional
calc-alkaline hybrid pulse and a post-collisional
within-plate alkaline pulse.

This paper was written at the Department of Geologi-
cal Engineering of Cumhuriyet University in Sivas.
For the financial and logistic support, thanks are due
to Cumhuriyet University (University Research Fund,
Department of Geological Engineering). P. Kennan
and S. Mittwede constructively criticized the prelimi-
nary manuscript; the author is indebted to these
referees for their helpful comments and substantial
improvements.
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Abstract: Potassium-argon dating indicates two episodes of basaltic magmatism in south-
eastern Turkey at c. 19-15 and c. 2.3-0.6 Ma. Each produced olivine-titanaugite basalts,
whose chemical compositions are difficult to classify using any conventional model in both
the Anatolian continental fragment and the Arabian Platform. It is proposed here that both
episodes of volcanism, and the associated crustal thickening and surface uplift, result from
heating of the mantle lithosphere by crustal thickening caused by inflow of plastic lower
crust from adjoining regions. Thus, although this study region has remained in a plate
boundary zone for tens of millions of years, its volcanism has no direct relationship to local
plate motions. It is suggested instead that both episodes of volcanism are the result of
loading effects caused by glacial to interglacial sea-level variations, which will cause net
flow of lower crust from beneath the offshore shelf to beneath the land: the moderate
glaciations of Antarctica which began in the Early-Middle Miocene, and the more intense
lowland glaciations of the northern hemisphere which began around c. 2.5 Ma.

Eastern Turkey contains the modern bound-
aries between the Turkish (TR), Arabian
(AR), African (AF) and Eurasian (EU) Plates,
which comprise segmented strike-slip fault
zones that approximate transform faults (e.g.
Westaway 1994; Westaway & Arger 1996) and
take up convergence between Arabia and
Eurasia by allowing the Turkish Plate to move
westward away from this convergent zone (Fig.
la). Before c. 5 Ma, the Turkish Plate was part
of Eurasia and this convergence was instead
taken up directly in the AR-EU boundary zone
(Fig. Ib-d).

A pilot investigation of the Neogene and
Quaternary volcanism associated with this plate
convergence in southeastern Turkey has been
carried out, where few sites have previously
been isotopically dated. The first aim of this
paper is to summarize this region's tectonic
evolution to indicate the significance of particu-
lar ranges of dates; the procedures for K-Ar
dating and geochemical analysis are then de-
scribed, and the implications of the results
obtained for the development of volcanism in
this region discussed.

Regional geology of eastern Turkey
The complex Mesozoic evolution of the region
studied here involved the interaction of several
ocean basins and continental fragments, includ-
ing the Anatolian fragment which now forms

much of eastern Turkey. However, the timing
and geometry of these plate motions remain
uncertain, many incompatible schemes having
been proposed (e.g. §engor 1979; Ozkaya 1982;
Michard et al 1984; Dercourt et al. 1986; Dewey
et al. 1986; Robertson et al. 1991; Robinson et al.
1995).

Until the Dead Sea Fault Zone (DSFZ)
formed in Miocene time (e.g. Garfunkel 1981),
Arabia was part of the African Plate. At
c. 92 Ma, the AF-EU motion had adjusted
from east-southeast to northeast in the vicinity
of Anatolia (e.g. Dewey et al. 1986), requiring
convergence for the first time. The oldest evi-
dence of northward subduction of the Neotethys
Ocean between Arabia and Anatolia, the calc-
alkaline volcanism in eastern Turkey dated at
c. 87 Ma by Michard et al. (1984), is consistent
with this timing. Closure of the Neotethys
involved northward subduction until c. 65-
70 Ma, when the Kizildag ophiolite in southern-
most Turkey and its equivalents further east
were obducted onto Arabia (e.g. Y. Yilmaz et
al. 1993). Subduction later resumed and took up
the AF-EU motion until c. 40 Ma (e.g. Y.
Yilmaz et al. 1993), when shortening of their
continental crust began.

Oligo-Miocene plate convergence caused
widespread reverse faulting in eastern Turkey
(e.g. Temiz et al. 1993; Y. Yilmaz et al. 1993);
and shortening continues east of the modern
AR-EU-TR triple junction at Karhova. Much

From: BOZKURT, E., WINCHESTER, J. A. & PIPER, J. D. A. (eds) Tectonics and Magmatism in Turkey and the
Surrounding Area. Geological Society, London, Special Publications, 173, 459-487. l-86239-064-9/00/$15.00
© The Geological Society of London 2000.
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Fig. 1. (a) Location map showing fault zones active during 5-3 Ma (dashed) and since 3 Ma (solid), and locations
1-3 of the three field areas. Fine dot ornament marks major pull-apart basins; chevron ornament on both sides of
a strike-slip fault marks stepovers, the ornament being solid if the stepover is transpressional and open if
transtensional. Other chevron ornament marks the subduction zone west of Cyprus. A, Arapkir; D, Diyarbakir;
E, Elazig; G, Gaziantep; K, Kahraman Maras,; M, Malatya; T, Toprakkale. (b)-(d) Summary maps illustrating
the evolution of the plate boundary zone in eastern Turkey; from Westaway & Arger (1996, fig. 1). MOFZ is the
Malatya-Ovacik Fault Zone.

of the Anatolian fragment was below sea level
in Eocene time (e.g. Brinkmann 1976, p. 63) but
it emerged during the Oligocene, when evapor-
itic sedimentation was widespread, before
becoming submerged again in Early Miocene
time (e.g. Gokcen & Kelling 1985). Lower
Miocene marine sediment is now found at
1200-2000 m altitudes near Malatya and Elazig
(Fig. 2) (e.g. Baykal & Erentoz 1961). By
Middle Miocene time, lacustrine conditions
existed in much of eastern Anatolia (e.g. Leo et
al 1974; Asutay 1988). The adjacent Arabian
Platform remained marine until Middle

Miocene time (e.g. Rigo di Righi & Cortesini
1964; Tolun & Pamir 1975; Lovelock 1984;
Karig & Kozlu 1990), although evidently not
deeply submerged, given the widespread ero-
sion (presumed to be at wave base) and the
coastal sedimentary facies such as reefs. This
area has since uplifted to typical altitudes of
500-900 m.

The modern TR-EU and TR-AR boundaries
follow the North Anatolian and East Anatolian
Fault Zones (NAFZ and EAFZ, respectively),
which approximate transform faults (Westaway
1994) (Fig. la). Evidence of active shortening
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Table 1. Locations of sampling sites

Locality Samples Position Latitude Longitude

Elazig area
Arapkir
Ortiilu
Cipkoy

Kahraman Mara$ area
Fevzipas,a
Qmarli
Kopriiagzi
Pazarcik

tskenderun Gulf area
Toprakkale 1
Toprakkale 2
Toprakkale 3
Gates of Issos
Sanmazi Beach
Kurtpmar

A, A3, A4
E3,E5
E1,E2

F2
Kl
T
X

T1,T2
T3,T4
T5,T6,T7
T8
T9
K

DD 544 206
DD 628 065
EC 072 822

BB 903 078
CB 314 476
CB 244 364
CB 417 467

BB 456 040
BB 454 043
BB 453 049
BB 490 019
BA 364 923
YF 623 912

39°02'N
38°54'N
38°41'N

37°06'N
37°27'N
37°21'N
37°27N

37°03'N
37°03'N
37°04'N
37°01'N
36°56'N
36°56'N

38°28'E
38°34'E
39°05'E

36°39'E
37°05'E
37°01'E
37°12'E

36°09'E
36°08'E
36°08'E
36°09'E
36°02'E
35°57E

Positions, precise to 100 m, relate to the Universal Transverse Mercator grid.

west of the Karhova Triple Junction, reported
for instance by Karig & Kozlu (1990) and
Taymaz et al. (1991), is confined to localities
where active left-lateral faulting steps to the
right, where shortening is required to satisfy
geometrical constraints (West away 1995).
These localities are linked by transform faults
which are subparallel to the TR-AR motion.
Westaway & Arger (1996) proposed a kinematic
model in which this present geometry of major
faulting became active around c. 3 Ma (Fig. Ib).
They suggested that, between c. 5 and 3 Ma, the
relative motion between the Turkish and
Arabian Plates was taken up north of the
EAFZ, which did not yet exist, on the Malatya-
Ovacik Fault Zone (MOFZ) (Fig. Ic). Other
studies have inferred similar ages of the present
phase of faulting in eastern Turkey using other
local evidence. For instance, §aroglu (1988)
estimated the age of the easternmost NAFZ as
c. 2.5 Ma, whereas the age of the EAFZ has
been estimated as Late Pliocene (i.e. c. 2-3 Ma,
§aroglu et al. 19926; c. 2 Ma, Trifonov et al.
1994; and 1.8 Ma, Yiiriir & Chorowicz 1998).

Field areas and sampling sites

Due to reported effects of alteration affecting
volcanic rocks in some localities (e.g. Leo et al.
1974; S. Yilmaz et al. 1993), samples were widely
taken in the fieldwork. The study region was
divided into three areas, around Elazig,
Kahraman Mara§ and tskenderun Gulf (Figs
la, 2-4; Table 1). Previous isotopic dating at
localities near this study's sampling sites are also
summarized and all K-Ar dates published

before 1977 are recalculated [using the decay
constants from Steiger & Jager (1977)].

The Elazig area

This area of the former Anatolian continental
fragment (Fig. 2) has experienced widespread
and prolonged volcanism. Past studies indicate
Late Cretaceous and Middle Miocene volcan-
ism, plus a younger phase that has been var-
iously reported as Late Miocene, Pliocene or
Quaternary (see below).

The Yamadag area experienced basaltic and
andesitic volcanism in Late Cretaceous time
(the Bahcedam volcanic series, 78-67 Ma; Leo
et al. 1974), and in Middle Miocene time (the
Yamadag Series). Leo et al. (1974) determined
K-Ar dates for the Yamadag Series at localities
1-3 in Fig. 2 of 19.2 ± 0.5,17.2 ± 0.5 and 14.5 +
0.4 Ma, respectively, where eruptions occurred
in a palaeolake. The rocks studied were: horn-
blende-augite-biotite andesite with chlorite-
carbonate alteration (1); olivine basalt with
calcic plagioclase feldspar and titanaugite (2);
and hornblende dacite (3). Ota & Dinsel (1975)
described their petrology, reporting the typical
plagioclase content of the olivine-pyroxene
basalts as bytownite close to labradorite (i.e.
c. 70-75% anorthite). S. Yilmaz et al. (1993)
analysed the geochemistry of these rocks at
localities 4 and 5.

A contiguous outcrop of volcanic rocks per-
sists eastward from Yamadag for c. 40 km to
Arapkir (Fig. 2); immediately west of Arapkir it
is known as the Goldag Suite. Further east, the
facies of volcanic rocks interbedded with
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Fig. 2. Map of the Elazig field area. Tick marks bound volcanic outcrops; line with open chevrons marks the
Neotethys Suture; thick lines with bold arrows mark strands of the EAFZ (active); thick lines with dashed arrows
mark strands of the MOFZ. Numbered localities are discussed in the text, 7-10 marking this study's sampling
sites and Sanver's (1968) site at Gumus.baglar. Fine dotted lines are roads providing access to the sampling sites.
Triangles mark volcanic necks near these sites, from Tonbul (1987) and these investigations, and summits of
other large volcanoes with altitudes in metres. Dot ornament marks the Pliocene Malatya Basin. Other
information is from Altmli & Erentoz (1961) and Baykal & Erentoz (1961).

lacustrine sediment (typically marl and lime-
stone) is called the Karabakir Formation (e.g.
Bingol 1984). It is usually regarded as Late
Miocene from its stratigraphic position above
Lower Miocene marine sediments (e.g. Asutay
1988) and by deduction from geomorphological
evidence. For instance, Tonbul (1987) corre-
lated the shoreline terrace of the Karabakir
palaeolake with the 'D2' erosion surface identi-
fied elsewhere in eastern Turkey by Erol (1982),
which is inferred to have a Late Miocene age.

Bingol (1984) assigned all volcanism from
Arapkir to Kirklar (Fig. 2) to this Karabakir
Formation. However, the evidence from
Yamadag indicates that lacustrine conditions
already existed in the Middle Miocene. Further-
more, Sanver (1968) showed that samples of the
'Karabakir' volcanics near Elazig (Fig. 2,10) are
normally magnetized and inferred their age as
Brunhes (< 0.8 Ma). Innocenti et al. (1982)
concluded that the Yamadag volcanics are

Early-Middle Miocene, Inle and Karaoglan are
Middle-Late Miocene, and the Kirklar and
Gokdere volcanics are Late Miocene and Plio-
Quaternary. However, sheets of the new series
of geological maps (e.g. Asutay 1988) and other
recent studies such as Kerey & Turkmen (1991)
retain the 'official' Late Miocene age for the
'Karabakir' Formation volcanics in the vicinity
of Elazig. The lack of consensus concerning
their age is none the less evident, with a poten-
tial age range for volcanism associated with
lacustrine sedimentation in this area spanning
from Middle Miocene to Quaternary.

Three samples (A, A3 and A4) were collected
near Arapkir (Fig. 2.7). This site is c. 1.5 km
southeast of the nearest strand of the MOFZ
(the Arapkir-Dogan^ehir Fault) that runs
southeast of the Goldag Volcano, and was thus
on the Arabian side of this fault when it was
active. The sampled flows have previously been
assumed to have come from Goldag and to be
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Fig. 3. Map of the Kahraman Mara§ field area. Most notation is the same as in Fig. 2. Solid lines with bold arrows
mark the most important active strike-slip faults, which are regarded as having been active since c. 3 Ma. Open
chevrons along the Kartal Fault indicate that it is the internal fault within a stepover and not a transform fault
[using Westaway's (1995) terminology]. Thick dashed lines without arrows are left-lateral faults that are
regarded as having been active during 5-3 Ma, including the splay at Doluca that appears to have marked the
junction of the main strands of the AF-TR and AF-AR boundaries, analogous to the modern splay near
Golba^i. The 16 km offset of this older left-lateral faulting between Doluca and Turkoglu matches the 16 km
offset of an outcrop of ophiolite north of Narh (double arrows), indicating the amount of slip on the Duzici and
G61ba§i-Turkoglu Faults since the modern fault geometry became active. Volcanic outcrop and neck positions
are from Lyberis et al, (1992). Sample X came from a small outcrop in the Aksu River Valley west of Pazarcik,
not from the much larger area of basalt which caps the Zavrak Hills to the southeast.

Late Miocene because they interbed with
'Karabakir' lacustrine sediments and cover an
erosion surface that has been regarded as
Middle Miocene (Tonbul, pers. comm.). How-
ever, if > 20 km of left-lateral slip on the
Arapkir-Dogansehir Fault is restored, they
instead become juxtaposed with the southern-
most part of the Yamadag volcanics near Argu-
van (Fig. 2).

Samples E3 and E5 were collected from a
c. 10 x 10 km outcrop of 'Karabakir' For-
mation volcanics that overlie the lacustrine
sediment near the Ortulii Pass (Fig. 2.8). This
olivine basalt presumably flowed from a vol-
canic neck, Karakez, c. 2 km west of the site. At
£ipkoy (Fig. 2.9), two c. 3 m thick flows of
olivine basalt are exposed. Sample El was from
the lower flow and E2 from the darker upper
flow. This site is 12 km west-southwest of
Gumus^baglar where Sanver (1968) inferred a

Brunhes age of the basalt. According to map-
ping by Tonbul (1987), lava from necks west of
Gumu^baglar flowed southwest towards
Cipkoy, then down the Altinku^ak River Gorge
forming the northward 'tongue' of basalt out-
crop in Fig. 2.

The Kahraman Mara$ area
The second field area is in the Arabian Platform
south of Kahraman Mar as (Fig. 3). Most of this
area remained below sea level until the Middle
Miocene (e.g. Rigo di Righi & Cortesini 1964;
Lovelock 1984; Karig & Kozlu 1990), and now
marks the triple junction between the left-
lateral faults bounding the Turkish, Arabian
and African Plates. Muehlberger & Gordon
(1987), Peringek & Qemen (1990), Lyberis et al
(1992), §aroglu et al. (19925), Westaway (1994),
Westaway & Arger (1996) and Yiiriir &
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Table 2. K-Ar dating ofKarasu Valley basalts by fapan et al. (1987)

No.

12

15

18

22

17

08

31

53

[K] [40Ar]
(wt%) (wt%)

1.05

0.873

1.02

1.14

1.18

1.30

1.03

0.723

2.6 x

2.8 x

4.2 x

6.2 x

io-9

io-9

io-9

io-9

9 x IO-9

1.06 x

1.24 x

1.03 x

io-8

io-8

io-8

C
(%)

97.6

96.9

95.1

94.1

94.5

84.4

86.4

90.4

Age
(Ma)

0.35

0.45

0.60

0.78

1.10

1.17

1.73

2.10

±

±

+

+

±

±

+

±

0.15

0.15

0.10

0.10

0.20

0.17

0.10

0.20

Locality

Sulumagara

Alagozbanisi

Sarkh

Yalankoz

Sogut

Fevzipa^a

Ceylanh

Korogha Geri

Classification

a)
Alkali olivine
basalt
Alkali olivine
basalt
Quartz
tholeiite
Olivine
tholeiite
Quartz
tholeiite
Olivine
tholeiite
Alkali basalt

Olivine
tholeiite

(2)

Subalkaline
basalt
Subalkaline
basalt
Tholeiitic
basalt
Tholeiitic
basalt
Tholeiitic
basalt
Tholeiitic
basalt
Subalkaline
basalt
Tholeiitic
basalt

(3)

Alkali basalt
(22/36)
Alkali basalt
(23/34)
Tholeiite
(23/13)
Not resolved
(28/28)
Tholeiite
(22/10)
Alkali basalt
(25/33)
Alkali basalt
(22/36)
Not
determined

Data are from table 1 of Qapan et al. (1987). Calculations assume decay constants and percentage abundance of
40K from Steiger & Jager (1977). [K] The percentage composition of potassium, by weight; [40Ar], the
percentage composition of radiogenic 40Ar, by weight. Classifications are: (1) from Qapan et al. (1987); (2)
this study, using the Le Bas et al. (1986) scheme; (3) this study using the Floyd & Winchester (1975) criterion
of the Y/Nb ratio (with Y and Nb concentrations listed in ppm.) [This table is provided here because the
£apan et al. (1987) article is inaccessible.]

Chorowicz (1998) have all presented their opi-
nions on the detailed geometry of this junction.

The abundant young volcanism of this area
has been regarded as Quaternary (e.g. Tolun &
Pamir 1975), and Qapan et al (1987) obtained
eight Plio-Quaternary K-Ar dates for sites in
the Karasu Valley between Fevzipa§a and
Kmkhan (Fig. 5; Table 2). This locality is
dominated by the north-south trending
Amanos Mountains, whose eastern escarpment
rises from the c. 500 m level of the valley floor
to > 2200 m (Figs 3 and 5). Many previous
studies have regarded this escarpment as
bounded by an active left-lateral fault called
the Amanos Fault, although there is no struc-
tural or geomorphological evidence for signifi-
cant active strike-slip on it, nor any evidence of
local historical seismicity (Westaway 1994).
Instead, firstly, Westaway & Arger (1996) sug-
gested that this fault has a minimal slip rate at
present. Second, kinematic consistency between
adjoining major strike-slip fault segments
requires no significant slip on it since the present
geometry of the EAFZ became active. Third,
basalt flows that straddle this fault, dated at
c. 1 Ma (£apan et al. 1987) (Sogiit, c. 1.18 Ma;
and §arkh, c. 1.02 Ma; Table 2; Fig. 5) are offset
by no more than a few hundred metres [see

§aroglu et al (19926, Fig. 24)]. For instance, the
left-lateral offset of the Sogiit flow has been
measured as 325 m (Rojay et al 1998). Using
the Qapan et al (1987) age for this flow, the
time-averaged slip rate on this fault has since
been c. 0.3 mm a"1. As this is much smaller than
the c. 1 mm a"1 relative velocity of the African
and Arabian Plates (from Westaway 1994), the
conclusion by Westaway & Arger (1996) that
this fault does not have a significant role in the
present-day regional kinematics appears sound.

Specimens from the Karasu Valley were not
dated in this study. Firstly, because it appeared
unnecessary to duplicate the work of Qapan et
al (1987) when many flows in adjoining areas
have not been dated. Secondly, the specimen
collected for geochemical analysis (F2, from
Fevzipas,a; Fig. 4) displayed some evidence of
alteration, possibly due to the widespread
hydrothermal activity in this region (e.g.
Tezcan 1979). Such alteration can cause
anomalously young K-Ar dates by damaging
the host crystal lattice and thus releasing radio-
genic argon (e.g. Dalrymple & Lanphere 1969,
p. 198).

Heimann et al (1998) and Rojay et al (1998)
have carried out independent K-Ar dating of
Karasu Valley basalts. Their dates range from
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1.57 ± 0.08 to 0.05 ± 0.03 Ma, and are 0.08 ±
0.06 and c. 0.19 Ma for the Sogiit and §arkh
flows, respectively, making both the overall age
span and the ages of individual flows system-
atically younger than the results of Qapan et al.
(1987). Heimann et al. (1998) and Rojay et al
(1998) neither reported the checks they made
for alteration of specimens nor quoted their
proportions of atmospheric argon. In a speci-
men containing c. 1% potassium with a true
age of < 100 ka, the measured argon content is
> 99% non-radiogenic. The calculated radio-
genic argon content thus depends critically on:
(1) the ratios of argon isotopes assumed to be
present in the atmosphere, which fluctuates;
and (2) the concentration and isotope ratio in
the mainly 38Ar 'spike' which was mixed with
the specimen. These parameters were not
quoted by £apan et al. (1987) either but, as
they concluded that substantial proportions of
radiogenic argon were present (Table 2), their
precise values are not so critical. Treating these
new K-Ar dating results as valid ages would
require a slip rate of c. 4 mm a on the
Amanos Fault, a substantial proportion of the
AF-AR Plate motion. This would require
major localized deformation around Tiirkoglu
(Fig. 3), where this fault intersects the AF-TR
Plate boundary, where none is observed (West-
away & Arger 1996). It would also require the
slip rate on the Golbasi-Turkogru Fault, east of
Tiirkoglu, to be c. 4 mm a"1 greater than the
slip rate on the Duzic.i Fault and its in-line
continuations further west (Fig. 3), whereas the
available field evidence indicates that these slip
rates are equal (West a way & Arger 1996). It is
also noted here, that if the same rock yields two
K-Ar dates, one systematically younger than
the other, it is customary to reject the younger
date as a result of alteration, escape of radio-
genic argon, or other possible causes con-
sidered by Dalrymple & Lanphere (1969, pp.
198-200).

£apan et al. (1987) noted substantial composi-
tional variations in the Karasu Valley basalts
(Fig. 5; Table 2). The largest flow, at Yalankoz,
was reported as olivine tholeiite, with pheno-
crysts of olivine, diopside and calcic plagioclase
(typically 50-60% anorthite; i.e. labradorite),
but some smaller flows are either more or less
mafic, being classified as alkali olivine basalts
and quartz tholeiites, respectively (Table 2).

Quaternary basalt flows persist for c. 300 km
eastward to Karacahdag, a 1957 m high basaltic
shield volcano which covers c. 10 000 km2 of
the Arabian Platform. Sanver (1968) reported
dates of 1.5 ± 0.1 and 1.0 + 0.1 Ma from its
eastern flank, and Pearce et al. (1990) dated

basalts from its northern margin at 0.9 ± 0.3
and 0.8 ± 0.9 Ma. According to Ota & Dincel
(1975) and Pearce et al. (1990), these basalts
typically contain phenocrysts of olivine, titanau-
gite and labradorite. Apart from Karacahdag,
the largest volcanic centres in this study area
cover c. 1000 km2 (Fig. 3) in the Zavrak and
Giilbahar Hills (Tolun & Erentoz 1962). Necks
and flows in the Zavrak area straddle the
Kirkpinar Fault (Fig. 3), the northernmost seg-
ment of the AF-AR Plate boundary according
to Westaway & Arger (1996). However, samples
were not taken from this area, because to obtain
a representative number of samples would have
been beyond the resources available: instead,
smaller areas of volcanism were concentrated
on.

As well as this Quaternary volcanism, Karig
& Kozlu (1990) reported basaltic volcanism
around Kahraman Maras, associated with the
lower part of the Kalecik sedimentary for-
mation, of Late Burdigalian-Langhian (c. 17-
15 Ma) age. They regarded this volcanism as
marking regional uplift of the land surface
through sea level. Further south, this basalt
covers clastic marine sediments of the Selmo
Formation, which are also Burdigalian (e.g.
Terlemez et al. 1997). Yoldemir (1987) reported
a K-Ar date of 12.1 + 0.4 Ma for this volcanism
from a site near Narh (Fig. 3). Terlemez et al.
(1997) assumed that all the volcanism in the
Kahraman Mara^-Gaziantep area is Miocene,
including the Zavrak Hills which were pre-
viously thought to be Pleistocene (e.g. Tolun &
Pamir 1975). Without quantitative age control,
the best indication of a Pleistocene age for the
Zavrak volcanism is that these flat-lying basalt
flows rest unconformably on an erosion surface
in folded Miocene marine sediments [see, for
example, Terlemez et al. (1997)]. None the less,
as the regional deformation sense was different
in the Miocene compared with the present day
(Fig. 1), one might well anticipate that these two
episodes of volcanism should be chemically
distinct, thus providing a method of age control
which would avoid the need to date every flow.

Sampling site Kl is at Qmarli, near the
western end of a c. 5 km long and c. 1 km wide
flow mapped by Tolun & Erentoz (1962), which
came from a neck c. 3.5 km east of this study
site (Lyberis et al. 1992). Site X was north of
Narh in the floor of the Aksu River Valley.
Sample T was collected at Kopriiagzi, c. 4 km
northeast of another neck mapped by Lyberis et
al. (1992). These flows are all depicted in detail
by Terlemez et al. (1997). Sample F2 came from
a c. 60 km2 flow from a neck situated c. 1 km
east of Fevzipa^a (Fig. 5).
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Fig. 4. Map of the Iskenderun Gulf field area. Most notation is the same as in Fig. 2. Lines with double ticks are
railways; dot ornament indicates the young alluvium in the Upper Cilician (£ukurova) Basin, and in the
Osmaniye and Dortyol areas. Thick line with paired arrows between Narlik, Sanmazi, Toprakkale, Mamure
Station and Diizi9i is the Karatas-Osmaniye Fault and its northeastward continuation. Numbers 1-3 inside boxes
are Toprakkale sites 1-3; smaller markers numbered 1-14 are sampling sites for geochemical analyses by Bilgin
& Ercan (1981). Dashed line west of Tecirli is a former course of the Ceyhan River. Map uses Harita Genel
Miidurlugu 1:200 000 sheets G9-Kozan [Sis], G10-Mara§ and H9-Adana as a base, plus information from Tolun
& Erentoz (1962), Bilgin & Ercan (1981), Gokcen et al (1988), Karig & Kozlu (1990) and Lyberis et al (1992).
Inconsistencies between these sources are resolved using field observations from this study.

The Iskenderun Gulf area

The final field area of this study was beside the
S60°W trending Karatas^-Osmaniye Fault
(KOF) (§aroglu et al. 19920) that forms the
modern TR-AF Plate boundary to the north of
Iskenderun Gulf. Basalt flows locally cover a
c. 60 + 10 km area (Fig. 4), oriented at c. 20° to
the KOF but subparallel to the Neotethys suture
that passes offshore beneath the gulf (e.g. Karig
& Kozlu 1990). Bilgin & Ercan (1981) described
these rocks as typically c. 45-55% plagioclase

(mainly labradorite) and c. 10-20% olivine, plus
titanaugite. Their chemistry has been investi-
gated further by Yurtmen et al. (2000).

The Armenian castle of Toprakkale, at the
point where this suture crosses the KOF, is built
of local basalt on a neck that rises to c. 160 m
altitude, c. 100 m above the surrounding valley
floors. Gottwald's (1940) archaeological report
was the first study to interpret this neck, which
has lost its natural shape due to quarrying and
construction work. It now also adjoins a
complex road and rail junction, where other
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excavations have made it impossible to deter-
mine the continuity of flows. About 2 km south
of this site, a c. 400 m wide and c. 80 m deep dry
valley, the Gates of Issos, leads south towards
Iskenderun Gulf (Fig. 4). It is incised into
Miocene sediments, its surroundings being
capped by basalt.

Sample T8 came from the flow capping the
eastern escarpment of the Gates of Issos. Tl and
T2 were collected c. 1.8 km further north, from
a c. 3 m thick exposure of basalt east of a road
junction (Fig. 4.1). T2 is more vesicular and was
judged to indicate the top of an older flow
beneath Tl. The road surface is locally c. 8 m
above a c. 2006 m wide plain where samples T3
and T4 were collected (Fig. 4.2). T5-T7 came
from the north face of the Toprakkale neck, c. 5
m below the outer castle wall (Fig. 4.3). T5 and
T6 are coarse-grained olivine basalt; T7 is a fine-
grained, ropy vesicular basalt from c. 1 m
higher. Within the castle, it was noted that thin
conglomerate sheets interbedded between
flows, suggesting that some time gap was
involved between eruptions and that eruption
occurred at the level of a surrounding river or
lake.

Sample T9 came from near the southern limit
of flows from the Hama Tepe Neck. This basalt
surface is flush with the surrounding beach
deposits, now c. 15 m above sea level, indicating
that after eruption it formed part of a wave-cut
platform. The landward margin of this platform
is evident further inland at c. 40 m altitude. The
flow which yielded sample K at Kurtpmar is
presumed to have originated from Hayith Tepe
Neck, c. 2.5 km to the south, rather than the
more distant Arnavut Tepe Neck (Fig. 4).

The KOF passes adjacent to the Toprakkale
Neck on its northwest side and can be followed
southwest towards Karata§ (e.g. McKenzie
1976; §aroglu et al. 19920). Published maps
show basalt northwest of the KOF for c. 8 km
distance, starting c. 4 km southwest of the
northeast edge of the basalt at Toprakkale (or
3 km southwest of the Toprakkale Neck) (e.g.
Bilgin & Ercan 1981; Gokcen et al. 1988). As no
neck has been identified northwest of the KOF
at this point, this basalt is presumed to be from
Toprakkale. This offset indicates c. 11-12 km of
slip on the KOF since this neck became active
with c. 3-4 km of slip since its activity ceased
(Westaway & Arger 1996).

Experimental work
About 500 g of material was collected at each
site, for both K-Ar dating and geochemical
analyses.

Isotopic dating

Potassium-argon dating at the Department of
Physics, University of Newcastle upon Tyne,
used the procedure of Wilkinson et aL (1986).
In K-Ar dating it is important to preclude the
possibility of significant alteration, as an altered
sample is unlikely to have remained a closed
system. This was accomplished by checking
surfaces of samples (both external surfaces in
the field and internal surfaces of vesicles in the
laboratory) for evidence of alteration, and by
petrological examinations which revealed no
evidence of altered mineral grains. To anticipate
results, two groups of ages were found: Early
Miocene (19-15 Ma) and Plio-Quaternary (2.3-
0.6 Ma), both sets of samples being petrologi-
cally equivalent. The main practical difficulty in
dating the Plio-Quaternary group is the small
amount of radiogenic argon present, due to the
young age and the low potassium content.
Mitchell & Westaway (1999) have discussed at
some length how measurement errors factor into
uncertainties in the radiogenic argon content
and age for specimens of similar age and com-
position; these points are thus not repeated here.
The Miocene samples contain more radiogenic
argon but because they are older their potential
for having become weathered is greater.

Sample T7, which was vesicular, was rejected
after secondary mineralization (zeolites?) was
found within it. E3, E5 and F2 were also rejected
after other evidence of alteration was noted. Of
21 samples, 16 were subjected to K-Ar study.
Three (T3, T5 and T9) yielded no detectable
radiogenic 40Ar. Sample A4 was not dated
because A and A3 had already given concordant
dates. Thus, 13 K-Ar dates were obtained
(Table 3).

Except at Toprakkale, where some flows have
evidently been buried then exhumed (see
below), and other sites associated with palaeo-
rivers or -lakes, all samples have apparently
remained subaerial since extrusion. The Elazig
and Kahraman Mara§ areas are arid, with, e.g.,
only 334 mm of annual rainfall at Malatya (e.g.
lonides 1937, p. 31) and 341 mm at Aleppo
(Taha et al 1981). The Iskenderun Gulf area is
wetter, with 625 mm of rainfall at Adana (Taha
et al 1981). Similar arid climates also typified
southeast Turkey during Mio-Pliocene time
(e.g. Brinkmann 1976, pp. 74-78) and are con-
ducive to low rates of subaerial weathering. The
rejected samples derive instead from volcanism
associated with palaeorivers or -lakes, and were
evidently immersed in water for substantial
lengths of time. The freshness in outcrop of the
Miocene samples here may indeed explain why
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Table 3. Potassium-argon dating

Sample identification [K20]
(wt%)

Elazigarea
El
E2
A
A3

3525
3519
3516
3517

1.61 + 0.02
2.70 ± 0.05
1.30 + 0.04
0.99 + 0.02

Kahraman Mara§ area
Kl
X
T

3536
3520
3515

1.29 ± 0.01
1.20 ± 0.02
0.88 + 0.01

Iskenderun Gulf area
Tl
K
T8
T6
T2
T4

3524
3526
3518
3513
3512
3521

1.47 ± 0.01
1.56 ± 0.02

0.674 ± 0.015
0.691 + 0.008
0.675 + 0.001

1.43 + 0.04

[40Arl
(mn/g l)

7.66 + 0.48 x 10~5

1.63 ± 0.05 x 1Q-4

6.41 + 0.07 x 1Q-4

5.09 ± 0.06 x 10-4

6.92 ± 0.10 x 1(T*
6.67 ± 0.08 x 10"4

5.32 ± 0.08 x 10̂

2.88 ± 0.45 x 10~5

3.17 + 0.43 x 10~5

2.60 + 0.50 x 1Q-5

3.11 + 0.38 x 10~5

3.71 + 0.54 x 10-5

1.04 + 0.36 x 10-4

C
(%)

87.5
70.0
46.7
42.8

69.3
53.0
69.3

95.5
96.7
96.7
92.4
91.9
98.7

Age
(Ma)

1.47 + 0.09
1.87 + 0.07
15.2 + 0.5
15.9 ± 0.4

16.5 ± 0.3
17.1 + 0.4
18.6 ± 0.4

0.61 ± 0.10
0.63 + 0.09
1.20 + 0.23
1.39 + 0.17
1.70 + 0.25
2.25 + 0.78

The sample identifier columns list the field number followed by the Newcastle laboratory number. [K2O], The
percentage composition of K2O, by weight, from three analyses; [40Ar], the concentration of radiogenic 40Ar
from two analyses; C, the higher of two atmospheric contamination values. All margins of uncertainty are
+ SD. Calculations assume decay constants and abundance of 40K from Steiger & Jager (1977).

they have been misinterpreted as younger in the
past (see below).

Geochemical analyses

Geochemical analyses were carried out at the
Department of Geology and Geophysics, Uni-
versity of Edinburgh. Approximately 50 g of
each specimen - free of veins, amygdales,
inclusions and other evidence of alteration -
was selected for crushing and grinding. Glass
discs for major element analysis were prepared,
using c. 1 g of powder, as described by Fitton &
Dunlop (1985). For trace element analysis,
c. 6 g of powder was mixed with a PVA binding
agent, backed by boric acid powder, and com-
pressed using a hydraulic press to form a 40 mm
diameter pellet. Ten major elements (Table 4)
and 17 trace elements (Table 5) were measured
using Philips PW1450 and PW1480 X-ray fluor-
escence spectrometers calibrated using US Geo-
logical Survey and other standard samples.
Rocks were thus classified by major element
geochemistry (Table 4).

Results

Dating

In the Elazig area, samples A and A3 from
Arapkir have concordant ages whose mean is

15.5 Ma, and thus fall within the c. 15-19 Ma
age span of the Yamadag volcanics (Leo et al.
1974), which predates the slip on the MOFZ.
This age supports the deduction that this site has
been juxtaposed against the Goldag Volcano by
this left-lateral slip. The Qipkoy site yielded
ages of 1.47 ± 0.09 Ma for sample El and 1.87
± 0.07 Ma for E2. As E2 overlies El, these
formal uncertainties indicate some perturbation
of the K-Ar system in one or both samples.
Thus, a definite 'age' cannot be assigned to this
volcanism, but these dates do demonstrate that
the Late Miocene age usually quoted for this
'Karabakir' Formation can no longer be ac-
cepted. The normal magnetic polarity identified
by Sanver (1968) may thus indicate the Olduvai
event within the Matuyama chron [age 1.79-
1.95 Ma according to Hilgen (1991)], not the
Brunhes as Sanver (1968) thought. If so, sample
E2 yielded a valid date and El is perturbed.

In the Kahraman Maras, area, Qapan et al.
(1987) constrained the Karasu Valley volcanism
as c. 2.1-0.4 Ma (Table 2). Although no Plio-
Quaternary dates were obtained in this study,
sample F2 was undoubtedly Quaternary given
the 1.2 Ma date for £apan et fl/.'s (1987) sample
08 from the same flow (Fig. 5). Sites Kl (£marh)
X (Pazarcik), and T (Kopriiagzi) instead gave
dates of 16-19 Ma, the mean of both concordant
ages being 16.8 Ma. They evidently belong to
the Miocene volcanic event reported by Karig &



Table 4. Major element analyses

Sample SiO2

Elazigarea
A 56.35
A3 54.46
A4 51.73
E3 47.65
E5 47.60
El 46.19

E2 46.41

A1203

16.98
17.36
17.72
16.25
16.33
16.57

16.24

Fe203

7.06
7.48
9.07

10.33
10.11
10.33

10.00

MgO

4.40
5.36
4.51
7.85
7.51
6.89

6.84

CaO

7.37
7.54
8.64
8.98
9.24
9.26

8.79

Na20

3.91
3.86
4.13
3.07
3.11
3.88

3.95

K20

1.40
1.08
0.80
0.54
0.55
1.58

2.83

Ti02

1.035
1.075
1.457
1.376
1.369
2.194

2.121

MnO

0.100
0.107
0.137
0.147
0.143
0.179

0.171

P205

0.230
0.226
0.346
0.198
0.196
0.633

0.617

L.O.I.

0.87
0.67
0.75
3.02
3.51
1.67

1.34

Total

99.70
99.23
99.30
99.41
99.66
99.38

99.31

Kahraman Mara$ area
F2 49.81
Kl 52.40
T 52.79
X 52.23

16.76
14.42
14.67
15.03

11.24
11.17
11.33
10.28

5.69
6.50
6.70
4.76

8.52
7.37
7.84
9.18

3.63
3.44
3.23
3.44

1.28
1.18
0.94
1.28

1.994
1.778
1.549
1.835

0.163
0.289
0.129
0.123

0.364
0.285
0.184
0.286

-0.13
0.72
0.16
1.12

99.32
99.54
99.52
99.56

Normative minerals Classification

Qz (9%), Or, Al, An (43%), Di, En Basaltic andesite
Qz (6%), Or, Al, An (45%), Di, En Basaltic andesite
Qz (3%), Or, Al, An (44%), Di, En Tholeiie*
Qz (0.4%), Or, Al, An (53%), Di, En Tholeiite*
Qz (0.3%), Or, Al, An (52%), Di, En Tholeiite*
Or, Al, An (44%), Ne (2%), Di, En, Hawaiite
Fo (9%)
Or, Al, An (45%), Ne (6%), Di, En, Tephrite
Fo (8%)

Qz (1%), Or, Al, An (46%), Di, En Tholeiite1

Qz (6%), Or, Al, An (41%), Di, En Basaltic andesite
Qz (7%), Or, Al, An (45%), Di, En Basaltic andesite
Qz (6%), Or, Al, An (43%), Di, En Basaltic andesite

Iskenderun Gulf area
Tl 47.65
T2 47.39
T3 43.90

T4 43.87

T5 47.51
T6 47.77
T7 48.12
T8 47.20
T9 44.77

K 47.53

15.23
15.34
15.36

14.94

15.03
15.39
15.27
15.42
15.29

15.03

13.05
12.93
13.30

13.24

12.70
12.49
12.53
13.06
12.94

12.87

8.03
7.70
8.35

8.78

8.43
7.90
7.57
7.84
9.27

8.48

9.76
9.84

10.40

10.25

9.81
9.91
9.73
9.74
9.93

9.71

3.18
3.29
3.71

3.68

3.07
3.05
3.23
3.16
3.23

3.15

0.70
0.69
1.43

1.37

0.75
0.76
0.73
0.72
1.27

0.77

1.925
1.896
2.880

2.831

1.862
1.886
1.883
1.946
2.554

1.891

0.177
0.169
0.176

0.178

0.166
0.160
0.164
0.180
0.186

0.180

0.318
0.316
0.850

0.842

0.310
0.307
0.325
0.314
0.476

0.458

-0.40
-0.33
-0.53

-0.61

-0.16
-0.14

0.32
-0.11
-0.23

-0.22

99.62
99.30
99.83

99.37

99.48
99.49
99.88
99.46
99.68

99.85

Or, Al, An (48%), Di, En, Fo (2%) Subalkaline basalt*
Or, Al, An (47%), Di, En, Fo (3%) Subalkaline basalt*
Or, Al, An (47%), Ne (4%), Di, En, Basanite
Fo(ll%)
Or, Al, An (46%), Ne (4%), Di, En, Basanite
Fo(ll%)
Or, Al, An (49%), Di, En, Fo (3%) Subalkaline basalt*
Or, Al, An (50%), Di, En, Fo (1 %) Subalkaline basalt*
Or, Al, An (48%), Di, En, Fo (0.3%) Subalkaline basalt*
Or, Al, An (49%), Di, En, Fo (3%) Subalkaline basalt*
Or, Al, An (47%), Ne (0.8%), Di, En, Basanite
Fo (13%)
Or, Al, An (48%), Di, En, Fo (3%) Subalkaline basaltf

Compositions of major elements are quoted in wt%. Normative minerals column indicates the presence of selected normative minerals in CIPW normative calculations
determined using the algorithm of Fears (1985): Qz, quartz; Or, orthoclase; Al, albite; An, anorthite; Ne, nepheline; Di, diopside; En, enstatite; Fo, forsterite.
Abundances quoted for quartz, nepheline, and forsterite are relative to total wt%. Abundance quoted for anorthite is as total of plagioclase (Al + An), as wt%.
Classification field lists classification according to major element composition, after Le Bas et al. (1986). Samples which fall within the basalt (s.s.) field are subdivided
according to the presence of normative minerals. For specimens which fall within the basalt field of Le Bas et al. (1986), classifications using the Y/Nb ratio are also
given, according to Floyd & Winchester (1975):* and T, specimens which classify according to this method as tholeiites (Y/Nb > 1) or alkali basalts (Y/Nb < 1,
respectively, using the data from Table 5.



Table 5. Trace element analyses

Element

Nb
Zr
Y
Sr
Rb
Th
Pb
Zn
Cu
Ni
Cr
Ce
Nd
La
V
Ba
Sc

Y/Nb
Zr/Nb

A

10.7
166.0
20.5

359.3
39.4

5.7
7.3

66.6
39.0
90.5

164.3
46.2
20.2
22.8

149.8
245.1
20.3

1.92
15.51

A3

10.7
164.7
20.1

355.6
14.3
5.7
6.1

68.7
45.8

120.6
162.5
43.9
16.0
22.9

148.4
261.0
20.3

1.88
15.39

Elazig area

A4

12.3
174.1
25.4

431.2
9.1
3.5
4.5

80.2
36.3
49.5

121.1
40.7
22.3
19.3

203.5
149.4
23.1

2.07
14.15

E3

7.3
117.4
24.7

306.1
11.2
3.9
3.9

80.0
50.7

111.8
228.3
34.9
15.6
16.1

153.3
164.2
21.9

3.38
16.08

E5

7.5
117.6
24.7

302.1
11.4
4.7
2.3

78.6
52.1

112.9
255.1

34.4
19.1
17.0

175.1
164.0
27.6

3.29
15.68

El

68.9
251.9
26.3

831.4
48.2
8.1
3.7

78.0
45.8

104.3
203.1
77.6
30.1
38.4

194.0
626.2

19.9

0.38
3.66

E2

69.4
250.0
26.2

803.9
61.3
6.4
4.3

80.2
46.2
93.8

196.7
83.4
34.7
39.5

179.3
603.0

19.3

0.38
3.60

Kahraman Mara§ area

F2

2.82
174.7
26.1

508.9
17.3
5.7
4.4

99.1
17.4
32.2

102.0
55.1
30.2
27.9

205.4
303.2
23.5

0.93
6.20

Kl

21.6
141.8
27.7

349.1
24.3
4.9
4.5

102.5
62.2

650.0
287.6
47.1
28.6
27.3

177.0
669.3

19.0

1.28
6.56

T

12.6
113.6
21.6

276.4
24.0
3.4
7.0

100.8
45.7

151.1
251.4
30.4
16.0
9.9

159.1
181.0
15.3

1.71
9.02

X

20.8
155.0
24.0

364.8
25.1
4.2
4.3

95.4
32.8
92.8

240.4
41.3
22.3
17.0

174.3
277.3

18.5

1.15
7.45

Tl

17.8
119.1
20.1

504.5
6.3
4.2
2.4

97.9
48.6

114.5
322.3
45.4
21.6
19.7

190.3
187.4
21.0

1.13
6.69

T2

18.1
120.2
20.7

541.1
5.9
4.2
0.6

103.2
56.1

119.6
359.9
34.4
19.0
17.9

190.1
170.0
23.0

1.14
6.64

T3

51.0
199.9
25.6

980.3
14.2
4.0
0.7

95.3
62.1

133.9
303.4
74.9
34.2
36.7

222.7
320.6
23.7

0.50
3.92

Iskenderun Gulf area

T4

51.1
195.9
25.6

975.0
13.8
5.0
2.3

95.4
63.2

142.5
250.0
74.6
37.0
32.7

205.4
328.5
21.8

0.50
3.83

T5

17.7
117.6
20.3

502.9
5.8
6.0
3.7

97.8
47.5

118.2
332.1
43.8
20.7
16.0

180.5
288.3
20.7

1.15
6.64

T6

17.6
118.3
19.8

517.5
5.7
4.8
1.7

99.5
49.6

108.4
318.7
44.1
17.8
19.8

186.7
311.9
21.5

1.13
6.72

T7

17.3
117.5
19.8

470.4
7.0
5.0
0.6

104.3
50.7

110.3
320.6
33.9
19.7
13.6

199.0
231.6
23.6

1.14
6.79

T8

18.2
118.9
20.7

510.9
7.1
3.6
2.1

98.3
46.1

124.1
324.4
42.6
21.8
13.1

185.9
180.8
19.5

1.14
6.53

T9

32.1
172.6
23.9

688.6
13.6
5.7
1.6

82.9
62.0

161.2
247.8
46.9
22.3
18.7

194.7
198.3
25.1

0.74
5.38

K

27.4
149.6
22.0

610.2
10.5
8.1
3.8

99.0
47.9

134.7
330.1
69.8
27.3
38.3

186.4
272.0

19.8

0.80
5.46

Concentrations are expressed in ppm.
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Fig. 5. Simplified geological map of the Karasu Valley,
adapted from (Japan et al (1987, fig. 2) with
information from Saroglu et al. (1992ft, fig. 24). 1,
Principal volcanic necks; 2, outcrop of rock classified
by (Japan et al. (1987) as olivine tholeiite; 3, outcrop
which they classified as quartz tholeiite; 4, outcrop
which they classified as alkali olivine basalt; 5, major
faults where clearest in the field; 6, pre-Quaternary
rocks; 7, Quaternary alluvium; 8, isotopic dating sites,
comprising £apan et ai (1987) sites 08,12,15,17,18,
22, 31 and 53 (Table 2), and site F2 from this study.

Kozlu (1990), the mean age here being indis-
tinguishable from their Late Burdigalian-Lan-
ghian (c. 17-15 Ma) age. This event within the
Arabian Platform thus occurred at the same
time as the Yamadag volcanism within the
Anatolian fragment.

The tskenderun Gulf samples yielded dates
of 2.3-0.6 Ma (Table 3), although given the
analytical uncertainties the span may be from
c. 1.5-0.7 to c. 3.0-0.5 Ma. The minimum
span resembles the 1.7-0.9 Ma span for the
Karacalidag volcanism (Sanver 1968; Pearce
et al. 1990) and the duration of the Karasu
Valley volcanism, and encompasses the dates
given here for the Qipkoy volcanism.

At Toprakkale site 1, the stratigraphic

positions of samples Tl and T2 reflect their
relative ages. The flow containing T2 erupted at
1.7 ± 0.3 Ma and either: (1) remained exposed
until 0.6 ±0.1 Ma, when it was buried beneath
the flow containing Tl; or (2) was buried, then
exhumed, before being covered by this younger
flow. At site 2, the 2.3 + 0.8 Ma date of sample
T4 means that it cannot be resolved whether it
was erupted before, with or after nearby T2.
Although the contact between the flows con-
taining samples T2 and T4 has been obliterated,
it seems probable that because T4 is the lowest
flow exposed it is also the oldest.

Samples T6 from Toprakkale site 3 and T8
from east of the Gates of Issos Gorge, both from
the highest altitudes sampled, yielded concord-
ant dates of 1.3 Ma. Like the earlier studies, a
neck east of the Gates of Issos, which could have
produced the basalt there, was not observed.
The flow containing sample T8 therefore most
likely came from the Toprakkale Neck at
roughly the same time as sample T6. This
means that at c. 1.3 Ma, the Gates of Issos
Gorge did not exist, which in turn means that
interpretation (1) of samples Tl and T2 (above)
is not feasible. This gorge, and the topographic
low east of Toprakkale, thus formed during 1.3-
0.6 Ma. The subsequent abandonment of this
gorge to create the present-day dry valley is thus
even younger.

Major element geochemistry

The specimens in this study have compositions
ranging from basanites to basaltic andesites
(Fig. 6). Petrologically, they are indistinguish-
able from other basalts described, e.g. Leo et al.
(1974), Ota & Dincel (1975), Bilgin & Ercan
(1981), Pearce et al. (1990) and Yurtmen et al.
(2000), from either the same outcrops or others
nearby: thus, their petrology will not be dis-
cussed here. However, some specimens plot
close to demarcation lines between established
classifications. Therefore, specimens are classi-
fied according to major elements in this section,
and immobile trace elements, following Floyd &
Winchester (1975), are used later. Other poss-
ible classification schemes could also be used
(e.g. Irvine & Baragar 1971).

In the Elazig area, samples A and A3 from
Arapkir are basaltic andesites, whereas A4 is a
basalt (Fig. 6). This range of composition is very
similar to that reported for the Yamadag vol-
canics by S. Yilmaz et al. (1993). This evidence,
that both the age and the composition of these
volcanics and those of Yamadag are equivalent,
supports the suggestion that the Arapkir vol-
canics were originally juxtaposed against the
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Fig. 6. Classification of specimens from this study using the Le Bas et al. (1986) scheme.

Yamadag volcanics, and have since been separ- marginally silica-oversaturated basalts, with
ated by left-lateral slip on the Arapkir-Dogan- compositions very similar to many samples
s^ehir Fault (Fig. 2). which the present authors (Fig. 6) and others

Samples E3 and E5 from Ortiilii (Fig. 2) are (Figs 7 and 8) have described from the

Fig. 7. Classification of the specimens analysed by £apan et al. (1987) using the Le Bas et al. (1986) scheme.
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Fig. 8. Classification of the specimens analysed by Bilgin & Ercan (1981) using the Le Bas et al. (1986) scheme.

Kahraman Maras, and tskenderun Gulf study
areas. At £ipkoy, the stratigraphically younger
sample, E2, is much richer in potassium and is
formally a tephrite, whereas El is a hawaiite
(Table 6).

The Miocene specimens from the Kahraman
Maras, area of the Arabian Platform, Kl, T and
X, are all basaltic andesites, and fall within the
range of composition of similar rocks of the
same age from Arapkir (Fig. 6) and Yamadag
(Leo et al. 1974; S. Yilmaz et al. 1993) within the
former Anatolian continental fragment. Speci-
men F2, another marginally silica-oversaturated
basalt (Table 6), is very similar to many of the
specimens analysed by £apan et al. (1987),
which are Quaternary from their K-Ar dating
(Table 2). However, other specimens from
around Fevzipa^a analysed by £apan et al.
(1987) are less mafic, with compositions similar
to Miocene samples from the Kahraman Maras
and Arapkir areas of this study (Figs 6 and 7).
Others from the Karasu Valley, also analysed by
£apan et al. (1987), are slightly more mafic, with
some normative olivine. However, their age
data in Table 2 do not reveal any clear variation
in composition across the Quaternary.

Specimens from Iskenderun Gulf range from
subalkaline basalts to basanites, similar to the
ranges in composition noted in other studies of
this area (Bilgin & Ercan 1981; Yurtmen et al.
2000). The most mafic specimens (Table 4) are

T3, T4 - which from field relationships and the
K-Ar date for T4 (Table 3) marks the earliest
eruptions from the Toprakkale Neck - and T9,
whose age is not constrained. The less mafic
younger basalts from the Toprakkale Neck are
instead marginally silica-undersaturated, with
compositions similar to the most mafic samples
from the Karasu Valley (Figs 6-8).

Bilgin & Ercan (1981) noted that the most
mafic specimens from this area are found on
either side of the Toprakkale Neck (Figs 4 and
8), with less mafic rocks in the northeastern and
southwestern extremities of this volcanic field.
The data from this study reveal the pattern to be
more complex: basanites are only found in the
central part of this volcanic field but younger
eruptions in this locality have produced less
mafic rocks.

Given that the Toprakkale Neck marks the
intersection of the active left-lateral KOF with
the Neotethys suture (Fig. 4), it is suggested that
the intersection of these two major discontinui-
ties in the crust may have created a particularly
easy path for magma to reach the Earth's sur-
face. If so, then, in principle, the mafic character
of flows in this area may reflect the resulting lack
of crustal contamination; younger basaltic
magmas may have reached the surface more
slowly and thus experienced a little contami-
nation. Similar reasoning may, in principle, ex-
plain the typical slightly more mafic character of
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Table 6. Strontium and neodymium isotope ratios

Sample

12
15
1911
1912
08
30
16A
17

Locality

Sulumagara
Alagoz
Karacahdag
Karacahdag
Fevzipa§a
Yalankoz
$arkh
Sogiit

Classification

(i)
Alkali olivine basalt
Alkali olivine basalt

Olivine tholeiite
Olivine tholeiite
Quartz tholeiite
Quartz tholeiite

(2)

Subalkaline (Fo 10.3%)
Subalkaline(Fo4.4%)
Subalkaline (Fo 0.6%)
Tholeiite (Qz 1.6%)
Tholeiite (Qz 2.8%)
Tholeiite (Qz 3.1%)*
Tholeiite (Qz 4.8%)
Tholeiite (Qz3.7%)t

Si02

47.4
48.1
46.7
50.2
51.2
50.0
49.8
51.2

87Sr/86Sr

0.70335
0.70369
0.70398
0.70431
0.70441
0.70478
0.70488
0.70549

143Nd/144Nd

0.51291
0.51284
0.512948
0.512887
0.51269
0.51280
0.51264
0.51262

Data are from (Japan et al. (1987), except for the two Karacahdag specimens from Pearce et al. (1990).
Classifications: (1), from (Japan et al. (1987); (2), from this study, based on normative compositions [Fo,
forsterite; Qz, quartz; *, normative composition of (Japan et al. (1987) sample 22;t, normative composition
of their sample 17A].

the Quaternary basalts from the Karasu Valley,
compared with the Miocene basalts from else-
where in the Kahraman Mara§ area (Figs 6 and
7). Although the DSFZ may well have already
existed at the time of the Miocene volcanism
(see below), none of this study's localities was
near any contemporaneous active strike-slip
fault. In contrast, the Quaternary magmas of
the Karasu Valley may have reached the surface
more easily, by rising along the line of the
Amanos Fault and others en echelon to it (Figs
3 and 5), thus possibly experiencing less crustal
contamination.

Trace element geochemistry

Previous investigations of the trace element
geochemistry of basalts from southeastern
Turkey have identified no clear reason for this
magmatism. For instance, (Japan et al. (1987)
believed that the variable composition of
Karasu Valley basalts requires mixing of differ-
ent primary magmas but could offer no expla-
nation. Pearce et al. (1990) suggested that the
basaltic volcanism at Karacahdag (which has a
very similar composition to the Karasu Valley
basalts) resulted from heating of the mantle
lithosphere, but could not identify any reason
for this. Yurtmen et al. (2000) suggested that the
tskenderun Gulf volcanism has characteristics
of ocean island basalts. However, its small scale,
brief duration and the absence of older volcan-
ism nearby (which could be interpreted as a
plume track) makes it unlikely that a mantle
plume is present beneath this region.

The most obvious variation in trace element
content concerns Nb, Zr, Sr and Rb, which are
concentrated in the most mafic specimens (El,

E2, T3, T4 and T9). First, ratios of the immobile
trace elements Y (which is virtually constant in
most specimens, at c. 20 ppm) to Nb were
examined, in order to classify the specimens
using the scheme of Floyd & Winchester
(1975), where Y/Nb < 1 indicates an alkali
basalt and Y/Nb > 1 indicates a tholeiite (Table
5). Using this scheme, the most mafic specimens
(El, E2, T3, T4 and T9) would all classify as
alkali basalts, unless excluded by their major
element compositions. Except for two, F2 and K,
all specimens which classify as basalts by major
elements classify as tholeiites using Y/Nb. Speci-
men F2 is formally an alkali basalt, although
with Y/Nb c. 0.93 it lies near the demarcation
line. However, this specimen contains a small
amount of normative quartz (Table 4) and, on
this basis, is marginally a tholeiite; it thus
classifies differently according to the method
used. Specimen K is also an alkali basalt accord-
ing to Y/Nb, although Subalkaline according to
major elements. Similar variations in classifi-
cation are evident for some (Japan et al. (1987)
specimens from the Karasu Valley (Table 2).

The most mafic specimens contain the highest
concentrations of Nb and Zr but with the lowest
Zr/Nb ratios, of c. 4 (Table 5; Fig. 9a). In this
study, marginally tholeiitic/subalkaline basalts
have Zr/Nb c. 6-7, and least mafic specimens
have Zr/Nb c. 15. As others (e.g. Camp &
Roobol 1992) have discussed, the Zr/Nb ratio is
a measure of the degree of partial melting of
mantle peridotite required to produce a given
rock of basaltic composition. The most mafic
specimens thus involved the smallest degrees of
partial melting, as can also be inferred by their
relatively high concentrations of other elements
which are concentrated by small-degree partial
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Fig. 9. Plots of Nb v. Zr concentrations for: (a) this
study's specimens; (b) the specimens of £apan et al.
(1987). See text for discussion.

melting, such as potassium (Table 4), and thus
appear unrelated to crustal contamination. This
means, for instance, that around the Iskenderun
Gulf, rocks requiring substantially different de-
grees of partial melting of the mantle erupted in
close proximity to each other in position and
time, as is also evident using the data from
Yurtmen et al. (2000). Another clear difference
concerns the Sr/Rb ratio, which is c. 20-30 for
the Elazig and Kahraman Maras areas but
c. 60-70 or more at the Iskenderun Gulf.

The £apan et al. (1987) data reveal a similar
pattern (Fig. 9b), including a wide range in Zr/
Nb ratios at adjacent localities in equivalent
groups of flows. Most relatively mafic flows
yielded specimens with Zr/Nb in the range c. 4
to c. 6-7, but the tholeiitic Sogiit and §arkh
flows yielded specimens in the range c. 6-7 to
c. 15. Most of their Quaternary specimens from
the Karasu Valley thus yielded Zr/Nb ratios of
c. 6-7 (Fig. 9b), the same as the Miocene speci-
mens from the adjacent Kahraman Maras area
(Fig. 9a) in this study, indicating another simi-
larity between these episodes of magmatism

despite their separation in time. A similar
effect is evident in the Elazig area, where speci-
mens E3 and E5 (which are not isotopically
dated, but may well be Quaternary from field
evidence) have the same Zr/Nb ratio of c. 15 as
the Miocene specimens from Arapkir (Fig. 9a).

Whatever process has been responsible for
the volcanism in this study region, it is evident
that it was active in the Early-Middle Miocene
and became active again around the start of the
Quaternary. In an attempt to identify the cause
of this volcanism, a range of empirical criteria
have been applied to the data obtained in this
study.

Bo/La ratio. Arculus & Powell (1986) suggested
using Ba/La to distinguish basalt types. In their
scheme, intraplate basalts have Ba/La of 0-2,
whereas island arc basalts have Ba/La from 1 to
10 or more. The relative enrichment of island
arc basalts by barium is thought to result from
barium-rich fluids in subduction zones, the
barium being derived from subducted sediment
(e.g. Hole et al. 1984). All specimens here have
Ba/La 5> 2: for most it is c. 10 and for some it
reaches c. 20 (Table 5). Using this criterion
would lead to the rocks being classified as
island arc basalts.

Zr/Rb ratio. Wilson (1989, p. 236) suggested
using Zr/Rb to distinguish basalts. She noted
that ocean island basalts typically have Zr/Rb of
6-15, whereas other basalts have different
values: e.g. basalts that form in back-arc basins
have Zr/Rb of 16 or greater. Using this criterion,
most specimens here would classify as ocean
island basalts. Wilson (1989, p. 138) also sug-
gested using Sr/Rb: basalts with this ratio of
c. 20-70 should classify as ocean island basalts.
Using this criterion, most specimens here also
classify as ocean island basalts. The only rocks
with Sr/Rb > 70 are from around Toprakkale.
However, if a mantle plume has somehow been
responsible for the other basalts, it is not clear
how these localized chemical differences can
develop.

Nb content. Thompson & Fowler (1986) sug-
gested using Nb as a criterion: basalts and
basaltic andesites with < 50 ppm Nb classify as
subduction related. On this basis, most speci-
mens here classify as subduction related.

Mobile trace elements. Most specimens from this
study are enriched relative to mid-ocean ridge
basalts (MORB) by a factor of 3 (Sr) to 10 (Rb,
Ba) in mobile trace elements (Table 5). Enrich-
ment of this order is between that expected for
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ocean island basalts and basalts from continen-
tal rifts, but is higher than expected for island
arc basalts (e.g. Pearce 1983).

Possible causes of volcanism

It is evident that, depending on which of these
(or many other) criteria are used, a case could
be made that the basalts in this study region are
caused by subduction, continental rifting or
mantle plumes. However, there has been no
subduction in this region during the Quaternary,
no continental rifting and no mantle plume
activity: the region has instead been dominated
by strike-slip faults which behave to a good
approximation as transform faults (e.g. West-
away 1994; Westaway & Arger 1996) and which
thus require no regional-scale crustal extension
or shortening. Most modern schemes (e.g. Akta§
& Robertson 1984; Yilmaz 1993) regard the
northward subduction of the southern Neo-
tethys Ocean has having ended in the Eocene,
when continental convergence between Arabia
and Anatolia began. Thus, neither subduction,
extension, nor mantle plume activity is docu-
mented in the Early-Middle Miocene, either.

Previous studies (e.g. Kennett & Thunell
1975) have noted that the geological record
contains evidence of significant intensifications
in global volcanism in the Middle Miocene and
Quaternary, irrespective of tectonic setting.
These two intervals correspond to the timings
of the two phases of volcanism in southeastern
Turkey. However, possible local causes need to
be considered before a process related to
systematic global environmental change is pro-
posed as the cause of the volcanism in south-
eastern Turkey.

One possibility is that the observed volcan-
ism may be induced by strike-slip faulting. The
c. 15-19 Ma age of the Miocene volcanism
does suggest a possible link to the start of slip
on the DSFZ, which although not well con-
strained is usually regarded as being at
c. 15 Ma (e.g. Garfunkel 1981). The southern

DSFZ has slipped left-laterally by c. 105 km
(e.g. Freund et al. 1970), of which c. 35 km has
occurred since c. 5 Ma (at a c. 7 mm a"1 rate)
and c. 70 km was earlier. Assuming the same
slip rate during the Miocene yields the c. 15 Ma
estimated age. The upper bound to the DSFZ
age is c. 20 Ma, because basaltic dykes of this
age exposed in Sinai are offset by the full
105 km distance (e.g. Garfunkel 1981). Exten-
sion in the Gulf of Suez is usually estimated to
have begun at c. 24-22 Ma (e.g. Moustafa
1993), and so preceded the start of slip on the
DSFZ by several million years. It is thus
unclear whether the Miocene volcanism in
southeastern Turkey occurred before or after
the start of slip on the DSFZ. Furthermore, no
mechanism is known by which pure strike-slip
faulting (i.e. slip on transform faults) could
initiate volcanism or volcanism could initiate
strike-slip faulting.

The c. 2.3 Ma start of the younger phase of
volcanism likewise suggests a possible link with
the start of slip on the EAFZ, which began
c. 2.8 Ma according to Westaway & Arger
(1996). However, Ytiriir & Chorowicz (1998)
instead proposed that the EAFZ became active
c. 1.8 Ma. It thus appears unclear whether the
volcanism or the slip on the EAFZ began first,
although Westaway & Arger (1996) did note
evidence that at Toprakkale (the site with the
earliest Quaternary volcanism) the volcanism
straddling the KOF is offset by less distance
than the KOF is estimated to have slipped while
the EAFZ has been active. This evidence
suggests that the EAFZ became active before
the start of Quaternary volcanism. Further-
more, as in the Miocene, no mechanism is
known by which strike-slip faulting could in-
itiate volcanism or volcanism could initiate
strike-slip faulting.

Another possibility is that the observed vol-
canism may be caused by crustal thickness
changes resulting from strike-slip faulting
which is locally oblique to the relative motion
of the adjoining plates. For instance, the

Fig. 10. The Adiyaman region, (a) Geological map. 1, Metamorphic rocks of the Anatolian continental fragment
(north of the Neotethys Suture): the Malatya and Piitiirge metamorphics; 2, Middle Miocene and older marine
sediments of the Arabian Platform; 3, Quaternary basalt; 4, Pliocene and Quaternary sediments of the Malatya
and Golbas,! Basins; 5, Late Miocene and younger lacustrine sediment of Lake Adiyaman; 6, conglomerate
underlying 5. Note the rightward step in the EAFZ at £elikhan, where it crosses the Neotethys Suture. Dashed
line marks the Toras, Stream that now flows through the palaeo-outlet of Late Adiyaman. K denotes the ancient
cemetery at Karakus,, where a flat 880 m hilltop marks the upper limit of lacustrine sediment, (b) Topographic/
structural map with lacustrine sediment from (a) outlined by fine dots. Chevrons mark anticlines; solid arrow
marks the outlet of the palaeolake. Topography is from Defense Mapping Agency Chart G-4A, with 1500,2000,
2500 and 3000 ft contours labelled to the nearest metre. Other information is from Baykal & Erentoz (1961),
Tolun & Erentoz (1962), Rigo di Righi & Cortesini (1964), Tolun & Pamir (1975) and Westaway & Arger (1996).
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left-lateral EAFZ contains leftward steps at
Golbasi (Fig. 10) and Lake Hazar (Fig. 1), and
a rightward step where it crosses the Neotethys
Suture near Qelikhan (Fig. 1). Components of
localized extension are required in the vicinity
of these leftward steps. In principle, the associ-
ated crustal thinning relative to surrounding
localities could induce magmatism via decom-
pression melting of the underlying mantle.
However, detailed studies of both these ex-
tensional stepovers (e.g. Hempton 1984, 1985;
Westaway & Arger 1996) reveal no evidence of
volcanism in the vicinity. One could also argue
that, in principle, the crustal thickening required
to accommodate the component of distributed
shortening across the Qelikhan stepover could
cause heating of the underlying mantle litho-
sphere, potentially melting parts of it. However,
detailed mapping (e.g. Tekeli & Oral 1986;
§aroglu et al. I992b) has documented no young
volcanism within this stepover either. A third
possibility is that the fracturing of the brittle
upper crust caused by strike-slip faulting may
provide an easy route for magma, generated by
another process, to reach the Earth's surface.
However, with the exception of Toprakkale
(Fig. 4), volcanic necks have usually developed
outside strike-slip fault zones. Thus, it is
concluded that no evidence exists for a direct
cause-and-effect relationship between strike-
slip faulting and volcanism in this study region.

In addition to this strike-slip faulting, it has
long been evident that much of the relief in
southeastern Turkey is very young. Huntington
(1902) inferred that much of the incision of
major river gorges, such as the Euphrates, has
occurred in the recent geological past. For
instance, around Dutluca (Fig. 2.6), where the
Euphrates Gorge crosses the MOFZ, this river
has incised c. 400 m into metamorphic base-
ment beneath the young Karabakir Formation
lacustrine sediments. §aroglu et al. (I992b)
noted other geomorphological evidence of dif-
ferential uplift along the EAFZ. Other clear
evidence of differential uplift is provided by the
tilting of a former lake basin around Adiyaman
on the Arabian Platform (Fig. 10) (see also
below), and by the development of marine
terrace sequences along the region's coastline
(e.g. Erol 1963, 19915; Dalongeville & Sanla-
ville 1977; Erin? 1978). Assuming that this
relief is developing in association with lower
crustal roots, it requires crustal thickness
changes to maintain overall isostatic equilib-
rium. The resulting crustal thickening will raise
the Moho temperature, thus heating the
mantle lithosphere and providing a potential
cause of volcanism. In the absence of

alternatives, this hypothesis is investigated in
the next section.

Causes of Miocene and Quaternary
volcanism

It is now examined whether it is feasible to
regard the observed volcanism as a consequence
of the crustal thickening which accompanies the
observed surface uplift to maintain isostatic
equilibrium. It is assumed, following Westaway
(1998), that the plastic lower continental crust is
highly mobile, with an effective viscosity of
c. 10 9 Pa s or less, and thus readily able to flow
horizontally in response to pressure gradients
induced by surface processes (such as loads
caused by sedimentation and negative loads
caused by erosion). It is also assumed, following
McKenzie (1985, 1989), that the asthenosphere
is constantly experiencing small degrees of
partial melting, such that incompatible elements
are concentrated into the resulting metasomatic
melt which percolates upward into the mantle
lithosphere. Due to its low concentration, this
melt will remain at each level in thermal equi-
librium with its surroundings, and will thus
freeze at the depth where the temperature and
pressure match the melt's solidus. Frozen meta-
somatic melt will thus accumulate over time at a
particular depth within the mantle lithosphere.
Finally, it is assumed that a subsequent tem-
perature rise can remelt this frozen melt, caus-
ing it to rise and freeze again at a shallower
depth. However, if the conditions at the Moho
reach the melt solidus, then the melt will escape
into the crust and rise to the surface, causing
volcanism.

To test this idea, one needs to know the
solidus for the frozen metasomatic melt. It will
be assumed that the appropriate solidus is that
for 'wet' basalt, meaning for melt of basaltic
composition in the presence of excess water.
The experimentally determined form of this
solidus has been published many times (e.g.
Lambert & Wyllie 1972). At low pressures, the
solidus temperature decreases with increasing
pressure, reflecting the melting-point reduction
caused by mixing with water; at higher pres-
sures, it increases with pressure, due to the
increased stability of hydrous minerals such as
amphibole (e.g. Sood 1981, p. 116; Gill 1981, pp.
127-128). The minimum solidus temperature is
650°C at a pressure of 1.5 GPa (e.g. Lambert &
Wyllie 1972).

This solidus curve has a quite complex em-
pirical shape, but over the range of pressure, P,
from 0.5 to 2.0 GPa it approximates to a para-
bola of the form:
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where A, B, and P0 are constants, with A -
105°C GPa~2, B = 650°C and P0 = 1.5 GPa (Fig.
lib). Below 1.2 GPa, the mineral assemblage
produced at the solidus is a mixture of amphi-
bole, plagioclase, clinopyroxene, olivine and
water (e.g. Lambert & Wyllie 1972). On depres-
surization, the amphibole will decompose,
releasing its water of crystallization, which
along with the original excess water will escape,
leaving a rock of basaltic composition.

Westaway (20000, b) has shown that the lower
continental crust is mobile enough to flow land-
ward by distances of tens to hundreds of kilo-
metres in response to horizontal pressure
gradients caused by variations in sea level be-
tween glacials and interglacials. Because the
offshore crust is thinner than the onshore crust,
the offshore Moho temperature is lower and so
the crust which flows from beneath the offshore
shelf to beneath the land will be colder than the
crust which is initially present beneath the land.
This process thus affects the geothermal gradi-
ent in both onshore and offshore areas. This in
turn affects the depth of the base of the brittle
layer in both localities. The overall result is net
flow of crust from beneath the offshore shelf to
the land, causing the bathymetry of the offshore
shelf to deepen and the land surface to uplift.
The amplitude of the effect is proportional to a
parameter DTe, the effective temperature dif-
ference between offshore and onshore crust,
which is proportional to the actual temperature
difference at the depth near the Moho where the
flow is concentrated, scaled by the ratio of
offshore to onshore areas.

Quaternary glaciation of the northern hemi-
sphere began at c. 2500 ka, when the first
indication of lowland glaciation is revealed by
evidence of ice-rafting in sediments of the North
Atlantic Ocean (Shackleton et al. 1984). Varia-
tions in oxygen isotope ratios indicate that, until
c. 1200 ka, the amplitude of sea-level fluctua-
tions was about half its c. 120 m value for recent
glacial cycles (e.g. Shackleton et al. 1990). In
many localities, the rate of surface uplift in-
creases from minimal values before 2500 ka, to
moderate values, then to higher values after
1200 ka, evidently reflecting these two transi-
tions (Westaway 20000, b). During the Miocene
and Pliocene, lowland glaciation was confined to
Antarctica, and any small-scale sea-level fluc-
tuations associated with the Earth's orbital
cycles at this time would have induced much
less intense lower crustal flow, able to cause
much lower rates of surface uplift.

Increasing the crustal thickness while keeping

the mantle lithosphere thickness constant, with
the asthenosphere at a constant temperature,
will cause the Moho temperature to rise. Crustal
thickening induced by lower crustal flow can
potentially raise the Moho temperature above
the wet basalt solidus, thus initiating volcanism.
Deformation of the continental crust as a result
of lower crustal flow induced by surface pro-
cesses has been designated as atectonic defor-
mation (e.g. Kaufman & Royden 1994), in
contrast with tectonic deformation which is
caused by plate motions.

Testing this hypothesis, 1: predicting the
timing of volcanism from uplift histories

Recent uplift of the study region is indicated by
the recent incision of major gorges, like the
Euphrates (Huntington 1902), and the se-
quences of river terraces caused by such incision
(e.g. Erol 19910, b). Much of the surrounding
landscape within the Arabian Platform com-
prises Oligocene-Pleistocene erosion surfaces
(e.g. Erol 1981,19910, b). Although denudation
has evidently occurred along the young gorges,
the much larger area of their surroundings
means that the isostatic response to this denu-
dation can be excluded as a significant cause of
the recent uplift. Lower Miocene marine sedi-
ment is found above 1200 m in the Elazig area
(e.g. Baykal & Erentoz 1961) (Fig. 2). In
contrast, Lower and Middle Miocene marine
sediments are found only at lower levels within
the Arabian Platform. The uplift since Early
Miocene time has thus been greater within the
Anatolian Plateau than within the Arabian
Platform. However, given the many millions of
years since marine conditions ended and bio-
stratigraphic age control was lost, the timing of
this uplift has previously been impossible to
resolve.

South of the EAFZ, within the Arabian
Platform, a 115 x 35 km palaeolake (Fig. 10),
around Adiyaman, is revealed by Upper Mio-
cene and Pliocene deposits, which locally blan-
ket the older marine sediment, and whose facies
and fossil content indicate a lacustrine environ-
ment (e.g. Tolun & Pamir 1975). Inspection of
the topography reveals the southern palaeo-
shoreline of this Lake Adiyaman, notably its
outlet at c. 470 m altitude across the Kizildag
anticline between Kuyulu and Gumiiskaya vil-
lages, c. 50 km south of the EAFZ.

The northern limit of lacustrine sediment in
Lake Adiyaman is > 800 m altitude. Southwest
of Arsameia, on the eastern side of the Kahta
River Gorge, the flat-lying lacustrine silt and
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Fig. 11. (a) Notional Quaternary uplift history for the Arabian Platform in southeastern Turkey. The graph is
calculated using the theory from Westaway (20000,6), which quantifies the isostatic response to repeated cycles
of loading and unloading of the offshore continental shelf due to repeated glacial to interglacial sea-level
variations. The calculations assume the following parameter values: u (geothermal gradient in the lower crust),
20°C km"1; zb (depth of base of brittle layer), 15 km; zi (depth where lower crustal flow is concentrated), 34 km;
and k (thermal diffusivity of crust), 1.2 m2 s"1. Lower crustal flow starting at 2500 ka with an effective
temperature contrast DTei = -20°C is assumed to be supplemented by flow with DTe2 - -30°C starting at
1200 ka. (b) Predicted variation in Moho temperature for the uplift profile in (a), calculated assuming that the
initial Moho temperature is 680°C and the additional surface relief is isostatically compensated, with densities of
2700 and 3100 kg m~3 for the crust and asthenosphere, respectively. Ornament on the Moho temperature line
indicates the situation at 1500,1000 and 500 ka (i.e. 1.0,1.5, and 2.0 Ma after the lower crustal flow is assumed to
have begun). Wet basalt solidus is from Equation 1. The marker on it, at 1.2 GPa, marks the transition between
melts containing normative olivine and quartz, from Lambert & Wyllie (1972). See text for discussion.

conglomerate reach c. 900 m on the southern
limb of an anticline in Eocene limestone. The
contact between these sediments, and the
underlying lithified and folded limestone, which
marks the palaeolake shoreline, can be followed

at uniform altitude for many kilometres. The
Kahta and Cendere Rivers have locally incised
gorges to c. 550 m altitude, exposing > 300 m
thickness of the palaeolake sediment near its
upper limit (Tolun & Pamir 1975).
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The northern shore of this palaeolake is thus
c. 400 m higher than its southern shore. Indeed,
there is no land to the south high enough to
contain a lake at a uniform c. 900 m altitude.
The Earth's surface in this area has thus tilted
south since this lake was present, with a c. 0.7°
(400 m to 35 km) typical slope. The uniform dip
of the lacustrine sediment, subparallel to this
slope, indicates that Lake Adiyaman was only
tens of metres deep, making the isostatic re-
sponse to its own water unloading unimportant.

This evidence suggests that, for much of the
time after marine conditions ended, conditions
in this region were relatively stable with less
relief than at present, and with the Anatolian
continental fragment lower relative to the
Arabian Platform than at present. In the rela-
tively recent past, the uplift rate of Anatolia
increased relative to the Arabian Platform,
leading to the tilting of the landscape and the
recent gorge incision.

As the study region's uplift history is a priori
poorly constrained, a nominal amount of uplift -
c. 250 m since 2500 ka - is assumed, which
seems to represent a realistic lower bound for
the Arabian Platform. This is modelled using
two stages of intensifying lower crustal flow,
using the parameter values listed in the caption
to Fig. 11, to obtain the uplift history in Fig. 11 a.
The corresponding variations in Moho tempera-
ture and pressure are shown in Fig. lib. Pro-
vided the initial Moho temperature was close to
the solidus, volcanism starting in the Latest
Pliocene or Early Pleistocene can thus be
explained.

The result that typical compositions of
Quaternary basalts are the same for the Arabian
Platform and the Elazig area of Anatolia has
implications for the uplift histories of these
regions. The present typical surface altitude of
this part of Anatolia, of c. 1.5-2.0 km, requires a
crustal thickness of c. 45-50 km, indicating a
typical Moho pressure of c. 1.2-1A GPa. Under
such a high pressure, the melt formed at the wet
basalt solidus would produce volcanic rocks
considerably less mafic than are observed, con-
taining no normative olivine and significant
normative quartz (Fig. lib). The implication is
that when local volcanism began c. 2 Ma, the
crust of Anatolia was much thinner than at
present, and the Earth's surface was substan-
tially lower, possibly at a level comparable to or
lower than the Arabian Platform is at present.

A final point concerns the difference in timing
between volcanism in the present study region
and in northeastern Turkey, where extensive
Late Miocene and Pliocene volcanism has been
documented (e.g. §engor & Yilmaz 1981;

Pearce et al. 1990). Along with the Caucasus,
northeastern Turkey adjoins the Black and
Caspian Seas, which in the Late Miocene and
Pliocene were isolated from the global marine
environment and experienced dramatic fluctua-
tions in level due to cyclic variations in climate.
This different timing in sea-level fluctuations
may explain the different timing in volcanism.
The chronologies of uplift and volcanism of the
Caucasus have recently been investigated by
Mitchell & Westaway (1999), who showed that
crustal thickening caused by flow in the lower
crust can account for this region's evolution,
also.

Other instances of Miocene magmatism cor-
related with apparently atectonic uplift are
quite numerous and may reflect the same
global mechanism proposed here for southeast-
ern Turkey. For instance, in the western USA, a
pulse of magmatism occurred in the Colorado
Plateau in the Middle Miocene (c. 15 Ma) (e.g.
Krieger et al. 1971) while this region was uplift-
ing (e.g. McKee & McKee 1972; Lucchitta
1979). In eastern Europe, an abrupt and wide-
spread episode of magmatism occurred in Slo-
vakia and western Ukraine at c. 13 Ma (e.g.
Mikhaylova et al. 1974; Steininger et al. 1976).
This event marked a change in this region from
being submerged by a shallow shelf sea, open to
the global marine environment, to a land area
adjoining the landlocked Paratethys Sea (e.g.
Steininger & Papp 1979). Contemporaneous
brackish marine deposits of the Paratethys are
now found at altitudes > 500 m across much of
eastern Europe. A third example is the Middle
Miocene surface uplift and volcanism of south-
western Arabia to the east of the Red Sea. It is
well known that the crustal extension which led
to the development of the Red Sea began
c. 30 Ma and accompanied magmatism which
had largely ended by c. 20 Ma (e.g. Camp &
Roobol 1992). The fine-grained sediment de-
posited at this time indicates low relief (e.g.
Jarrige et al. 1990). Subsequently, several kilo-
metres of surface uplift has occurred in the
southwestern Arabian Platform, along with
several kilometres of subsidence and sedimenta-
tion within the Red Sea shelf. This dramatic
change is dated to the Late Burdigalian (c. 20-
16 Ma) from the start of coarse alluvial fan
sedimentation (e.g. Jarrige et al. 1990), and at
c. 20-14 Ma from fission track dating of the
start of the associated rapid erosion (e.g. Bohan-
non et al. 1989). Around 12 Ma, basaltic volcan-
ism began within the uplifting part of Arabia,
whose diverse composition (e.g. Camp &
Roobol 1992) resembles this study region. It is
suggested that this sequence of events, which
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has not previously been satisfactorily explained,
was initiated by the start of cyclic southern
hemisphere glaciations around the end of the
Early Miocene, whose transient water loading
effects have caused the net landward lower
crustal flow, which has led to the onshore sur-
face uplift and offshore subsidence; and that the
volcanism occurred later once the mantle litho-
sphere had been heated sufficiently by the on-
shore crustal thickening.

Testing this hypothesis, 2: predicting Nd/
Sr isotopic compositions

The isotope ratios 143Nd/144Nd and 87Sr/86Sr, in
specimens from the northern Arabian Platform,
are predicted for comparison against the obser-
vations in Table 6 and Fig. 12, using the method
of Fitton & Dunlop (1985). This method
assumes that, in the distant geological past, the
material now comprising the studied basalts
became isolated from primitive mantle (which
provides the source for MORE) as a result of
small-degree partial melting. This partial melt-
ing also caused chemical fractionation, which
affected the concentrations of Nd and Sr, as well
as Rb and Sm whose radioactive isotopes decay
to 87Sr and 143Nd.

MORE itself is produced by high-degree
partial melting and so will not experience this
chemical fractionation: as a result, the
i43Nd/i44Nd and 87Sr/86Sr raiios in MORE and

its source material are the same. However, the
chemical fractionation which occurred in the
past when the metasomatic melt separated
from primitive mantle by small-degree partial
melting can be quantified. Concentrations of
elements in this melt, CM, can be calculated
from their concentrations in the source, Cs,
using the standard equation:

where D is the partition coefficient for each
element and F is the degree of melting. A very
small value of F, 0.0001, corresponding to 0.01 %
partial melting of the mantle source, is assumed.
For Z), 0.0075 is used for Rb, 0.039 for Sr, 0.026
for Nd and 0.033 for Sm; similar to the values
estimated by Fitton & Dunlop (1985). Given the
composition of primitive mantle listed in the
caption to Fig. 12, the composition of the melt
produced by small-degree partial melting of
primitive mantle can thus be calculated.

Each successive batch of this melt is assumed
to freeze within the mantle lithosphere without
further chemical fractionation. The subsequent
evolution of its isotopic composition can thus

Fig. 12. Observed and predicted neodymium and
strontium isotope ratios. The observed data comprise
six Karasu Valley basalts ((Japan et al. 1987) and two
Karacahdag basalts (Pearce et al. 1990) (Table 6). The
line labelled MORE trend indicates the predicted
variation over time in the isotopic composition of
primitive mantle which forms the source of MORE.
The line terminates at a point representing the typical
present-day composition of MORE, which is
produced from its source by high-degree partial
melting which will not affect the isotope ratios. The
other lines labelled 1000 and 2000 Ma indicate the
predicted variation over time in the isotopic
composition of material which separated from
primitive mantle by small-degree partial melting at the
specified times, and has since remained separate with
no additional chemical differentiation. Calculations
assume that the 143Nd/144Nd and 87Sr/86Sr ratios in
MORE, and its source material, are 0.5131 and 0.703,
respectively. Isotopic abundances (as a proportion of
the total number of atoms present of each element)
are assumed to be 0.2785 for 87Rb, 0.099 for 87Sr, 0.15
for 147Sm and 0.238 for 143Nd. Following Fitton &
Dunlop (1985), the MORE source is assumed to
comprise (in ppm): 0.15 Rb; 19.4 Sr; 1.2 Nd; and 0.44
Sm. Past ratios of these isotopes can thus be calculated
using these compositions and isotope ratios, with
decay constants of 1.42 x 10~5 and 6.54 x 10~6 Ma"1

for the decay of 87Rb to 87Sr and 147Sm to 143Nd,
respectively. See text for further discussion.

be calculated using standard theory for radio-
active decay given the decay constants listed in
the caption to Fig. 12. It is assumed that heating
of the mantle lithosphere accompanying Mio-
cene and/or Quaternary atectonic crustal
thickening will remelt all of this previously
frozen material as it passes through the solidus,
without additional chemical fractionation. This
remelting can thus produce a mixture of
batches of material which had originally separ-
ated from primitive mantle over a range of
earlier times.

Using the parameter values above and in the
caption to Fig. 12, compositions within the re-
sulting basalt of 20 (Rb), 500 (Sr), 46 (Nd) and
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13 (Sm) are predicted: similar to the mean
compositions of Quaternary basalts in the
Karasu Valley (Table 5; £apan et al 1987). The
variations in the isotope ratios 143Nd/144Nd and
87Sr/86Sr can thus be calculated for MORE
source back to the time of partial melting, and
then forward in time for the melt to the present
day.

Figure 12 compares the resulting predicted
isotope ratios with observations. The different
specimens have isotope ratios consistent with
having initially separated from primitive mantle
over a range of ages from c. 2000 Ma to a few
hundred million years. This comparison thus
indicates that melt which separated from the
asthenosphere into the mantle lithosphere as a
result of small-degree partial melting at various
times between 2000 Ma and the present day,
and then froze, before being fully remelted in
the Quaternary, is predicted to match the trend
of isotope ratios observed in the Quaternary
basalt specimens from the Karasu Valley and
Karacahdag.

Little is known about the age of basement in
southeastern Turkey, due to the lack of expo-
sure. However, evidence further south from
Saudi Arabia indicates that the Arabian Plat-
form developed in the Late Precambrian,
between c. 900 and 700 Ma, as a result of the
accretion of many island arcs and small con-
tinental fragments (e.g. Stoeser & Camp 1985;
Unrug 1997). However, some of these continen-
tal fragments date from c. 2000 Ma (e.g. Stoeser
& Camp 1985). The possibility that the part of
the Arabian Platform in southeastern Turkey
has similar composition makes it feasible for
frozen melt to be preserved from this age be-
neath it.

The least mafic specimens listed in Table 6
have isotope ratios consistent with derivation
from the earliest partial melting. This evidence,
and the compositional variations in basalts from
groups of flows from individual necks [evident
in Figs 6-8; see also Yurtmen et al. (2000)] raises
the possibility that many of these basalts rep-
resent complex mixtures of material derived
from partial melting of primitive mantle over
prolonged periods of time. The correlation of
the least mafic character with the isotope ratios,
indicative of the most ancient origins, suggests
the possibility that typical degrees of partial
melting have decreased over time, possibly
reflecting gradual cooling of the asthenosphere
and/or its progressive loss of relatively volatile
components. This implies that the young basalts
which contain a preponderance of material of
relatively ancient origin classify as tholeiites;
those with a greater proportion of younger

material classify as alkali basalts or basanites.
This, in turn, implies, e.g., that the mafic char-
acter of the earliest eruptions adjacent to the
KOF at Toprakkale may indeed be caused by
the relatively easy fault-controlled path to the
surface, which can allow the initial eruptions to
take place before significant mixing occurs.
However, testing this hypothesis will require
more data, notably for isotope ratios from such
basanites, and is thus beyond the scope of this
study.

Conclusions

It has been established that there were two
episodes of magmatism in southeastern Turkey,
during c. 19-15 and c. 2.3-0.6 Ma. Both had
previously been reported, although the number
of isotopic dates was too few to establish that
either episode was of regional significance.
Although some of the sampling sites in this
study had been correctly dated by previous
work, others had not: some Miocene sites were
previously regarded as Quaternary; some Plio-
Quaternary sites were instead regarded as Mio-
cene. These results thus indicate the need for
isotopic dating elsewhere in the region and
demonstrate that, in the meantime, caution is
warranted when using dates based on field
relationships or other intuitive arguments.

It is suggested that the observed volcanism is
the result of heating the mantle lithosphere by
atectonic crustal thickening, which has raised
frozen hydrous metasomatic melt above the
solidus temperature of wet basalt. This material
is regarded as having previously accumulated in
the mantle lithosphere by prolonged small-
degree partial melting. The lower crustal flow,
which has heated the mantle lithosphere by
thickening the crust and uplifting the Earth's
surface, is interpreted as a consequence of
moderate cyclic Miocene glaciations and en-
hanced glaciations since the start of the Quat-
ernary.
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Petrogenesis of basalts from southern Turkey: the Plio-
Quaternary volcanism to the north of Iskenderun Gulf
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Abstract: The Quaternary volcanicity north of the Iskenderun Gulf in the eastern Mediter-
ranean is represented by small basaltic scoria cones and flows. Approximately 115 km2 of
land area is occupied by young basalts which straddle both the main (the Karata§-
Osmaniye Fault Zone) strike-slip fault system which forms the Africa-Turkey Plate
boundary and the suture of the southern arm of the former Neotethys Ocean. Detailed
petrological and geochemical analyses of these rocks have been carried out, with the aim of
trying to understand why they have erupted in this locality. The rocks consist mainly of
basanites (43-46% silica; 3.9-6.5% alkalis) and some alkali olivine basalts (45% silica; 3.8-
4.2% alkalis). Both the basanites and alkali olivine basalts are porphyritic, vitrophyric and
highly vesiculated with euhedral and subhedral olivine (Fo82-Fo78) phenocrysts set in a
fine-grained groundmass of olivine (Fo70), plagioclase (An71-An66), clinopyroxene and
titanomagnetite. Olivine phenocrysts contain abundant Cr-spinel and titanomagnetite
inclusions. Some geochemical characteristics of these basalts indicate similarity with
extension-related alkali basalts; others indicate similarity with ocean island basalt; and yet
others indicate subduction-related characteristics. This complexity leads to difficulties with
interpretation, especially since there is no demonstrable local extension, subduction or
mantle plume activity in the vicinity.

Basaltic rocks dominate the Quaternary volcan-
ism in the eastern Mediterranean region to the
north of the Iskenderun Gulf between Ceyhan
and Osmaniye (Fig. 1). The eastern Mediter-
ranean region contains three major strike-slip
fault zones - the Dead Sea Fault Zone (DSFZ),
and the North and East Anatolian Fault Zones
(NAFZ and EAFZ, respectively) (Fig. 2) - that
approximate transform faults (Westaway 1994;
Westaway & Arger 1996). These fault zones
form the modern plate boundaries between the
Turkish (TR), Arabian (AR), African (AF) and
Eurasian (EU) Plates, and accommodate north-
ward motion of the African and Arabian Plates
relative to Eurasia, and westward motion of the
Turkish Plate (§engor & Yilmaz 1981; Kelling et
al 1987; Yilmaz et al 1988; Karig & Kozlu 1990;
Perincek & £emen 1990; Westaway 1994; West-
away & Arger 1996; Arger et al. 2000). The
right-lateral NAFZ forms the boundary be-
tween the Eurasian Plate and the Turkish
Plate; the left-lateral EAFZ and DSFZ bound
the Turkish, African and Arabian Plates (Fig.
2). Karliova, in northeast Turkey, marks the
intersection between the NAFZ and the
EAFZ, and the G6lbas,i Basin on the EAFZ
(Fig. 2) marks the triple junction between the
African, Arabian and Turkish Plates (Karig &

Kozlu 1990; Perincek & £emen 1990; Westaway
& Arger 1996; Arger et al. 2000). For several
workers, the triple junction between the Turk-
ish, African and Arabian Plates is located near
Kahraman Maras, (§engor et al. 1985; Gulen et
al. 1987). Active shortening continues west of
the Karliova Triple Junction where active left-
lateral faulting steps to the right (Karig & Kozlu
1990; Arger et al. 2000). Westaway & Arger
(1996) proposed a kinematic model explaining
that the present-day major fault geometry
developed c. 3 Ma. They suggested that be-
tween c. 5 Ma and 3 Ma, the relative motion
between the Turkish and Arabian Plates was
taken up north of the EAFZ, which did not yet
exist, on the Malatya-Ovacik Fault Zone
(MOFZ; Fig. 2). The earlier slip, which started
at c. 5 Ma on other strike-slip faults nearby,
marked the start of westward motion of the
Turkish Plate (Westaway & Arger 1996).

The main left-lateral Karatas,-Osmaniye
Fault Zone (KOFZ), which is important for the
structural framework of the basaltic volcanic
rocks in this area, forms part of the modern
Turkish-African Plate boundary. The Aslantas
Fault Zone, or Misis-Andirm Trend, follows the
line of the former Neotethys Suture north-
northeast from the study region. Westaway

From: BOZKURT, E., WINCHESTER, J. A. & PIPER, J. D. A. (eds) Tectonics and Magmatism in Turkey and the
Surrounding Area. Geological Society, London, Special Publications, 173, 489-512. l-86239-064-9/00/$15.00
© The Geological Society of London 2000.
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Fig. 1. Map of the Iskenderun Gulf area and the distribution of basaltic volcanic rocks. Map is simplified from
Bilgin & Ercan (1981) and Arger et al (2000).

(pers. comm.) argued that most of the active slip
continues east-northeast from the study region,
linking end-on into the EAFZ. He also sug-
gested that the active faulting steps leftward
offshore, southwest of Karatas, onto the former
Neotethys Suture [the Cyprus-Misis-Andinn
Trend of Karig & Kozlu (1990)] and that this is
a pure transform fault. However, the southwest
end of this transform fault bends to the right,
requiring a component of transpression, hence
the uplift of the Kyrenia Mountains of northern
Cyprus (Westaway 1994). The active faulting
thus follows the Neotethys Suture at this lo-
cation, but in the study region it cuts across the
Neotethys Suture in the vicinity of Toprakkale
(Arger et al. 2000).

The Neogene evolution of these modern plate
boundaries is largely recorded in the stratigra-
phy and structure of the basins that lie along the
Turkish-Arabian and Turkish-African Plate
boundaries (Kelling et al. 1987; Karig & Kozlu
1990). The £ukurova Basin, in the eastern

Mediterranean, is made of two subsidiary
troughs - the Adana and Iskenderun Sub-
basins - which are separated by the Misis Com-
plex structural high (Kelling et al. 1987). Two
main lithostratigraphic units have been recog-
nized, namely the Isali and Karata§ Formations
(Schmidt 1961; Schiettecatte 1971). The Isali
Formation is of Early Miocene (Aquitanian)
age and is composed of an olistostromic com-
plex. It is at least 2000 m thick and tectonically
overlies the Karatas, clastic rocks (Kelling et al.
1987). Basaltic clasts and pillow lavas in the tsali
Melange have a subduction-related chemistry
and were formed in a back-arc basin setting
(Floyd et al. 1991). The Karata§ Formation is
dominated by turbidite sandstones alternating
with pelagic mudstones and marls. It also
includes rare olistoliths of Maastrichtian and
Palaeocene shelf limestone and volcanic rocks
(Kelling etal. 1987). The thickness of the Karatas,
Formation varies from 1500 to 3000 m and the
age ranges from Early to Late Miocene (Kelling
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Fig. 2. Summary maps of the main active fault zones forming plate boundaries in the eastern Mediterranean
region. Map is simplified from Westaway & Arger (1996).

et al 1987). Analyses of volcaniclastic rocks in
the Isali Formation and flysch-type turbidites
for the Karatas Formation imply derivation
from calc-alkaline arc and back-arc basin
sources (Floyd et al. 1992).

The tectonic evolution of the region has been
studied widely (Nur & Ben-Avraham 1978;
§engor & Yilmaz 1981; Kelling et al 1987;
Yilmaz et al 1988; Karig & Kozlu 1990; Peri-
ncek & £emen 1990; Westaway 1994; Westaway
& Arger 1996; Yliriir & Chorowicz 1998). How-
ever, very few investigations on the petrology
and geochemistry of the basalts have been
published. Bilgin & Ercan (1981) described the
petrology of these basalts and interpreted them
as plateau basalts of tholeiitic character with a
weak alkaline affinity. Parlak et al (1997) gave a
brief geochemical description of the basalts.
Arger et al (2000) did age determinations and
gave some geochemical characteristics of the
Toprakkale basaltic rocks.

The aim of this study is to review the petro-
graphical and chemical composition of the
basaltic rocks and to investigate the cause of
the volcanism in this region. The Iskenderun
Gulf basin appears to basically be a sag basin

(Kelling et al 1987), but with a minor com-
ponent of shortening due to a small amount of
plate convergence being taken up across the
Neotethys Suture where it runs along the north-
western coastline of the gulf, indicating no
extension in the study area (Arger et al 2000).
However, to the north, within the Cilicia Basin,
which was interpreted as being underlain by the
active sinistral Yakapmar-Goksun Fault, there
may be some evidence of extension. Westaway
(pers. comm.) suggested that part of the
interior of this basin may be underlain by a
pull-apart basin where this fault zone steps
leftward. There is no evidence that this is
correct, although the fault geometry is not well
resolved and so this possibility cannot be ruled
out. Therefore, the suggestion that such a pull-
apart basin may exist is the only way one can
argue for a component of extension anywhere
near the study area [see Arger et al (2000) for a
detailed discussion].

Distribution of the basaltic rocks

Plio-Quaternary basaltic rocks, now referred to
as the Iskenderun Gulf alkali volcanic rocks,
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Fig. 3. Field photograph of Delihalil Tepe Volcano, viewed north-northeast from the southwest of the Delihalil
Tepe Neck.

,«-/*

Fig. 4. Subplinian pumice-fall deposits from northeast
of Tiiysiiz Tepe Parasitic Cone.

the main topic of this study, are exposed along
the left-lateral northeast-southwest trending
KOFZ (§aroglu et al 1992) and overlie all the
Neogene series in the area. These basaltic vol-
canic rocks have been studied at four main
localities: Delihalil Tepe; Ugtepeler; Toprak-
kale; and Gertepe (Fig. 1).

The Delihalil Tepe Volcano presents the
largest basalt exposure in the area and rises to a
height of 460 m above sea level (asl). It is a large
composite stratovolcano consisting of a scoria
cone and several parasitic cones, pumiceous
pyroclastic scoria-falls (subplinian pumice-fall
characteristics) and lava flows. The scoria cone
consists almost entirely of rough clinkery blocks
and resembles rubbly aa lavas (Fig. 3). The
subplinian pumice-fall deposits (Fig. 4) are
located to the northeast of the Tiiysuz Tepe
Parasitic Cone. In this area, pyroclastic rocks
located at the base are about c. 3-4 m thick and
contain a variety of rock fragments, ranging in
size from millimetres to 1 m (Fig. 5a). This
horizon is overlain by a 50-60 cm thick soil
layer. Subplinian pumice-fall deposits overlie
the soil layer (Fig. 5a and b) and are 2-4 m
thick, showing normal grading and good lamina-
tion. The grain size of some of the pumice
fragments is up to 1.5 cm and their long axes
are parallel to the deposition surface. There
is a clinkery lava flow unit (20-30 cm thick)



Fig. 5. (a) The columnar stratigraphical section of the
pyroclastics fall deposits from the northeast of Tiiysiiz
Tepe. (b) Field photograph of (a).

overlying this scoria-fall unit. At the topmost
level, there is another lava flow which has rough
clinkery and spinose-like surfaces reflecting
autobrecciation of the solidified surface crust
by movement below. The scoria cone is sur-
rounded by a large lava field. Around the base
of the Delihalil Tepe Volcano, within this lava
field, there are many surface features such as
small mounds or dome-like blisters up to 20 m
in diameter. These structures are thought to be
formed from local liquid pressure points inside
the lava causing the plastic crust to dome up.
The fluid pressure could be caused by magma,
or by locally high concentrations or pockets of
gas which could either be magmatic gas or
vaporized groundwater over which the lava has
flowed (Cas & Wright 1987). In some places, e.g.
to the west of the main neck, the volcanic rocks
show a bright red or pinkish coloration due to
oxidative alteration caused by steam (Walker &
Crosdale 1972).

Twelve samples from Delihalil Tepe have
been analysed for their petrographical and geo-
chemical characteristics. Samples numbered
from D20 to D25 were collected from the north-
east of the Delihalil Tepe Neck and samples
D26-D30 came from the same location but from
further south towards the base of the neck
(Fig. 1).

The small Uctepeler Volcano (Fig. 6) has
similar features to Delihalil Tepe, with a scoria
cone, including a parasitic cone, on the southern
flank and a lava field fed from the southwest and
northwest flanks of the volcano. The height of
the scoria cone is 132 m asl. It has a small crater-
like depression on its summit which opens to the
southwest and northwest. Lava flows surround-
ing the cone are columnar jointed. Samples
U34-U38 were collected from the northern
part of the Uctepeler Crater; U39 and U40
came from the base of the crater, nearer to the
neck; U41 was collected from the lava flow
surrounding the volcano to the southeast of
Uctepeler; and U42 was from the southwest of
Ugtepeler (Fig. 1).

Toprakkale is a small monogenetic centre and
is a low (151 m) irregular-shaped hill located to
the northeast of Delihalil Tepe (Fig. 1). The
original shape of the cone is not clear, as it lost
its natural shape due to quarrying and construc-
tion work. The Armenians built a castle on it
c. 900 a ago and excavated its sides to improve
the local defences (Gottwald 1940). The
Toprakkale basalt lava is columnar jointed at
the bottom and is capped by 5-6 cm flow
wrinkles similar to pahoehoe flows around the
main neck. Samples To7-Toll were collected
from south of the Toprakkale Neck.

PETROGENESIS OF BASALTS FROM SOUTHERN TURKEY 493
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Fig. 6. General areal view of the small U^tepeler Volcano, viewed towards the west from the eastern flank of the
volcano.

In the same area, c. 1 km further south of
Toprakkale, lavas exhibit two different cooling
phenomena; a platy jointed or flow-foliated lava
flow at the base of the succession; and a
columnar jointed (1-5 m) flow towards the top
(Fig. 7). In the platy jointed lava, vesicularity
increases from the base of the unit towards the
top, where elongated (ellipsoidal) vesicles reach
10-15 cm in length. The columnar jointed lava is
highly vesicular and shows slight atmospheric
alteration on its surface. There is an impersis-
tent soil layer c. 2 m thick separating these two
lava flows. Where absent, the columnar jointed
lava rests directly on the platy jointed lava flow
(Fig. 7). Samples Tol-To6 came from this lo-
cation (Fig. 1), where this platy jointed lava flow
is clearly seen to overlie the Karatas Formation.

Gertepe (Fig. 1) is a dome-shaped small vol-
cano composed of aa type lavas. Basaltic rocks
in this location show similar characteristics to
the Delihalil Tepe Scoria Cone. At the bottom,
lavas are less vesicular and show no alteration.
Towards the top there is a good stratigraphical
layering of lava and black ash. Samples
G31-G33 were collected from the quarried
section inside the cone.

Cr, Cu, Ga, Nb, Ni, Pb, Rb, Sr, Th, V, Zn, Zr
and light rare elements) analyses were made on
pressed powder pellets. Precision was deter-
mined by pooled variance on the results
obtained from replicate analyses on individual
samples. Analytical details may be found in
Floyd & Castillo (1992). Results of these ana-
lyses are listed in Table 1 for a representative
selection of specimens; normative compositions
of all samples are presented in Table 2.

Chemical analysis of rock-forming minerals in
the Iskenderun Gulf alkali olivine basalts and
basanites were performed using electron-probe
microanalysis. The analyses were made on
polished sections using a Link QX 2000 electron
microprobe attached to the lithium-drifted
silicon detector at the Department of Earth
Sciences, University of Keele. Calibration was
made by using metals and silicate mineral
standards. Accuracy and precision of the tech-
niques used are given by Dunham & Wilkinson
(1978), with corrections using a standard
software program (ZAF4-FLS) from Link Ana-
lytical. Representative analyses of rock-forming
minerals (olivine, plagioclase and clinopyr-
oxene) are listed in Tables 3-5.

Analytical techniques

Fifty samples collected from the four main
centres north of the Iskenderun Gulf area out-
lined above have been analysed on a fully
automated ARL 8420 X-ray fluorescence spec-
trometer, calibrated against both international
and internal rock standards of appropriate com-
position for their major and trace element con-
centrations. Major oxides [SiO2, TiO2, Al2Os,
Fe2O3 (as total iron), MnO, MgO, CaO, Na2O,
K2O and P2O5] analyses were performed on
fused glass beads and trace element (including

Classification and petrography of the
basaltic rocks
Compositional variation and classification of the
basaltic rocks are presented on a total alkali-
silica diagram (Fig. 8) after Le Bas et al. (1986).
It is evident (Fig. 8) that the volcanism of the
Iskenderun Gulf area is predominantly alkalic
in nature. Arger et al. (2000) have studied the
age and geochemistry of the Toprakkale basalts,
determining them to be 2.3-0.6 Ma old. How-
ever, as a result of analytical uncertainties, they
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explained that the age span may vary between
1.5 and 0.7 Ma and 3.0-0.5 Ma. Specimens from
the Toprakkale area analysed by Arger et al.
(2000) have similar variations in compositions to
the samples from this study (Fig. 9). The magma
series in the Iskenderun Gulf area is clearly
undersaturated, with abundant normative
nepheline ranging from 3.30 to 17.3 (Table 2),
and is primarily composed of basanites (norma-
tive olivine ranging from 15.5 to 21.6, Table 2)
and alkali olivine basalts.

Basanites

The basanites from Delihalil Tepe, Gertepe
and Toprakkale all lie close to each other in the

total alkali-silica diagram and show similar
textural characteristics. They exhibit porphyri-
tic, intersertal, intergranular and glomeropor-
phyritic textures, all of which may sometimes
be seen in one thin section. Basanites are
mainly composed of fresh euhedral, and oc-
casionally subhedral, olivine phenocrysts,
sometimes up to 3 mm in diameter (Fig. lOa).
Olivine phenocrysts and microphenocrysts are
embedded in a highly vesicular and fine-grained
groundmass of olivine, plagioclase, augite, ilme-
nite (microprobe analysis), Ti-magnetite, and
subordinate apatite and glass. Some olivine
phenocrysts show no resorption whilst others
are strongly embayed and resorbed. These
embayed and skeletal forms are probably

Fig. 7. Columnar jointed lava flow overlying the platy jointed lava flow at a location 1 km south of Toprakkale.



Table 1. Representative X-ray fluorescence major-element (wt%) and trace element (ppm) analyses of selected Iskenderun Gulf alkali basaltic rocks

To2 To5
Basanite Basanite

SiO2
TiO2

A1203

Fe203
FeO
MnO
MgO
CaO
Na20
K2O
P2O5

Mg-no.
K2O/Na2O

Cr
Ni
V
Cu
Pb
Zn
Ba
Rb
Sr
Ga
Nb
Zr
Y
Th
La
Ce
Nd
Rb/Zr
Zr/Nb
La/Nb
Y/Nb

44.24
2.99

15.78
2.16

11.04
0.17
7.10

10.28
4.16
1.45
0.88

49.34
0.35

125
90

199
67
11
82

349
17

964
22
45

195
30
1

39
75
23
0.09
4
0.87
0.66

43.55
2.91

15.17
2.21

11.25
0.17
8.77

10.22
3.60
1.42
0.91

54.14
0.39

224
144
179
60
10
90

360
15

1004
23
47

194
28
3

36
80
34
0.08
4
0.77
0.59

To7 Toll D21 D25
Alk.Ol.B Basanite Basanite Basanite

44.41
2.94

15.66
2.16

11.02
0.17
7.35

10.33
2.82
1.16
0.94

50.26
0.41

145
98

198
64
10

102
355
13

1091
20
48

194
30

n.d
42
80
38
0.07
4
0.88
0.62

44.44
2.93

15.42
2.22

11.31
0.18
8.40

10.11
3.90
1.50
0.90

52.95
0.38

188
132
191
67
13
88

328
17

968
21
47

191
30
2

30
80
29
0.09
4
0.64
0.64

43.24
2.97

14.44
3.38

11.44
0.18
9.70
8.78
3.95
1.83
1.05

54.42
0.46

256
182
189
69
9

112
335
22

991
22
65

248
29
1

39
102
39
0.09
4
0.60
0.45

43.35
2.96

14.57
3.34

11.31
0.18
9.41
9.15
4.01
1.87
1.05

53.94
0.47

224
129
192
65
10

106
385
23

1077
19
64

250
29
3

39
77
30
0.09
4
0.61
0.45

D27
Basanite

43.70
3.11

15.22
3.32

11.26
0.18
7.78
9.75
4.51
1.99
1.13

49.31
0.44

162
170
195
68
10

104
377
22

1127
20
68

263
31
2

45
98
44
0.08
4
0.66
0.46

D29-1
Basanite

44.3
2.93

14.91
3.36

11.40
0.18
9.34
9.38
4.08
1.73
1.00

53.57
0.42

221
195
186
66
10
99

385
21

1052
20
61

237
28
3

48
83
41
0.09
4
0.79
0.46

D30
Basanite

43.46
2.96

14.46
3.41

11.56
0.18
9.80
9.20
3.96
1.88
1.07

54.42
0.47

252
191
193
69
10

108
369
22

1068
21
66

249
30
4

45
94
46
0.09
4
0.68
0.45

G32 G33 U35 U39 U40 042
Basanite Basanite Basanite Basanite Alk.Ol.B Alk.Ol.B

44.31
2.67

14.36
3.27

11.09
0.18
9.69
9.12
3.79
1.59
0.79

55.16
0.42

294
193
193
65
12

108
322
20

877
21
51

210
25
3

33
84
34
0.10
4
0.65
0.49

44.97
2.62

14.46
3.30

11.17
0.18

10.08
9.32
3.38
1.53
0.79

55.96
0.45

298
142
186
68
12

109
306
23

880
23
48

201
24
3

33
79
34
0.11
4
0.69
0.50

45.86
2.63

16.06
2.86
9.71
0.18
8.48
8.01
4.72
2.36
0.70

55.16
0.50

168
105
175
56
13
80

275
28

839
22
53

295
27
4

39
73
27
0.09
6
0.74
0.51

46.41
2.65

16.67
2.81
9.52
0.18
7.36
7.33
5.20
2.72
0.74

52.12
0.52

103
165
153
45
13
82

292
30

875
25
58

332
27
5

36
94
39
0.09
6
0.40
0.47

44.43
2.65

15.48
3.42

11.59
0.18
9.19

10.04
2.91
0.96
0.48

52.77
0.33

241
97

204
57
13
89

198
11

652
21
29

141
25
2

20
47
27
0.08
5
0.69
0.86

45.43
2.55

16.14
2.02

10.28
0.17
7.65

10.89
3.16
1.00
0.43

52.98
0.32

146

203
59
13
84

200
11

694
22
29

146
24
2

20
61
30
0.08
5
0.69
0.83

Alk.Ol.B, alkali olivine basalts.
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Table 2. CIPW normative mineral calculations oftskenderun Gulf basalts

Sample

Toprakkale
Tl
T2
T3
T4
T5
T6
T7
T8
T9
T10
Til

Delihalil
D20
D21
D22
D23
D24
D25
D26
D27
D28
D29-1
D29-2
D30

Gertepe
G31
G32
G33

Uctepeler
U34
U35
U36
U37
U38
U39
U40
U41
042

Or

5.65
8.56
7.64
7.82
8.38
9.90
6.93
8.11
8.51
8.10
8.76

10.90
10.72
10.66
10.90
9.41

10.93
10.91
11.55
10.87
10.00
9.42

10.91

9.34
9.32
8.89

15.00
13.74
15.61
15.79
15.82
15.84
5.60
6.56
5.93

Ab

14.15
11.22
11.36
11.43
9.48

11.92
17.99
12.05
11.04
11.15
10.49

8.63
9.41
9.73
9.24
8.76
8.33
7.02
7.19
6.36
9.33
9.33
7.74

12.87
11.90
13.46

10.47
11.82
12.18
11.72
11.37
12.88
14.86
17.44
15.64

An

21.17
20.02
19.18
20.02
20.97
18.88
26.89
22.45
21.39
21.33
19.84

15.52
16.08
17.44
17.03
15.63
16.01
15.07
15.08
13.87
16.83
16.14
15.79

18.43
17.29
19.38

13.75
15.39
13.73
13.31
13.36
13.85
25.96
27.47
26.94

Ne

11.43
12.93
12.42
12.60
11.32
12.12
3.30

10.34
10.29
10.31
11.95

13.97
12.82
11.42
12.01
14.76
13.64
14.99
16.37
16.30
13.21
14.33
13.60

9.03
10.76
7.92

17.02
14.88
16.59
17.16
17.26
16.46
5.10
4.57
6.04

Di

20.31
21.10
20.38
20.58
19.85
19.12
15.86
19.92
18.96
18.98
19.97

17.75
17.03
16.45
16.90
19.42
18.50
19.96
21.11
20.48
18.63
19.27
18.54

17.74
18.65
17.44

15.76
15.98
14.97
15.21
15.26
14.38
16.64
16.58
20.20

Ol

16.64
15.48
17.58
16.89
19.31
16.89
18.16
16.46
19.09
19.50
18.37

20.70
21.24
21.69
21.39
19.61
20.00
19.47
15.76
19.47
19.68
19.21
20.76

21.09
20.63
21.64

17.25
17.69
16.38
16.28
16.36
16.03
20.94
16.86
16.51

Mt

3.15
3.12
3.16
3.13
3.20
3.18
3.16
3.13
3.21
3.19
3.18

4.79
4.85
4.85
4.83
4.76
4.79
4.82
4.72
4.83
4.76
4.76
4.85

4.74
4.70
4.70

4.12
4.08
4.04
4.03
4.05
4.01
4.89
4.43
2.94

11

5.60
5.67
5.55
5.53
5.52
5.72
5.64
5.57
3.53
5.54
5.50

5.53
5.59
5.53
5.48
5.46
5.56
5.51
5.80
5.53
5.44
5.50
5.52

5.04
5.03
4.89

5.04
4.92
4.96
4.96
4.95
4.96
4.97
4.99
4.86

Apt

1.91
1.92
1.95
2.00
1.98
1.28
2.07
1.97
1.99
1.91
1.94

2.22
2.27
2.23
2.23
2.20
2.27
2.26
2.42
2.30
2.13
2.05
2.29

1.72
1.71
1.69

1.59
1.50
1.54
1.53
1.57
1.59
1.03
1.10
0.94

Or, orthoclase; Ab, albite; An, anorthite; Ne,'nepheline; Di, diopside; Ol, olivine; Mt, magnetite; II, ilmenite; Ap,
apatite.

induced by rapid cooling (Cox & Jamieson
1974). Occasionally, olivine phenocrysts in
Toprakkale basanites show zoning with a
homogeneous core surrounded by a continu-
ously normally zoned mantle (Fig. lOb). Also,
occasional olivine phenocrysts, from south of
Toprakkale, are surrounded by a reaction rim
of clear plagioclase and minute augite crystals.
Large olivine phenocrysts contain some
rounded green spinel inclusions as well as
opaque oxide and dark greenish brown Ti-
augites (Fig. lOa).

Augite is usually present as a groundmass

phase and sometimes as inclusions in olivine
and plagioclase. Plagioclase microphenocrysts
in basanites are subhedral and show slight
zoning. They also show resorption textures and
enclose euhedral apatite crystals.

Magnetites are very common in the ground-
mass and as inclusions in the phenocrysts. The
dark brown or reddish brown coloration of
groundmass Fe-oxides suggests they are titano-
magnetites. Microprobe analyses established
that inclusions in the olivine phenocrysts are
usually ferrous chrome spinels and titaniferous
magnetites.



Table 3. Representative analyses ofolivines in the Iskenderun Gulf alkali basaltic lavas

Delihalil Tepe basanite

Core

Si02 38.60
TiO2 0.00
A12O3 0.00
FeO 18.02
MnO 0.24
MgO 42.30
CaO 0.23
Na2O 0.00
Cr2O3 0.00
NiO 0.00
Total 99.37

Rim

38.32
0.00
0.00

20.60
0.18

40.18
0.34
0.00
0.00
0.00

99.62

Core Rim

38.45 37.46
0.00 0.00
0.00 0.00

18.56 22,57
0.00 0.48

41.76 37.87
0.27 0.47
0.00 0.52
0.00 0.00
0.00 0.00

99.04 99.37

Core

38.51
0.00
0.00

19.05
0.00

41.39
0.30
0.00
0.00
0.00

99.25

Rim

37.73
0.00
0.35

22.13
0.40

38.49
0.48
0.00
0.00
0.00

99.58

Core

38.78
0.00
0.00

17.69
0.00

42.22
0.24
0.41
0.00
0.00

99.34

Toprakkale basanite

Rim

36.50
0.00
0.00

29.80
0.34

32.38
0.39
0.00
0.00
0.00

99.41

Core

38.76
0.00
0.00

17.15
0.00

43.13
0.25
0.00
0.00
0.00

99.29

Rim

36.55
0.00
0.00

27.04
0.30

35.28
0.43
0.00
0.00
0.00

99.60

Core

37.66
0.00
0.00

25.52
0.28

35.18
0.48
0.39
0.00
0.00

99.81

Uctepelar basanite

Rim

34.96
0.00
0.00

34.62
0.59

28.76
0.53
0.00
0.00
0.00

99.46

Core Rim

38.36 36.80
0.00 0.00
0.00 0.00

18.57 26.86
0.00 0.49

41.77 34.74
0.32 0.56
0.00 0.00
0.00 0.00
0.00 0.00

99.02 99.45

Number of ions on the basis of four oxygens
Si 0.986
Ti 0.000
Al 0.000
Fe 0.385
Mn 0.005
Mg 1.611
Ca 0.006
Na 0.000
Cr 0.000
Ni 0.000
Total 2.994

Fo 81
Fa 19

0.992
0.000
0.000
0.446
0.004
1.550
0.009
0.000
0.000
0.000
3.001

78
22

0.986 0.984
0.000 0.000
0.000 0.000
0.398 0.496
0.000 0.011
1.596 1.482
0.007 0.013
0.000 0.027
0.000 0.000
0.000 0.000
2.988 3.012

80 75
20 25

0.989
0.000
0.000
0.409
0.000
1.585
0.008
0.000
0.000
0.000
2.990

79
21

0.985
0.000
0.000
0.483
0.009
1.498
0.013
0.000
0.000
0.000
3.000

75
25

0.991
0.000
0.000
0.378
0.000
1.608
0.006
0.021
0.000
0.000
3.004

81
19

0.989
0.000
0.000
0.675
0.008
1.308
0.011
0.000
0.000
0.000
2.991

66
34

0.986
0.000
0.000
0.365
0.000
1.636
0.007
0.000
0.000
0.000
2.994

82
18

0.978
0.000
0.000
0.605
0.007
1.408
0.012
0.000
0.000
0.000
3.010

70
30

0.998
0.000
0.000
0.565
0.006
1.401
0.014
0.020
0.000
0.000
3.020

71
29

0.975
0.000
0.000
0.807
0.014
1.195
0.016
0.000
0.000
0.000
3.007

59
41

0.984 0.985
0.000 0.000
0.000 0.000
0.807 0.398
0.000 0.011
1.597 1.386
0.009 0.016
0.000 0.000
0.000 0.000
0.000 0.000
2.988 2.999

80 69
20 31



Table 4. Representative analyses of clinopyroxenes in the Iskenderun Gulf alkali basaltic rocks

Delihalil Tepe basanite Toprakkale basanite Ustepelar basanite

Si02
TiO2

A1203
FeO
MnO
MgO
CaO
Na20
K2O
PzO5
Total

Core

41.43
5.49
9.70
9.55
0.00

10.37
22.63
0.66
0.00
0.00

99.82

Rim

42.59
4.39
8.33

10.42
0.00

10.80
22.00
0.84
0.00
0.41

99.78

Core

44.87
3.80
6.92
8.92
0.00

11.90
22.46
0.77
0.00
0.00

99.63

Rim

41.83
5.59

10.07
8.63
0.00
9.85

21.74
1.26
0.13
0.61

99.71

Core

45.03
3.70
7.05
8.54
0.18

11.81
22.76
0.53
0.00
0.00

99.60

Rim

45.33
4.26
7.30
9.62
0.21

10.34
22.11
0.84
0.00
0.00

100.01

Core

45.32
3.87
6.93
8.66
0.00

11.56
22.76
0.56
0.00
0.00

99.66

Rim

48.26
2.68
4.66
8.19
0.00

12.70
22.73
0.67
0.00
0.00

99.87

Core

47.92
3.04
4.72
9.05
0.00

12.35
22.10
0.56
0.00
0.00

99.74

Rim

48.91
2.13
3.55
9.15
0.00

12.99
22.29
0.75
0.00
0.00

99.77

Core

46.32
3.47
6.10
9.08
0.00

11.69
22.30
0.68
0.00
0.00

99.64

Number of ions on the basis of six oxygens
Si
Ti
Al
Fe
Mn
Mg
Ca
Na
K
P
Total

Wo
En
Fs

1.585
0.158
0.437
0.305
0.000
0.591
0.928
0.049
0.000
0.000
4.054

51
32
17

1.630
0.126
0.376
0.333
0.000
0.616
0.902
0.062
0.000
0.013
4.063

49
33
18

1.704
0.108
0.310
0.283
0.000
0.673
0.914
0.056
0.000
0.000
4.048

49
36
15

1.589
0.160
0.451
0.274
0.000
0.558
0.885
0.093
0.007
0.020
4.036

52
32
16

1.707
0.106
0.315
0.271
0.006
0.667
0.924
0.039
0.000
0.000
4.034

49
36
15

1.720
0.121
0.327
0.305
0.007
0.585
0.899
0.062
0.000
0.000
4.026

50
33
17

' 1.720
0.110
0.310
0.270
0.000
0.650
0.920
0.040
0.000
0.000
4.030

50
35
15

1.810
0.080
0.210
0.260
0.000
0.710
0.920
0.050
0.000
0.000
4.030

48
38
14

1.806
0.086
0.209
0.285
0.000
0.694
0.892
0.041
0.000
0.000
4.013

48
37
15

1.844
0.061
0.158
0.289
0.000
0.730
0.900
0.055
0.000
0.000
4.036

47
38
15

1.753
0.099
0.272
0.287
0.000
0.660
0.904
0.050
0.000
0.000
4.024

49
35
16



Table 5. Representative analyses of plagioclases in the Iskendemn Gulf alkali basaltic rocks

Delihalil Tepe basanite

Core

SiO2 52.81
TiO2 0.00
A12O3 28.71
FeO 0.97
MnO 0.00
MgO 0.26
CaO 12.12
Na2O 4.21
K2O 0.46
P2O5 0.00
Total 99.54

Rim

54.09
0.76

26.32
1.79
0.00
0.46
9.65
5.08
1.42
0.00

99.69

Core

51.26
0.26

29.92
0.96
0.00
0.34

13.22
3.54
0.38
0.00

99.88

Rim Core

54.29 53.00
0.92 0.33

25.42 28.58
2.09 0.99
0.00 0.00
0.53 0.33
8.40 11.77
5.36 4.30
2.10 0.48
0.46 0.00

99.57 99.78

Rim

53.07
1.47

19.98
6.97

70.23
2.01
5.37
4.48
5.02
1.04

99.76

Core

53.58
0.62

27.24
1.59
0.00
0.33

11.04
4.78
0.56
0.00

99.74

Toprakkale basanite

Core

51.23
0.00

30.10
0.58
0.00
0.00

13.94
3.59
0.18
0.00

99.62

Rim

53.97
0.00

28.29
0.46
0.00
0.23

11.53
4.70
0.42
0.00

99.58

Core

50.00
0.00

30.65
0.60
0.00
0.37

14.25
3.55
0.17
0.00

99.58

tictepelar basanite

Rim

52.31
0.24

28.82
1.13
0.00
0.30

12.79
3.93
0.27
0.00

99.78

Core

49.66
0.00

30.83
0.68
0.00
0.26

14.80
3.17
0.15
0.00

99.56

Rim

52.44
0.31

28.41
1.54
0.00
0.23

12.64
4.17
0.24
0.00

99.98

Number of ions on the basis of eight oxygens
Si 2.409
Ti 0.000
Al 1.544
Fe 0.037
Mn 0.000
Mg 0.018
Ca 0.593
Na 0.372
K 0.027
P 0.000
Total 4.999

An 60
Ab 37
Or 3

2.476
0.026
1.420
0.068
0.000
0.031
0.473
0.451
0.083
0.000
5.035

47
45
8

2.343
0.009
1.612
0.037
0.000
0.023
0.648
0.313
0.022
0.000
5.007

66
32
2

2.493 2.414
0.032 0.011
1.376 1.535
0.080 0.038
0.000 0.000
0.036 0.023
0.413 0.574
0.477 0.379
0.123 0.028
0.018 0.000
5.050 5.002

41 59
47 39
12 2

2.520
0.050
1.120
0.280
0.010
0.140
0.270
0.410
0.300
0.040
5.160

28
42
31

2.450
0.020
1.470
0.060
0.000
0.020
0.540
0.420
0.030
0.000
5.010

54
42
3

2.340
0.000
1.620
0.020
0.000
0.000
0.680
0.320
0.010
0.000
4.990

68
31
1

2.450
0.000
1.510
0.020
0.000
0.020
0.560
0.410
0.020
0.000
4.990

56
41
3

2.290
0.000
1.660
0.020
0.000
0.030
0.700
0.320
0.010
0.000
5.020

68
31
1

2.390
0.010
1.550
0.040
0.000
0.020
0.630
0.350
0.020
0.000
5.000

63
35
2

2.280
0.000
1.670
0.030
0.000
0.020
0.730
0.280
0.010
0.000
5.010

71
28
1

2.400
0.010
1.530
0.060
0.000
0.020
0.620
0.370
0.010
0.000
5.020

62
37
1
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Fig. 8. Total alkali-silica diagram of the iskenderun Gulf alkali volcanics [after Le Bas et al. (1986)].

Alkali olivine basalts

The alkali olivine basalts are also porphyritic
and, as in the basanites, olivine is the dominant
phenocryst phase (Fig. lOc). Olivine pheno-
crysts are euhedral to subhedral, up to 1.5 mm
in size and are embedded in a vesicular, fine-
grained groundmass of olivine, plagioclase,
augite, titanomagnetite and glass. As in the
basanites, most of the olivines are resorbed and
contain dark olive green spinel and titanaugite
inclusions. Augite generally occurs in higher
proportions in the alkali olivine basalts than in
the basanites. Augites are present as euhedral to
subhedral phenocrysts and microphenocrysts, as
well as groundmass material. Along the margins
of some altered olivine minerals magnetite and

augite are present. Apatite is an accessory phase
often associated with Ti-magnetite. Large gas
vesicles are randomly distributed in the rock
with variable carbonitization along the sides of
some vesicles.

Chrome spinel, found enclosed within the
olivine, was the earliest liquidus phase. The
spinel was followed by olivine, clinopyroxene,
plagioclase and titanomagnetite in both basan-
ites and alkali olivine basalts, justified by petro-
graphical observations.

Mineral chemistry

The chemical composition of the olivines from
basanites and alkali olivine basalts of Delihalil
Tepe are similar and relatively uniform, ranging

Fig. 9. Classification of Toprakkale samples analysed by Arger et al. (2000) using the Le Bas et al (1986) scheme.
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Fig. 10. (a) Basanite - a euhedral olivine phenocryst embedded in a highly vesicular and fine-grained
groundmass. Olivine contains plenty of ferrous chrome spinel inclusions (CPL, 2.5 x 1.25 x 10). (b) Basanite
from Toprakkale, olivine phenocrysts showing zoning with a homogeneous core surrounded by a continuously
zoned mantle indicated by the variation in interference colours (CPL, 2.5 x 1.25 x 10). (c) Alkali olivine basalt
from Ugtepeler (CPL, 1.25 x 1.25 x 10). Ol, Olivine; Pig, Plagiocalse.
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from Fo8i to Fo78 in the cores (Table 3). Core
compositions of divines in the Ugtepeler alkali
olivine basalts vary between Fo80 and Fo68, and
in the Toprakkale basanites vary between Fo82
and Fo6i- In the Delihalil Tepe basanites, the
forsterite content of the olivine is fairly constant
from the core towards the rim, but the forsterite
content decreases at the rim, ranging from Fo78
to Fo75. Olivine microphenocrysts in the
groundmass are more Fe rich (Fo70) than the
phenocrysts. Olivines in the Ugtepeler alkali
olivine basalts and the Toprakkale basanites
show a slightly wider range of compositions at
the olivine margins. Rim compositions in Ugtep-
peler range between Fo69 and Fo59, and from
Fo70 to Fo30 in Toprakkale (Table 3).

Euhedral and subhedral augites in basanites
and alkali olivine basalts do not show very much
variation in their core and rim compositions
(Table 4). Core composition of augite in
basanites from Delihalil Tepe ranges from
Wo5i_49En36_31Fsi8_i5, and rim compositions
range from Wo52^8En35_3iFsi8_i6. Clinopyrox-
enes show similar core and rim compositions to
Delihalil Tepe basanites in Uctepeler and
Toprakkale alkaline rocks (Table 4). They are
all titanaugites with high CaO (22-23%) and
TiO2 (2-5%) contents. The TiO2 content of
augites in alkali olivine basalts (2-3%) is lower
than the Delihalil Tepe and Toprakkale basan-
ites (Table 4).

Plagioclase (Table 5) is only present as a
groundmass phase and are microcrystalline.
The chemical compositions of plagioclase in the
Delihalil Tepe basanites range from An66-54
Ab42_32Or3_2 in the core to An64_28Ab47_34
Or3i_2 at the rim. Plagioclase compositions in
the Uctepeler alkali olivine basalt range from
An7i_68Ab3i_28Ori_o in the core to An69_62
Ab37_30Or2_! at the rim, and in Toprakkale
basanites from An70_55Ab33_28Or2_! in the core
to An67_26 Ab59_32Or15_1 in the margins
(Table 5).

The general mineralogical characteristics of
the Iskenderun Gulf alkaline mafic rocks indi-
cates that the most Fo-rich composition of the
olivines is Fo80_82 within both the basanites and
the alkali olivine basalts. Clinopyroxene compo-
sitions are also, in general, similar, except that
augites in alkali olivine basalts have lower TiO2
concentrations. Plagioclases have chemical
compositions in the andesine-labradorite range
in both alkali olivine basalts and basanites.

Major element chemistry
Representative major element analyses for Plio-
Quaternary Iskenderun Gulf basanites and

alkali olivine basalts are presented in Table 1.
Basanites and alkali olivine basalts have SiO2
contents in the 43-46 wt% range and MgO in
the 6.04-10.08 wt% range; Mg-numbers range
from 49 to 56. Total alkali (Na2O + K2O)
contents of Iskenderun Gulf alkali basalts
range from 3.78 to 7.92%; they are all sodic
with K2O/Na2O ratios varying between 0.32 and
0.52.

Concentrations of P2Os, K2O and Na2O are
generally higher in the basanites than in alkali
olivine basalts, but A12O3, MgO and TiO2 are
similar (Table 1). In major oxides v. SiO2
diagrams (Fig. 11), A12O3 displays a positive
correlation and Fe2O3 a scattered negative
correlation; P2O5 and TiO2 show scattered
negative correlation with SiO2; CaO and MgO
also present scattered linear correlations with
SiO2.

Interpretation

Major element characteristics of the basalts in
the study area suggest that the Iskenderun Gulf
mafic magmas are evolved (Mg-number 49-56).
Also, although scattered, the linear correlations
observed in major oxides v. silica diagrams may
indicate the importance of different fractionat-
ing mineral assemblages during the evolution of
the Iskenderun Gulf magmas. They have experi-
enced fractionation of olivine and clinopyr-
oxene to varying degrees (Wilson 1989).

Major element concentrations of Iskenderun
Gulf basanites and alkali olivine basalts are
closely comparable to those of average ocean
island basalts (OIB) and intracontinental basalts
(Table 6). The sodic ratios of the Iskenderun
Gulf alkali basalts (0.32-0.52) are within the
range of Pliocene extension-related alkali
basalts of the Pannonian Basin (Embey-Isztin
et al. 1993), the Tertiary sodic mafic rocks in the
Massif Central (Wilson & Downes 1991) and
Early Cretaceous continental rift-type volcanic
rocks of the Mescek Mountains (Harangi 1994),
all with a K2O/Na2O rations < 1.

The A12O3 concentrations of all volcanic
rocks are generally high compared to average
OIB (Table 6). Similar high concentrations of
A12O3 are a characteristic feature of Basin-and-
Range extensional magmatism in the south-
western USA (Fitton et al. 1991).

Iskenderun Gulf alkaline rocks have high
Al2O3/CaO ratios, ranging between 1.5 and 2.3.
It is commonly argued that the Earth's upper
mantle should have an Al2O3/CaO ratio which
is close to that of chondrites, i.e. c. 1.2, and that
basalts derived by high degrees of melting,
leaving mainly olivine and orthopyroxene as
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Fig. 11. Major element v. silica variation diagrams of the Iskenderun Gulf alkali basalts. Open triangle, Delihalil
Tepe basanites; cross, Toprakkale basanites; diamond, Gertepe basanite; half-filled circle, Ugtepeler alkali
olivine basalts and basanites.

residual phases, should have an Al2O3/CaO
ratio c. 1.2 (Frey et al 1978). If melting leaves
residual clinopyroxene, and A12O3 contents of
both pyroxenes are not very high, then (A12O3/
CaO) can be > 1.2 (Frey et al 1978). However, it
is difficult to generate Al2O3/CaO of 1.5 and 2.3
by partial melting leaving residual clinopyr-
oxene, and it is more probable that the alkali
olivine basalts and basanites have undergone

low-pressure fractionation by settling out of
olivine and Ca-rich clinopyroxene, or by crystal-
lization of olivine, Ca-rich clinopyroxene and
plagioclase.

Trace elements
The trace element compositions of Iskenderun
Gulf alkali olivine basalts and basanites are
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Table 6. Comparison oflskenderun Gulf alkali olivine basalts and basanites with those of Tertiary-Quaternary
intracontinental alkali basalts and basanites and with average OIB

Cey.AB Cey.Bas MCAB MCBas Average OIB

Si02
Ti02

A1203
Fe203
MnO
MgO
CaO
Na2O
K20
P205

Cr
Ni
V
Zn
Rb
Sr
Ba
Zr
Nb
Th
Y
Nd
La
Ce

45.43
2.55

16.14
12.10
0.17
7.65

10.89
3.16
1.00
0.43

146
97

203
84
11

694
200
146
29
2

24
30
20
61

43.46
2.98

14.50
13.61
0.18
9.51
9.33
4.41
1.88
1.08

241
186
197
107
23

1077
352
251
66
3

28
34
36
87

46.79
2.36

13.99
11.86
0.15

10.04
9.62
3.49
1.34
0.60

236
215
_
_
30

646
474
234
79
6

25
42
38
91

41.22
3.22

13.32
12.50
0.18
9.71

11.73
4.2
1.88
1.08

282
150

-
_

54
1066
796
369
140
12
33
72
88

179

44.88
2.94

13.48
13.05
0.18
9.03

10.57
2.98
1.18
0.61

329
192
276
_
29

718
511
255
52

_
29
44
45
94

Major and trace element data for MCAB (Massif Central alkali basalt) and MCBas. (Massif Central basanite)
from Wilson & Downes (1991), and average OIB data from Fitton et al (1991).

presented in Table 1, and their concentrations
are compared with intracontinental plate basalts
and average OIB concentrations in Table 6.

The concentrations of the compatible (first
transition series) elements in the basanites and
alkali olivine basalts are generally low com-
pared with average OIB and intraplate data,
reflecting the more evolved nature of these
rocks. Nickel is a sensitive indicator of olivine
fractionation/accumulation from basaltic
magmas because of its large mineral/melt par-
tition coefficient. Nickel abundances in the
Iskenderun Gulf volcanic rocks vary between
97 and 165 ppm in alkali olivine basalts and 90-
196 ppm in basanites. Chromium concen-
trations are between 146 and 241 ppm in alkali
olivine basalts and 103-298 ppm in basanites.
Chromium and Ni both show good positive
linear correlations with MgO (Fig. 12). Van-
adium concentrations in the Iskenderun Gulf
alkali volcanics range from 151 to 213 ppm,
correlate negatively with SiO2 and are expected
to partition into clinopyroxene (Frey et al.
1978).

The large-ion lithophile (LIL) elements
are not preferentially incorporated into early

crystallizing minerals, so all become enriched in
residual liquids (Wilson 1989). Figure 13a and b
shows primordial mantle-normalized trace
element variation diagrams of Iskenderun Gulf
alkaline basalts, together with typical alkali
basalts from the oceanic islands of St Helena
(HIMU-type) and continental Massif Central
alkali basalt and basanite. The shape and the
slope of the trace element patterns of the
Iskenderun Gulf alkaline basalts and basanites
are similar to those of alkaline basalts and
basanites from OIB (HIMU-type) and conti-
nental within-plate (Massif Central) areas. All
Iskenderun Gulf alkalic rocks showing typical
humped patterns are enriched in incompatible
elements (Fig. 13b), with peaks at Rb, Ba, K and
Nb and with significant troughs at Th, Nd and
Zr. This is also comparable to P-type mid-ocean
ridge basalt (MORE) trace element patterns
with peaks at Ba and Nb and troughs at Th and
K. The spider diagram patterns of Iskenderun
Gulf alkali volcanic rocks also reveals a relative
enrichment of LREE with depletion of HREE
(Fig. 13b).

Incompatible element abundances of Isken-
derun Gulf alkaline volcanics are plotted v. Zr
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Fig. 12. Variation of Ni (a) and Cr (b) contents (ppm)
v. MgO (wt%) for the Iskenderun Gulf alkaline
volcanic rocks. Symbols as in Fig. 11.

(used as a general index of fractionation) in
Fig. 14. The incompatible elements tend to
scatter but correlate positively with one
another, and their abundances increase with
alkalinity. In the Nb v. Zr diagram there is a
good linear trend which intersects the Nb axis
near the origin, indicating slightly more compat-
ible behaviour of Nb than Zr during melting
(Weaver et al. 1987). In several of the incompat-
ible element diagrams, especially in Nb v. Zr
and P2O5 v. Zr, volcanic rocks present two
distinct linear trends. The first trend includes

Fig. 13. Primitive mantle (Sun & McDonpugh 1989)
normalized trace element patterns of the Iskenderun
Gulf alkali olivine basalts and basanites. (a) The
patterns of the representative sample from St Helena
OIB [data from Sun & McDonough (1989)], the
patterns of intracontinental alkali basalts and
basanites from Massif Central, France [data from
Wilson & Downes (1991)] are presented along with
Iskenderun Gulf alkali basalt and basanite for
comparison. Open triangle, St Helena; open square,
Massif Central alkali basalts; filled square, Massif
Central basanites; half-filled circle, Iskenderun Gulf
alkali olivine basalt; filled circle, Iskenderun Gulf
basanite. (b) Iskenderun Gulf alkali olivine basalts
and basanites envelope.

Toprakkale, Delihalil Tepe and Gertepe basan-
ites, and the second one U^tepeler alkali basalts
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Fig. 14. Incompatible element abundances v. Zr (used as a general index of fractionation) plots of the
Iskenderun Gulf alkaline basalts. Symbols as in Fig. 11.

and basanites but with a large compositional
gap. However, in Zr/Y v. Zr, Rb v. Zr and K2O
v. Zr diagrams all the volcanic rocks present
good linear trends (Fig. 14).

Interpretations of trace element data

Fractional crystallization. The compatible trace
elements support the observation made from
major elements that the Iskenderun Gulf mafic
magmas experienced some crystal fractiona-

tion, and positive correlation of Ni with MgO
suggests the presence of olivine in the fractio-
nating assemblage. The positive correlation be-
tween Cr and MgO is possibly due to the
concurrent crystallization of olivine and a Cr-
rich spinel phase and/or clinopyroxene. Also, a
negative correlation observed between V and
SiO2 should indicate clinopyroxene fractiona-
tion.

The incompatible element abundances in
basalts are controlled by source region
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abundances, degree of partial melting, residual
mineralogy and crystal fractionation (Weaver et
al. 1987; Fitton et al. 1991). Constant ratios of
certain incompatible trace elements (e.g. Nb/Zr,
Ce/Zr, La/Zr and Rb/Zr) provide a useful test
for the fractionation-controlled origin of the
more SiO2-rich magmas, indicating whether sig-
nificant crustal contamination is likely to have
occurred (Wilson 1989). The degree of partial
melting from a peridotite source should be
reflected in the Zr/Nb ratios of the derivative
lavas. Since the distribution coefficient for Zr in
clinopyroxene is about ten times larger than that
for Nb (Watson & Ryerson 1986), higher Zr/Nb
ratios indicate greater degrees of partial melting
from mantle peridotite (Camp & Roobol 1992).
The Zr/Nb ratio of the Iskenderun Gulf alkali
volcanic rocks is 4 and is very uniform through-
out the Delihalil Tepe, Toprakkale and Gertepe
basanites (Table 1); this ratio is 5 in Ustepeler
alkali basalts and 6 in Ugtepeler basanites
(Table 1). These Zr/Nb ratios may indicate that
the Iskenderun Gulf basanites and alkali olivine
basalts could be derived from a similar mantle
source.

Good linear trends observed in Nb v. Zr, Zr/Y
v. Zr, Rb v. Zr and K2O v. Zr diagrams, and the
constancy of incompatible element ratios in
Iskenderun Gulf alkaline volcanic rocks, pro-
vide strong evidence that fractional crystalliz-
ation has been the dominant process in the
evolution of the alkali olivine basalts and
basanites. These linear trends may be inter-
preted as liquid lines of descent produced by
low-pressure fractional crystallization of a simi-
lar source with variation in the degree of partial
melting.

Crustal contamination. Basalts erupted through
continental rather than oceanic crust are more
likely to be modified by crustal contamination
because of the lower density, lower melting
temperature and the greater thickness of con-
tinental crust compared to oceanic crust.
Thompson et al. (1984) suggested that the La/
Nb ratio might be a useful index of crustal
contamination in magmas. OIB and continental
alkali basalts all have La/Nb ratios < 1, whereas
continental flood basalts range from 0.5 to 7,
suggesting variable degrees of contamination.
La/Nb ratios of Iskenderun Gulf alkali rocks
range between 0.40 and 0.91; therefore, crustal
contamination is not thought to be significant.
The Ce/Pb ratio of average OIB is 29.7 (Fitton et
al. 1991). Ratios lower than average OIB may
have arisen in the oceanic environment by ad-
dition of Pb to the mantle, probably by addition
of lithospheric material into the asthenosphere.

Ce/Pb ratios of lavas in the Iskenderun Gulf
volcanic rocks are significantly lower than the
OIB average ratio, ranging from 5 to 11. In
general, the trace element compositions of
Iskenderun Gulf alkaline mantle-derived
magmas indicate that crustal contamination has
been minimal.

Mantle heterogeneity. Variations in K/Ba ratios
(as well as other incompatible element ratios)
are sensitive indicators of mantle heterogeneity.
The calculated K/Ba ratio for average unaltered
MORB is 121 [Engel et al. (1965) in Basaltic
Volcanism Study Project (1981)], although the
observed range is from as low as c. 20, suggest-
ing that the oceanic upper mantle is inhom-
ogeneous with respect to those elements. K/Ba
ratios in the Iskenderun Gulf alkali volcanics
range between 27 and 95, which is very similar
to those in the Hawaii alkali series basalts with a
25-80 range (Basaltic Volcanism Study Project
1981).

Evaluation of possible origin and
discussion

Iskenderun Gulf alkali basalts have intraplate
petrographic and geochemical characteristics.
Intraplate alkali basalts from both continental
and oceanic environments are known to share
the same general chemical and isotopic charac-
teristics. Major and trace element concen-
trations, and interelemental ratios, provide
general constraints on petrochemical processes
involved in magma evolution. The main focus
on the determination of the mantle source
characteristics is whether they are derived from
the asthenosphere (including plume) or from
the overlying lithosphere, or perhaps a mixture
of both sources (Kay & Gast 1973; Fitton &
Dunlop 1985; Fitton 1987; Weaver et al. 1987;
Wilson & Downes 1991).

The incompatible element concentrations of
Iskenderun Gulf alkali olivine basalts and
basanites are closely comparable to average
continental alkali basalts and OIB of alkaline
affinity, and are enriched relative to MORB.
However, these basalts present some other
chemical characteristics similar to extension-
related alkali basalts and others indicative of
subduction.

Plume origin
It is widely accepted that most continental-
rift-related basalts derive from an astheno-
spheric mantle component which shows affi-
nities to that of the St Helena OIB source.
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Highly incompatible trace element ratios are
independent of, or vary only slightly during,
partial melting (if the degree of melting is not
too low) and during low-grade fractionation of
basaltic magmas. Therefore, they are good indi-
cators of the mantle source of basaltic magmas

Fig. 15. (a) Rb/Nb v. K/Nb variations of the
Iskenderun Gulf alkali basalts plotted together with
Massif Central (intracontinental) alkali basalts and
basanites [data from Wilson & Downes (1991)]. The
samples from St Helena and Gough are also plotted in
this diagram to compare with (hypothetical) mixing
end-members. Symbols as in Fig. 13. (b) All
Iskenderun Gulf volcanic rocks define a coherent
linear trend. Symbols as in Fig. 11.

(Weaver et al 1987; Wilson 1989). Also, P-type
MORE incompatible trace element patterns,
with Ba and Nb peaks and Th and K troughs,
may suggest that the components in the sources
of P-type MORE and intraplate basalts have
similar plume-related geochemical character-
istics (Weaver et al. 1987; Wilson & Downes
1991).

Mantle-source characteristics of the Isken-
derun Gulf alkaline volcanic rocks are here
compared to those of extension-related alkaline
volcanic rocks in Central Europe and OIB. The
geochemical characteristics of mafic magmas in
Central Europe have been explained simply in
terms of two-component mixing of end-
members. Wilson & Downes (1991) have sug-
gested that both asthenospheric and litho-
spheric mantle material has been involved in
the petrogenesis of the Tertiary-Quaternary
extension-related alkaline mafic magmas in
Europe. The asthenospheric mantle component
is regarded as a mixture of depleted mantle
(DM: depleted MORB-type mantle mixed with
plume material) and shows affinities to that of
the St Helena OIB source. The lithospheric
mantle component has enriched mantle (EM)
characteristics and is isotopically similar to the
source of Gough-type Dupal OIB, i.e. contami-
nation of the OIB source region by a small
amount (1-2%) of ancient pelagic sediment
which was subducted into the deep mantle
along with the ocean crust (Weaver et al. 1987;
Wilson 1989).

Figure 15 shows the variation of Rb/Nb v.
K/Nb for the Iskenderun Gulf alkaline volcanic
rocks compared with typical values for primitive
mafic volcanic rocks from the Massif Central,
France (Wilson & Downes 1991), and St Helena
and Gough OIB (Sun & McDonough 1989). The
alkaline volcanic rocks from north of the Isken-
derun Gulf define a coherent linear trend which
may show that these volcanic rocks are pro-
duced by mixing of two chemically distinct
mantle-source components or partial melts
(Fitton et al. 1991; Wilson & Downes 1991).
The majority of the alkaline volcanic rocks
(Delihalil Tepe, Toprakkale and Gertepe basa-
nites, and Ugtepeler alkali basalts) have a strong
affinity to depleted MORB-type mantle mixed
with plume material, the HIMU OIB-source
component similar to those observed in Massif
Central alkali basalts and basanites (Fig. 15).
However, trace element data alone is not
enough to determine whether it originates in
the lithosphere or the asthenosphere. Only
Uc.tepeler basanites show a slight affinity to the
lithospheric mantle component (EM character-
istics).
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Subduction origin

Trace element distribution patterns and some
incompatible trace element ratios (e.g. Rb/Nb,
K/Nb) of the Iskenderun Gulf alkali olivine
basalts and basanites clearly indicate an incom-
patible element-EM source origin which was
similar to that of OIB. Subduction processes
may have affected the mantle source of these
alkaline volcanic rocks. Subduction-related
modification of the source would be reflected
by enrichment in Ba, K, Rb, Pb and Sr relative
to Nb (Fitton et al 1991). The composition of
the Iskenderun Gulf samples does demonstrate
enrichment of these elements and may indicate
contribution from a mantle source which has
been modified by slab-derived fluids. However,
Iskenderun Gulf basic magmas do not show the
typical trace of a subduction signature in their
incompatible element abundances such as Nb
and Ti troughs (Fig. 13). Also, trace element
ratios such as La/Nb and Ce/Pb, indicate that
the Iskenderun Gulf magmas have not been
significantly contaminated with crustal material
during ascent and trace element ratios therefore
reflect mantle-source characteristics. Differ-
ences in their trace element patterns are due to
different degrees of partial melting of a similar
source (Fig. 14).

The nature of the lithospheric upper mantle is
usually well constrained by the occurrence of
abundant spinel Iherzolite xenoliths within the
alkaline volcanic rocks. In the studied alkaline
volcanic rocks centres north of the Iskenderun
Gulf, xenoliths of spinel Iherzolite have never
been observed. However, the overall geochemi-
cal characteristics of these volcanic rocks indi-
cate that they are largely from a similar source
with variation in the degree of partial melting.
Basanites and alkali olivine basalts in this area
display nearly constant values (in the same
narrow range) of mobile-immobile element
ratios (La/Ce, Zr/Nb, Rb/Zr, K/Zr). Variations
in these ratios (Fig. 14) reflect the diversity of
magma batches feeding individual centres
related to different degrees of melting (Baker
1987). The alkali basalts have low Rb (11-
31 ppm) and Ba (198-385 ppm) contents com-
pared to average OIB. Mobile-immobile trace
element ratios (e.g. Ba/Nb, Rb/Nb) do not show
any significant correlation with LOI and there is
little petrographic evidence for sample alter-
ation. Therefore, it can be assumed that LIL
element contents of some alkali olivine basalts
and basanites reflect, principally, the source
characteristics and primary magmatic features.
Slight K-enrichment in some samples compared

to average OIB could be related to subsequent
alteration.

Extension-related origin

Major and trace element chemistry of the
Iskenderun Gulf alkali basalts also presents an
extensional magmatism signature. The sodic
nature (K2O/Na2O ratio of 0.32-0.52) similar to
extension-related alkali basalts and basanites in
Europe, high A12O3 content and some trace
element ratios of basanites and alkali olivine
basalts, and enrichment of incompatible ele-
ments, indicate extensional source character-
istics.

Primary magma characteristics

A primary magma derived by partial melting of
a peridotite mantle may be expected to have
high Ni and Cr contents and a high Mg-number
[Mg/(Mg + Fe2+)]. The Mg-number should lie
between 68 and 75 if the degree of partial
melting is < 30% (Green 1971; Frey et al 1978;
Green etal. 1979). Suggested compositions of Ni
in the primary magmas should be within the
300-500 ppm range (Frey et al. 1978) and be-
tween 10 and 12 wt% for MgO (Sato 1977).
None of the Iskenderun Gulf alkaline volcanic
rocks can be regarded as representing primary
liquids that are in equilibrium with mantle
peridotite. In general, all the samples of the
Iskenderun Gulf alkaline rocks are relatively
evolved, with Ni < 200 ppm, Cr < 300 ppm,
Mg-number < 60 and MgO in the 6-10% range.
Most have compositions indicating moderate
degrees of differentiation and low MgO and Ni,
indicating olivine fractionation. Good positive
correlation between MgO and Cr testify to
clinopyroxene fractionation. This is also sub-
stantiated by major element data, as CaO and
Fe2Os decrease with decreasing MgO.

Conclusions

Based on geochemical characteristics, the fol-
lowing conclusions can be made on the Plio-
Quaternary volcanic rocks of the Iskenderun
Gulf area.

Plio-Quaternary volcanicity produced a series
of relatively small scoria cones and associated
lavas that are dominantly alkaline in character.
These alkaline volcanic rocks lie along the
active left-lateral northeast-southwest trending
KOFZ, forming part of modern the Turkish-
African Plate boundary and the Neotethys
Suture. This basaltic volcanism is concentrated



PETROGENESIS OF BASALTS FROM SOUTHERN TURKEY 511

around the point where these two structures
intersect near Toprakkale and Delihalil Tepe.

Two types of basaltic groups are dis-
tinguished: dominantly basanites and alkali
olivine basalts. The trace element character-
istics of the alkali olivine basalts and basanites
show that they could have been formed by
variable degrees of partial melting of similar
mantle sources, with the basanites reflecting
smaller degrees of melting than the alkali
olivine basalts. These low-volume, low-degree
melts most likely reached the Earth's surface
where the intersection created by the KOFZ
and Neotethys Suture allowed their passage
through the lithosphere without any detectable
interaction.

Major and trace element characteristics of the
Iskenderun Gulf alkali basalts are similar to
those of alkaline basalts of oceanic and intra-
continental plate areas, and show enrichment in
K, Rb, Sr, Pb, Nb and Ti. No crustal contami-
nation effects have been recognized in the
basalts. The mantle source of the Iskenderun
Gulf alkali basalts originated in the astheno-
sphere similar to the OIB source area and
overall geochemical characteristics support a St
Helena-type source, as proposed by Wilson &
Downes (1991). This source is regarded as a
mixture of depleted mantle with a plume com-
ponent, has HIMU character and is classified as
one of the mantle end-members for the young
extension-related alkaline basalts in Europe.

The basaltic lavas are evolved in terms of Mg-
number and the concentrations of compatible
trace elements also suggest that they are too
evolved to represent primary magmas in equi-
librium with their mantle source. Low-pressure
fractionation must have occurred in the mantle
from a primary parent created by varying de-
grees of partial melting of the source. The strong
depletion of the compatible elements in these
evolved basalts indicated that crystallization of
olivine, a Cr-rich spinel phase, and clinopyr-
oxene controlled the composition of the residual
liquids during magma evolution.

These rocks contain some characteristics of
OIB (e.g. trace element patterns, and Nb/Zr,
Rb/Zr and K2O/Zr ratios), other characteristics
indicative of extension-related alkali basalts
(e.g. K2O/Na2O, high A12O3 and trace element
concentrations), and still some other character-
istics indicative of subduction (e.g. enrichment
of incompatible elements and La/Zr, Ce/Zr and
Ce/Pb).
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