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Preface 

The Western Mediterranean Alpine chains, result- 
ing from the convergence between the Eurasian 
and African plates, surround this sea describing 
three of the most tightly arcuate orogenic belts in 
the world. 

The Alps show a northward convexity and a 
complex structure, which began to develop during 
the early Cretaceous when the Apulian plate col- 
lided with the Eurasian plate, and continued 
during the Eocene and into the early Neogene. 

The other two oroclines, the Gibraltar arc, con- 
necting the Betics to the Kabylides through the 
Rif, and the Calabrian arc, connecting the Apen- 
nines to the Maghrebides, form the western and 
eastern ends of the western peri-Mediterranean 
chains. The southern branches of these two oro- 
clines join one another along the Maghrebian 
chain, whereas their northern branches fade away 
both in the Alps and into the Algerian-Provencal 
basin. Although they have opposite convexity and 
are about 2000 km distant from one another, their 
geological histories are comparable. 

The main goal of this book is to contribute to a 
better knowledge of these two oroclines, and to 
improve our understanding of their genesis and tec- 
tonic evolution. To this purpose, the papers pre- 
sented in this book discuss in detail: (1) new 
palaeogeographical reconstructions of the evolution 
and geodynamic significance of the 'Verrucano' 
and 'Pseudoverrucano' in the central-western 
Mediterranean Alpine chains (Perrone et al.) and 

of the Upper Cretaceous-Eocene carbonate turbi- 
dites of the Northern Apennines (Argnani et aL); 

(2) relationships between sedimentology and tec- 
tonics in the internal zones of both oroclines 
through marine (Piangiamore et aL; Gamberi & 
Marani) and field geology studies (El Kadiri 
et al.; Chaabani & Razgallah; Oujidi et al.; El 
Kadiri et al.; Chalouan et al.; El Kadiri et al.; 

Mattioni et al.); (3) the northern and southern 
fronts of the Gibraltar arc (Ruano et al.; Chalouan 
et al.; El Kadiri et al.; Pedrera et al.); (4) basin 
development in the Iberian foreland (Segura 
et al.); (5) recent deformations at the northern 
border of the Adriatic indenter (Massironi et al.); 

(6) eustatic versus tectonic-controlled basin devel- 
opment during the Plio-Pleistocene in the Southern 
Apennines (Benvenuti et al.; Capraro et al.); (7) 
seismicity and seismotectonics both in Sicily 
(Tondi et al.) and in Morocco (Ait Brahim 
et al.); (8) relationships between fluid geochemistry 
and active tectonics in Morocco (Tassi et al.). 

The majority of these papers were presented at 
the 'Geology of the Mediterranean Area' session 
of the 32nd IGC held in Florence on 20-28 
August 2004. The Editors wish to thank the follow- 
ing reviewers, who contributed to improve the final 

quality of this book: 

Fabrizio Agosta, Stanford University, Stanford, 
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Djilali Benouar, Bab Ezzouar University, Algiers, 
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'Verrucano' and 'Pseudoverrucano' in the Central-Western 

Mediterranean Alpine Chains: palaeogeographical evolution and 

geodynamic significance 
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Abstract: The Anisian-Carnian Verrucano Group of the Tuscan Metamorphic Units and the 
Triassic-Hettangian Pseudoverrucano Formation of the homonymous unit are mainly continental 
redbeds occurring in Tuscany at the base of the Alpine orogenic cycle. A study carded out 
throughout the Apennine, Maghrebian and Betic Chains emphasized the presence in all these oro- 
genic belts of deposits more or less coeval and similar both to the metamorphic Verrucano and to 
the unmetamorphosed Pseudoverrucano. Thus, the distinction of Verrucano and Pseudoverrucano 
successions has a palaeogeographical and geodynamic importance at the scale of the Western 
Mediterranean. Both successions developed during the continental rift stage of Pangaea, which 
led to later break-up at the edges of a future microplate, interposed between the Europe, Africa 
and Adria-Apulia plates, but they are characterized by different tectonometamorphic evolution. 
Pseudoverrucano-like deposits, devoid of Alpine metamorphism, characterize the highest tectonic 
units of the nappe stack and they overthrust units bearing Verrucano-like deposits. These latter 
show an Alpine tectonometamorphic history marked during the Miocene by intense deformation 
and HP/LT metamorphism (at pressures in the range of 0.8-2 GPa), followed by a retrograde 
phase associated with decompression, suggesting subduction and subsequent exhumation of con- 
tinental crust. Intriguing palaeogeographical problems arise from the analysis of Verrucano- 
bearing units, because the same evolution seems to characterize both units considered to belong 
to a realm similar to that of the north-verging Austroalpine nappe system and some units referred 
to the south-verging fold-thrust belt derived from the Adria-Apulia palaeomargin. 

From: MORATT[, G. & CHALOUAN, A. (eds) 2006. Tectonics of the Western Mediterranean and North Africa. 
Geological Society, London, Special Publications, 262, 1-43. 
0305-8719/06/$15.00 �9 The Geological Society of London 2006. 



2 V. PERRONE ETAL .  

The stratigraphic base of the Alpine Sedimentary 

Cycle in the Alpine Chains of the western and 
central Mediterranean is frequently formed by con- 
tinental redbeds that are known as 'Verrucano', a 
term used for the first time by Savi (1832) for meta- 

morphosed continental clastic rocks underlying 
Mesozoic successions in Tuscany, particularly 
well exposed in the Monte Pisano (Monte della 

Verruca) area. Everywhere, these facies are domi- 
nantly made of continental, reddish, purple and 

yellow-greenish sandstones, conglomerates and 
mudrocks, with subordinate shallow marine evapor- 
ites and carbonates. They rest unconformably on 
Palaeozoic sedimentary, metasedimentary and plu- 

tonic rocks deformed during the Variscan Orogenic 
Cycle, and are covered by marine carbonate and 

clastic Mesozoic and Cenozoic strata, which may 
be as young as Aquitanian. 

In the last century, however, the term Verrucano 

was used in all the chains of the Western Mediterra- 
nean, from the Alps to the Gibraltar Arc, as a 

common term to identify lithostratigraphic units 
resulting from the erosion of the Hercynian Chain 
and its subsequent volcanoes (Trumpy, cited 
by Trevisan 1966). Thus, the term was generally 
employed for sedimentary rocks of Permian and 

Triassic age, deposited as continental redbeds in 
different geodynamic contexts (see Rutten 1969; 

Lemoine 1978; Cassinis et  al. 1979, and references 
therein) and also for sediments representing late 
Hercynian molasses, such as the well-known 
Verrucano of the Glarus Alps (Fisch & Ryf 1966). 

In contrast, we agree with researchers who used the 

term Vermcano exclusively for prevailingly conti- 
nental deposits, unconformably overlying the Hercy- 
nian basement and representing the onset of the 

Alpine Cycle (see Cassinis et al. 1979). The Verru- 

cano clastic deposits are best interpreted as a tectofa- 
cies testifying to the onset, in the first phases of Alpine 
history, of early continental rifting in a wide area of 
western Pangaea (Cassinis et  al. 1979). This rifting 
aborted before oceanization (Cassinis et al. 1979; 
Kligfield 1979; Passeri 1985; Rau et aL 1985; 

Martini et  al. 1986), because Jurassic-Cretaceous 
rifting, and subsequent break-off and spreading, gen- 

erally did not follow previous structural strikes but 
independent neoformed fractures. 

The frequent inaccurate use of the term Vermcano 

can be explained taking into account two main reasons. 

(1) The age of the early intracontinental rifting, 

coeval with the deposition of Verrucano redbeds, is 
debated and difficult to define clearly in many areas, 

because of the scarcity of fossils. Moreover, a dia- 
chronism is generally evident from place to place. 

(2) Large amounts of Verrucano-like redbeds 
were deposited, during the Permian and Triassic, in 

the Western Pangaea areas. In addition, rocks 

representative both of late Hercynian molasses and 
of the base of the Alpine Cycle sometimes occur in 
the same region and nappes (for a critical review, 
see Cassinis et  al. 1979). 

In the Alps, Verrucano facies of Permian and Early 

Triassic age are particularly well developed in the 
strongly deformed Internal Domains (Penninic, in par- 
ticular Brian~onnian, and Austroalpine nappes), 

although they are also known in some external 

units, such as the Helvetic nappes of the Glarus Alps 
(Rutten 1969). Similarly to the time- and facies- 
equivalent Permian Rotliegende deposits of the 
Germanic Alpine foreland (Henningsen & Katzung 

1998), the continental redbeds known as Permian Ver- 
rucano Alpino (especially in the Southern Alps, where 
they are also named Verrucano Lombardo, or Val 

Gardena Sandstones: Bosellini et aL 1996), locally 
reach enormous thickness and are associated with 
huge amounts of acidic to intermediate volcanic rocks. 

The undeformed Permian redbeds and vulcanites 
of the extra-Alpine Rrt deposits are usually 

covered by thick Upper Permian salt deposits (Zech- 
stein), which underlie a new sedimentary cycle of 
Triassic continental redbeds, which forms the 
lower unit of the Germanic Triassic facies belt, the 
Buntsandstein facies (Henningsen & Katzung 

1998). Southwards, towards the Alps, these deposits 
change laterally to progressively more open marine 

carbonates, which constitute the Alpine Triassic 
facies belt (Lemoine 1978). 

In the Central-Western Mediterranean Chains, 
from the Betic Cordillera to the Northern 
Apennines and from the Rif to Calabria, redbeds 

considered as Verrucano facies are usually Triassic, 
but they can exceptionally reach the earliest Juras- 
sic (Calabrian-Peloritanian Arc), and a Permian 

age for the base cannot be excluded in the Betic 
Cordillera and Rif. In addition, these deposits are 

vertically and laterally related to Triassic marine 
carbonates with Alpine facies and are systemati- 
cally found within tectonic units belonging to the 

Internal Domains of all these chains. Nevertheless, 
with the exception of the Apenninic and Sicilian 

External Domains, whose Triassic deposits are 
marine with Alpine facies, redbeds in the Betic- 
Maghrebian External Domains and in their 
Iberian and African forelands belong to the 

Germanic and Germano-Andalusian Triassic facies 
belts. In Spain, very thick continental redbeds are 

widely present both below and above Middle 
Triassic marine Muschelkalk carbonates, and are 
included either in Buntsandstein or in Keuper 

facies (Sopefia et  aL 1988; Prrez-Ldpez 1998). 
However, in Tuscany, Lotti (1891) introduced 

the term 'Pseudoverrucano' to indicate a clastic 
deposit, lithologically similar to the Tuscan Verru- 

cano sensu  s tr ic to ,  but not affected by Alpine 
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metamorphism. The Pseudoverrucano was con- 

sidered by Lotti to be younger, probably Cretac- 

eous in age, because it was interpreted to be 

stratigraphically interposed between Liassic and 

Eocene levels of the Tuscan successions. Today, 

these deposits are interpreted as representing the 

Upper Triassic stratigraphic base of an indepen- 

dent allochthonous tectonic unit named the Pseu- 

doverrucano Unit. This unit is considered to be 

the uppermost tectonic unit that originated from 

the Tuscan Domain (Decandia et al. 1980). The 

term Pseudoverrucano has never been used for 

redbeds cropping out in other chains of the 

Western Mediterranean. 

Studies on the North Apenninic Lower Mesozoic 

clastic successions, therefore, permit as to dis- 

tinguish two Triassic stratigraphic sequences, 

which have marked differences in their post- 

Triassic tectonosedimentary evolution. 

(1) the Verrucano Group successions (Ran & 

Tongiorgi 1974; Cassinis et al. 1979) are exclusive 

of the Tuscan Metamorphic Units (Massa, Apuane 

and Monticiano-Roccastrada Units) and are 

Anisian- Carnian in age. They consist mainly of 

continental clastic deposits, grading upwards to 

evaporitic-carbonatic deposits during the late 

Carnian-Norian. These rocks are followed 

by younger basinal sediments and experienced a 

Neogene metamorphism. 

(2) The unmetamorphosed Pseudoverrucano 

successions, characterizing the Pseudoverrucano 

tectonic unit, consist of Triassic-lowermost Juras- 

sic reddish conglomerates and sandstones, in 

which thin levels of Rhaetian marine sandy lime- 

stones occur (Costantini et al. 1980a). The clastic 

deposits are followed by Liassic carbonate platform 

and basin deposits (Costantini et aL 1980a, b; 

Decandia & Lazzarotto 1980). 

A re-examination of the successions for which the 

term Verrucano has been used in the Western Med- 

iterranean Alpine Chains, from the Betic Cordillera 

to the Apennines, has never been carried out. In our 

opinion, such re-examination is necessary to better 

define the palaeogeographical evolution and the 

geodynamic significance of rock successions that 

were given this name and to verify if their history 

is concordant with that of the Verrucano in its type 

area of the Tuscan Northern Apennines. 

In this synthesis therefore, we re-examine the 

Alpine tectonosedimentary evolution of all units con- 

taining Triassic redbeds and their metamorphic 

equivalents, from the Northern Apmmines to 
the Betic Cordillera (Fig. 1). The aims of this 

study are to verify whether: (1) Verrucano- and 

Pseudoverrucano-like successions are also dis- 

tinguishable in other orogenic sectors of the 

Western Mediterranean chains; (2) these deposits 

have a Triassic and post-Triassic tectonosedimentary 

Fig. 1. Geological sketch map of the Alpine Chains in the Central-Western Mediterranean region. 
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evolution similar to those of the Tuscan Verrncano 

and Pseudoverrucano. 

In our opinion, the available data allow us 

to hypothesize a common history for all the 

units containing Verrncano-Pseudoverrucano-like 

redbeds in the Western Mediterranean Alpine belts. 

It is suggested that these units are representative of 

one palaeogeographical domain, formed in the 

Mid-Triassic or earlier, which underwent a similar 

post-Triassic evolution up to the onset of conver- 

gence-related tectonics, which led to the accretion 

of the sedimentary successions to the developing 

chains. During the Cenozoic compressional tectonics, 

however, Verrucano- and Pseudoverrucano-bearing 

successions experienced a different deformation 

history; this has resulted in the formation of two 

different Verrucano and Pseudoverrucano subdo- 

mains. The results of the present research may 

provide important constraints on palaeogeographical 

and palaeotectonic reconstructions of the evolution 

of the Alpine circum-Mediterranean orogen. 

Pseudoverrucano-type successions 

Northern Apennines  

Pseudoverrucano deposits (Triassic). The Pseudo- 

verrucano Unit crops out exclusively in small and 

scattered areas of southern Tuscany (Fig. 2) and 

this does not allow us to carry out a detailed recon- 

struction of its evolution. Its stratigraphic or tectonic 

substratum is unknown. Stratigraphic successions 

and a palaeogeographical scheme are reported in 

Figure 3. The successions start with continental allu- 

vial and braided deposits, made up mainly of reddish 

conglomerates and sandstones with minor and thin 

violet or yellowish pelitic beds. The outcrop thick- 

ness reaches 30 m. Conglomerate clasts consist of 

white or pink quartz, subordinate quartzite, and 

red or black chert. The redbed succession is 
azoic, but in its upper part thin levels of limestones 

bearing Triasina hantkeni are locally intercalated 

within the elastic rocks (Costantini et al. 1980b). 

Consequently, the age of the clastic basal formation 

(Pseudoverrucano Formation sensu stricto) is essen- 

tially Triassic, although an earliest Liassic age of the 
uppermost levels cannot be ruled out. 

Post-Triassic succession (Lower Jurassic-Upper 

Jurassic). Redbed successions of the Pseudoverru- 

cano Unit are followed by grey to pink thick- 

bedded oolitic limestones (Montebrandoli locality) 

and by dark grey marls and cherty limestones with 

ammonites (Punta delle Rocchette locality). These 

rocks are Liassic in age and Domerian levels have 

been recognized with certainty. The upper part of 

the Montebrandoli oolitic limestone is cut by thin 

neptunian dykes and shows karstic cavities filled 

by pink limestone with Toarcian Ammonitico 

Rosso facies (Costantini et al. 1980b). In the 

Collecchio locality, the Montebrandoli limestone is 

disconformably overlain by mainly calcareous 

heterometric megabreccias (Poggio Morcone brec- 

cias), fed by the underlying formations, with a 

marly-calcareous red or pink matrix bearing 

Posidonomya and rare ammonites of Mid-Jurassic 

age, capped by few beds of red or grey-green 

Upper Jurassic radiolarites (Costantini et al. 1980b). 

Palaeogeographical evolution. The tectonosedi- 

mentary evolution suggests the existence of a conti- 

nental area up to earliest Jurassic time, in which 

some marine episodes are indicated by rare thin 

levels of Rhaetian Triasina limestones. From the 

Early Jurassic, the onset of extensional tectonics, 
related to the opening of the Tethyan Ocean, 

resulted in complex palaeoenvironmental con- 

ditions. Synsedimentary tectonics produced the 

development of morpho-structural highs and lows 

in the basin floor and, consequently, of sudden ver- 

tical and lateral changes, from neritic to pelagic 

environments, as indicated by the deposition of 

Pliensbachian-Toarcian platform carbonates, 

pelagic marly and cherty limestones. 

During the Mid-Jurassic, enhanced extensional 

tectonics was responsible for the sedimentation of 

coarse calcareous breccias, followed by radiolarites 

in the Late Jurassic. The lack of younger terrains 

referable to the Pseudoverrucano Unit with cer- 

tainty does not allow one to unravel its post-Jurassic 

evolution and to constrain its deformation age. 

However, it can be seen that the Pseudoverrucano 

Unit represents in the Northern Apennines the 

highest Tuscan tectonic unit. 

Southern Apenn ines -S ic i l ian  Maghrebids 

Pseudoverrucano-like deposits. Unmetamorphosed 

continental redbeds, which show lithological suc- 

cessions and tectonosedimentary evolution compar- 

able with that of the Tuscan Pseudoverrucano Unit, 

occur in some nappes of the Calabrian-Peloritanian 

Arc (Fig. 4). Nappes characterizing this orogenic 

sector, made up of Palaeozoic basements and 

Meso-Cenozoic cover, have been considered as 

the most internal units of both the Southern Apen- 

nines and Sicilian Maghrebids (Durand Delga & 

Fontbot6 1980; Bouillin et al. 1986; Guerrera 

et al. 1993). 

Middle?- Upper Triassic continental deposits 

occur at the base of the Meso-Cenozoic covers of 

the Sila, Stilo, Piraino and Longi-Taormina Units 

(Fig. 4). Their stratigraphic successions (Fig. 5) 

are characterized by typical redbeds, unconform- 

able on Hercynian phyllites and metarenites, 

intruded by late Hercynian granitoids. The redbed 
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Fig. 2. Schematic geological map of Tuscany. The TM-b Unit to the NW of the Livorno-Firenze alignment 

corresponds to the Massa Unit; the TM-b Unit to SE of this alignment corresponds to the Monticiano-Roccastrada 

Unit. 



6 V. PERRONE ETAL. 

MONTEBRANDOLI PUNTA DELLE COLLECCHIO 
ROCCHETTE 

L~ -7' _~ ~----~-~-~-~ 
cM 

. . . . . . . . . . . . . . . . . . . . . . .  ~ . . . ~ :  ~ . . .  " ....................... ~ .  

,o 

MONTEBRANDOL, I PUNTA DELLE ROCCHETTE I COLLECCHIO 

�9 ..= .~..~ "...~ �9 . 

Calcareous megabreccias and 
radiolarites (Middle-Upper Jurassic) 

' ~ ' I  Oolitic limestones and calcarenites 
(Lower Jurassic) 

Marls and cherty limestones 
(Lower Jurassic) 

Red conglomerates, sandstones and 
pelites (Upper Triassic) 

Fig. 3. Stratigraphic columns and Jurassic palaeogeographical schematic section of the Pseudoverrucano Unit in 
Southern Tuscany. Modified from Costantini et al. (1980a). 

successions are exclusively made up of clastic rocks 
(red quartzarenites and minor quartzose conglomer- 
ates and red-pro'pie mudrocks). The most complete 
succession occurs in the Longi-Taormina Unit, 
where redbeds, up to 300 m thick, are topped by 
c. 20 m of greyish sandstones, silty clays and yel- 
lowish dolostones, in which Hettangian palinofloras 
have been recognized (Baudelot et al. 1988). In the 
Sila Unit, redbeds occur in the Longobucco 
Sequence (Young et aL 1986; Santantonio & 
Teale 1987): they lie on Palaeozoic metamorphites 
and granitoids and are followed by Hettangian 
brown pelites, yellowish sandstones, conglomerates 
and black pelites (Baudelot et al. 1988). At the base 
of the Mesozoic succession of the Stilo Unit, clastic 
deposits are lacking or are reduced to a few metres 
of thin palaeosoils and/or sandstones and pelites. In 
the Tiriolo area, where the thickest succession 
occurs, continental redbeds, probably Late Triassic 
in age, follow shallow-water sands and clays of few 
metres in thickness (Critelli & Ferrini 1988). In the 
Piraino Unit, which is made of several small tec- 
tonic slices (Cecca et al. 2002), typical purple 
conglomerates and sandstones, 20 m thick, charac- 
terize the lowest slice. 

Post-Pseudoverrucano successions (Lower  Jurass ic -  

Aquitanian). Clastic deposits on top of redbeds in 
the Longi-Taormina Unit gradually change 
upwards to neritic black limestones (Hettangian- 
Sinemurian). The succession continues with 
Upper Liassic to Oligocene slope and pelagic depo- 
sits (marls; marly, cherty and nodular limestones; 
scaglia-like red marls and limestones, rich in 
neritic re-sediments; Lentini 1975; Bonardi et al. 

1976). A network of neptunian dykes, also 
cutting across the Palaeozoic basement, suggests 
that extensional tectonics clearly acted during and 
after Toarcian time. The succession ends with Aqui- 
tanian siliciclastic turbidites (de Capoa et al. 1997). 

In the Sila Unit, the Longobucco redbeds pass 
upwards to Sinemurian neritic sandy limestones, 
rapidly grading to Pliensbachian-Toarcian slope 
marls and turbiditic sediments (Magri et al. 

1965). Deposits younger than Early Jurassic are 
recognizable in the Caloveto Sequence, where 
redbeds are lacking and Sinemurian carbonate 
platform rocks directly lie on the Palaeozoic base- 
ment. In the Caloveto Sequence, neritic carbonates 
are followed by Pliensbachian-Toarcian slope 
sediments and by Middle Jurassic-lowermost 
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Fig. 4. Schematic geological map of the Calabrian-Peloritanian Arc. Verrucano-like deposits are present in the 
Lungro-Verbicaro, Bagni and A1]-Montagnareale Units; Pseudoverrucano-like deposits occur in the Sila, Stilo, 
Longi-Taormina and Piraino Units. 

Cretaceous pelagic deposits (marls, sandstones, 
cherty limestones, nodular limestones, radiolarites 
and Calpionella limestones; Santantonio & Teale 
1987). A prominent network of neptunian dykes, 

related to the strong extensional tectonics associ- 
ated with the Tethys opening, cuts across both 
Mesozoic and Palaeozoic terrains (Bouillin & 

Bellomo 1990). 
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Fig. 5. Stratigraphic columns of the Pseudoverrucano-bearing units of the Calabrian-Peloritanian Arc (Longi- 
Taormina, Sila, Stilo and Piraino). pal, Palaeozoic epimetamorphites and granitoids; pvr, Upper Triassic redbeds; lnl, 
Hettangian-Sinemurian neritic limestones; lm, Pliensbachian slope marls; It, Domerian-Toarcian turbidites; lnc, 
Sinemurian neritic limestones; lmt, Pliensbachian-Toarcian slope marls and turbidites; jpd, Middle-Upper Jurassic 
pelagic sediments; cpl, Lower Cretaceous pelagic limestones; ps, palaeosoil; tgd, Upper Triassic-Lowermost Jurassic 
dolostones; gcnl, Jurassic-Cretaceous neritic limestones; bxc, bauxitic clays; oml, lower Oligocene marls and 
limestones; oacs, upper Oligocene-Aquitanian calcarenites and conglomerates; oat, Aquitanian turbiditic marls and 
sandstones; lmpd, Carixian-Upper Jurassic pelagic sediments; mcpl, Tithonian-Albian maiolica-like pelagic 
limestones; cocm, Cenomanian-Oligocene scaglia-like limestones and marls; ats, Aquitanian turbiditic sandstones; 
lds, Toarcian-Aalenian sandstones; jcd, Jurassic?-Cretaceous? dolostones. 

The post-Triassic succession of the Stilo Unit is 
the only one in the Calabrian-Peloritanian Arc 
made up of shelf and ramp carbonates. It is charac- 
terized by Mesozoic dolostones, limestones and 
calcareous breccias, and by Oligocene marsh 
marls, calcareous conglomerates and calcarenites, 
sometimes rich in metamorphic and plutonic 
rock d~bris, shows repeated hiatuses, marked by 

hardground, karst and bauxitic clay, and is topped 
by Aquitanian siliciclastic turbidites and marls 
(Bonardi et  al. 2002, 2003). 

In the Piraino Unit, finally, the lowest slice 
forming the unit, made up of redbeds, is followed 
by another slice where a siliciclastic formation 
with upper Pliensbachian-middle Aalenian ammo- 
nites, whereas Jurassic?-Cretaceous? crystalline 
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dolostones and Cretaceous nodular, crinoidal and 
cherty limestones constitute the uppermost slice of 
the unit (Cecca et al. 2002). 

Palaeogeographical evolution. As regards the Mid- 
Triassic-Jurassic interval, the tectonosedimentary 
evolution in the Longi-Taormina, Sila and 
Piraino successions is similar to that of the 
Tuscan Pseudoverrucano Unit. It can be summar- 
ized as follows: (1) deposition, during Mid-Late 
Triassic times, of continental redbeds on a Variscan 
basement, whose uppermost levels are represented 
by mid-Carboniferous clastic deposits of Culm 
facies (Bouillin et al. 1987; Spalletta & Vai 
1989); (2) development of a carbonate platform 
during the Hettangian-Sinemurian transgression; 
(3) platform deepening and development of slope 
and basinal facies in the Pliensbachian; (4) develop- 
ment of breccias and neptunian dykes associated with 
extensional tectonics (Toarcian-Late Jurassic). In the 
Longi-Taormina Unit, pelagic sedimentation per- 
sisted until the development of Aquitanian foredeep 
sediments predating the deformation (de Capoa 
et al. 1997). In the Stilo Unit the sedimentary evol- 
ution was different; the succession here consists of 
neritic and paralic sediments and is marked by 
repeated hiatuses, hard-grounds and bauxitic clays. 
However, its foredeep deposits and subsequent defor- 
mation are coeval with those of the Longi-Taormina 
Unit (Bonardi et al. 2003). 

Tell ian M a g h r e b i d s  

In the Tellian sector of the Maghrebian Chain our 
own observations are sparse. Data from the litera- 
ture indicate that Triassic redbeds occur in the 
Internal Units of the Lesser and Greater Kabylias 
and in the Babors Units, these latter related to the 
External Tellian Units. 

Pseudoverrucano-like deposits. In Kabylias, 
Middle-Upper Triassic redbeds (Raoult 1974; 
Wildi 1983; Tefiani et al. 1991; Kotanski et al. 

2004), resting on Palaeozoic phyllites and metare- 
nites (Ordovician-Carboniferous), characterize 
the base of the Meso-Cenozoic covers of the 
Dorsale Calcaire Units, which constitute the struc- 
tural lowest units of the Kabylide Complexes. 

The redbeds are mainly made up of red-violet 
conglomerates, including quartz, quartzite and 
black radiolarite clasts, sandstones and pelites. In 
some sections, thin Middle Triassic carbonate beds 
testify to a local marine environment. Upwards, 
the succession grades into red and greenish pelites, 
followed by whitish, pink and yellow quartzarenites. 

Post-Pseudoverrucano successions (Lower Jurassic- 

Oligocene?) and palaeogeographical evolution. 

The appearance of beds of dolostones alternating 

with green and red pelites precedes the deposition 
of Rhaetian-Lowermost Jurassic neritic carbon- 
ates, represented by dark grey crystalline dolos- 
tones, dolomitic limestones and whitish massive 
limestones. Neritic sediments are replaced by 
pelagic deposits (marly, nodular and cherty lime- 
stones; marls) in the Pliensbachian, which persist 
up to the Palaeogene. Neptunian dykes mark Juras- 
sic extension (Bouillin & Naak 1989). In many 
units (Kef Sebargoud, Rhedir, Tengout; Raoult 
1974), Jurassic and Cretaceous successions are 
characterized by hiatuses, mainly in the Upper Cre- 
taceous sequences. In these instances, Palaeogene 
sedimentation starts with calcareous breccias and 
massive limestones containing algae and larger for- 
aminifers (Raoult 1974). The most recent strata are 
represented by sandstones (Nummulitique II; 
Raoult 1974) of Oligocene or possibly younger 
age (Guerrera et al. 1993). 

Alpine metamorphism is lacking and the succes- 
sions display a lithological and stratigraphic evol- 
ution comparable with that of the units containing 
Pseudoverrucano-type deposits. Coutelle (1987) 
and Coutelle & Delteil (1989) showed similarities 
between the stratigraphic successions of some 
Kabylian Units and those of the Calabrian- 
Peloritanian Arc and Tuscan Nappe. Those 
workers placed all these groups of units, passing 
one into the other, in the same palaeogeographical 
belt, named the Intermediate Continental Domain 
and considered as the western part of the Adria- 
Apulia Plate. 

Rifian M a g h r e b i d s  

Pseudoverrucano-like deposits (Saladilla For- 

mation, Triassic). In the Rifian Maghrebids 
(Fig. 6) Middle-Upper Triassic redbeds, which 
show Pseudoverrucano-like facies, occur at the 
base of the Meso-Cenozoic cover of both Ghomar- 
ide and Internal Dorsale Calcaire Units (Nold et al. 

1981; Wildi 1983; Fig. 7) and, as their equivalent 
formations of the Betic Cordillera, have been 
grouped in the Saladilla Formation (Martfn-Algarra 
et al. 1995; Maate 1996). This formation (Fig. 7) 
rests on a Hercynian basement, whose uppermost 
strata are represented by middle Carboniferous 
clastic deposits of Culm facies. The Internal 
Dorsale Calcaire units are generally detached from 
their basement, similar to the Triassic redbeds, 
which are completely unknown in the outermost 
Internal Dorsale Calcaire units (Hafa Ferkennix 
Nappe); however, they are widely present at the 
base of the innermost Internal Dorsale Calcaire 
units (El Babat Nappe) with a lithostratigraphy 
similar to the cover of Ghomarides sensu stricto, 

but usually with finer-grained, more distal facies 
and thickness up to 125 m. In few localities (south 



10 V. PERRONE E T  AL. 

Fig. 6. Schematic geological map of the Rifian sector of the Maghrebian Chain and of the Internal Units of the Rifian 

Maghrebids. Modified from Suter (1980). Pseudoverrucano-like deposits occur in the Ghomaride and 'Dorsale 
Calcaire' Nappes; Verrucano-like deposits are present in the Upper Sebtide Units. The External Nappes are 

characterized by redbeds of Germano-Andalusian facies. 
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of Tetouan), E1 Babat Triassic redbeds lie uncon- 
formably on Palaeozoic rocks of the Koudiat 
Tiziane Ghomaride Nappe, forming a single tec- 

tonic unit (Maate et al. 1993b; Martfn-Algarra 

et al. 1995; Maate 1996). 
The stratigraphic succession of the Saladilla Fm, 

up to 400 m thick (Fig. 7), starts with coarse quart- 

zose conglomerates and/or coarse-grained red 

sandstones, and continues with red quartzarenites 
and mudrocks including channelized conglomerates 
and sometimes basic volcanic flows (Chalouan 

1986). Although a Permian age was proposed for 
the lower part of this succession (Milliard 1959) it 
has not been confirmed by more recent studies, 

and late Anisian-early Ladinian pollen was found 
near the top of red sandstones of the lower half of 
the succession (Baudelot et al. 1984; Martfn- 
Algarra et al. 1995). The succession is followed 

by yellowish, white and pink sandstones alternating 
with red clays in which a 5-20  m thick interval of 

marls and sandy dolostones is locally present. The 
upper part of the succession is formed by yellowish 
quartz-rich conglomerates with rounded dolostone 

clasts alternating with, and changing upwards to, 
red, yellow and greenish sandstones and pelites, 
palynologically dated as late Carnian, with some 

dolostone and gypsum beds (Maate et al. 1993b; 

Martfn-Algarra et al. 1995; Maate 1996). 
The Saladilla Formation deposits are organized 

in two transgressive, thinning and fining upward 
megasequences of Mid-Triassic and Late Triassic 

age, respectively. The lower megasequence shows 
an evolution from alluvial and fluvial deposits to 

shallow marine carbonates upwards. Palaeocurrents 
indicate fiver flow towards the west and SW, and 
provenance of clastic deposits from erosion areas 

located towards the east (Maate 1996). The Late 
Triassic megasequence started after a regression 

followed by erosion and redeposition of Mid- 
Triassic carbonate clasts in high-energy, sandy con- 
glomeratic (beach) environments and, since the late 
Carnian, was followed by deposition in a wide 

pelitic coastal plain (mudflat) with some carbonate 

and evaporite episodes. 

Post-Pseudoverrucano successions (Lower Jurassic-  

Aquitanian). The presence on top of the Saladilla 

Fm of undated dolostones, followed by shallow 
marine white massive limestones suggests trans- 

gression and development of an Early Jurassic 
shallow carbonate platform dated as Sinemurian 
in the Ghomaride cover sensu stricto, where this 
succession is only few tens of metres thick. In the 

Internal Dorsale Nappes the dolostones are much 
thicker (up to 200 m) and, in their lower part, 

include isolated cross-bedded conglomerate 
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intervals with well-rounded white quartz clasts and 

oolitic-bioclastic limestones bearing the Rhaetian 
foraminifer Triasina hantkeni; they are followed 
by thick (up to 300 m) Hettangian-Sinemurian 

white massive neritic limestones (Maate 1996). 
This shallow marine platform underwent break- 

off, tilting and local development of palaeokarst 

surfaces during the Pliensbachian (Maate et al. 

1991; Maate 1996). This event was followed 

either in the Ghomaride cover sensu stricto or in 
the E1 Babat Nappe by deposition of condensed 

upper Pliensbachian-Toarcian silty and fine sandy 
cherty limestones and marls, and nodular lime- 

stones, but no younger Mesozoic deposits are 
present (Maate et al. 1991; Maate & Martfn- 

Algarra 1992, 1993; Maate 1996). However, the 
succession of the Hafa Ferkennix Nappe is thicker 
and less condensed: it includes Pliensbachian- 

Toarcian cherty limestones, marls and nodular 
limestones, Middle-Upper Jurassic radiolarites, 
Tithonian-Neocomian greenish calcilutites, 

Lower Cretaceous calcareous breccias, and upper- 
most Cretaceous-Eocene pink and green marls 

(Maate et al. 1993a; Maate 1996). 
In the Ghomaride cover sensu stricto and in some 

Internal Dorsale Units Palaeocene-Eocene Micro- 

codium, Alveol ina and Nummul i tes  limestones 

lie directly on Jurassic-Cretaceous rocks and later- 
ally evolve to pelagic scaglia-like marls (Maate 

et al. 1991, 2000; Maate 1996). Upper 

Oligocene-Aquitanian synorogenic siliciclastic 

sandstones and conglomerates were deposited 
during deformation of the Ghomaride realm and 
before the final emplacement of the E1 Babat and 

Hafa Ferkennix Nappes (Maate 1996). In the 
latter the conglomerates are associated with 
upper Oligocene marls and calcareous sandstones 

reaching more than 200 m in thickness. The strati- 
graphic successions are capped by massive, clast- 
supported, heterometric, Aquitanian conglomer- 

ates and breccias rich in clasts of prealpine 

(and subordinately alpinized) plutonic and 
metamorphic rocks (Martfn-Algarra et al. 2000). 

B e t i c  C o r d i l l e r a  

Pseudoverrucano-l ike deposits ( Saladilla Formation, 

Triassic). Triassic redbeds with Pseudoven'ucano- 
like facies and associated marine sediments occur 
in the highest tectonic units of the Betic Internal 

Domain, the Malaguide Complex (Fig. 8). They 

are included in the Saladilla Formation, which 
was defined only in the Malaguide Units (Roep 
1972). The Malaguide Meso-Cenozoic stratigraphic 
successions are similar to those of the Rifian Gho- 
marides, thus testifying to an equivalent tectonose- 
dimentary history and deformational evolution 

(Martfn-Algarra 1987, 2004; Maate 1996). 
However, they are frequently thicker and stratigra- 

phically more complete than the Ghomaride 

Fig. 8. Schematic geological map of the Betic Cordilleras. Modified from Vera (2004). Verrucano-like deposits occur 
in the Alpujarride Complex; Pseudoverrucano-like deposits characterize the Malaguide Complex. The External 
Domains (Subbetic and Prebetic Units) are characterized by redbeds of Germano-Andalusian facies. 
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successions, especially in the Morrdn de Totana 
Unit of Sierra Espufia, in SE Spain (Martfn-Martfn 
1996; Sanz de Galdeano et al. 2000; Mart/n- 
Martin et al. 2003; Caracuel et al. 2006). 

Usually two transgressive megasequences (three in 
Sierra Espufia) can be distinguished in the Malaguide 
Triassic redbeds successions (Fig. 9). The first mega- 
sequence starts with red pelites with intercalated 
sandstones and quartz-rich polygenic conglomerates 
in which coarse-grained and thicker-bedded intervals 
frequently (but not always) concentrate in the strati- 
graphically lower part, forming thinning and fining 
upwards sequences, deposited in alluvial-fluvial 
environments with more distal (floodplain) facies 
toward the top of the succession (Roep 1972; 
Martln-Algarra et al. 1995). Scarce palynological 
data indicate a Mid-Triassic (early Anisian) age for 
this part of the succession (Simon & Kozur 1977; 
M~ikel & Rondeel 1979). Available palaeocurrent 
measurements from cross-bedded sandstones 
obtained in various Malaguide outcrops indicate pro- 
venances from an erosional area located to the south 
and SE (locally SW: Sierra Espufia), of the present- 
day Saladilla Fm outcrops (MS_kel 1982, 1988; 
Mill(el et al. 1984). Marine transgression is indicated 
by massive to well-stratified dolostones (up to 160 m 
thick in Sierra Espufia) with shallow marine facies 
and Ladinian-early Carnian fossils (M/ikel 1985) 
on top of continental redbeds. 

Ladinian-Carnian dolostones were partially 
eroded (or totally in many outcrops) during 
regression related to the beginning of the second 
transgressive megasequence. This starts with 
mudflat varicoloured, mainly reddish, pelites and 
sandstones with intercalated conglomerates 
bearing carbonate pebbles (up to 100 m thick in 
Sierra Espufia; Sanz de Galdeano et al. 2000), 
associated with yellow cross-bedded sandstones 
with rounded dolostone clasts deposited in beach 
environments (Roep 1972). These coastal plain 
facies associations are covered by upper Carnian 
shallow marine marls, marly limestones, limestones 
and dolostones, above which Lower Jurassic plat- 
form carbonates are usually found (Mart/n-Algarra 
et al. 1995). In Sierra Espufia these dolostones 
contain chert nodules and ribbons (MS.kel 1985) 
and are followed by cross-bedded sandstones and 
polygenic conglomerates, which represent the 
base of the third sequence, and by uppermost 
Triassic grey clays with gypsum beds (25 m thick) 
changing progressively to the Jurassic succession 
(Sanz de Galdeano et al. 2000). 

Post-Pseudoverrucano successions (Lower 

Jurassic-Aquitanian) .  The Malaguide Jurassic 
(Mart/n-Algarra 2004; Caracuel et al. 2006) starts 
with shallow marine dolostones (Hettangian?) 
followed by Sinemurian white, oolitic-oncolitic, 

biomicritic, crinoidal and Lithiotis limestones. 
After an unconformity on top of platform lime- 
stones, Domerian-Toarcian cephalopod-rich yel- 
lowish nodular limestones with ferruginous 
oolites were deposited. These condensed pelagic 
sediments are followed by Middle Jurassic micri- 
tic, crinoidal and cherty limestones topped by 
two hardgrounds of early Bajocian and early 
Callovian age, respectively. The Upper Jurassic 
rocks are represented by middle Oxfordian marls 
and marly limestones evolving to limestones, by 
lower Kimmeridgian massive and nodular lime- 
stones and, finally, by upper Tithonian marls 
with crinoids and calpionellids, which are covered 
by limestones and marly limestones of early 
Berriasian age. A palaeokarst surface separates 
these Cretaceous rocks from glauconitic-phospha- 
tic calcareous green sands, breccias and marls 
(Albian-Turonian) while a further unconformity 
occurs at the base of Upper Cretaceous white 
and pink, scaglia-like marls and marly limestones 
(Martfn-Algarra 2004). 

Following a further unconformity at the top of the 
Mesozoic succession, Palaeocene deposits include 
Microcodium-rich shallow marine limestones and 
continental marls and conglomerates with garum- 
nian facies (Mart/n-Martin et al. 1998), whereas 
Eocene and lower Oligocene rocks are represented 
by different shallow marine formations rich 
in larger foraminifera (Mart/n-Martln et al. 

1997a,b). The succession (Fig. 9) is unconformably 
capped by upper Oligocene to Aquitanian mainly 
clastic deposits (Ciudad Granada Group; Guerrera 
et al. 1993), which, in Sierra Espufia, rest on a 
first generation of Malaguide cover tectonic units 
(Mart/n-Martin 1996; Martin-Martfn & Marffn- 
Algarra 2002), fan delta calcareous conglomerates, 
sandstones, limestones and marls (Bosque Fm) and 
siliciclastic deep marine turbidites (immature sand- 
stones, pelites and polygenic conglomerates; Rio 
Pliego Fro). As their equivalent Ghomaride depos- 
its, these conglomerates contain clasts of plutonic 
and metamorphic rocks identical to those widely 
cropping out in the pre-Alpine basements of the 
Calabrian-Peloritanian and Kabylian Units, a fact 
pointing towards a close proximity between all 
these domains up to, at least, the end of the Aquita- 
nian (Mart/n-Algarra et al. 2000; Careri et al. 

2004). 

P e t r o l o g y  a n d  s a n d s t o n e  de t r i ta l  m o d e s  

Triassic-Lowermost Jurassic continental redbeds 
of Pseudovermcano facies have been analysed to 
determine the sedimentary evolution, provenance 
and burial history of this facies. 

The studies have been carried out both in the 
Internal Domains of the Mediterranean Chains 
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from the Gibraltar Arc to the Calabrian- 

Peloritanian Arc and in the Tuscan Pseudoverrucano 

Unit. A significant number of sandstone and 

mudrock specimens, sampled in three to five strati- 

graphic sections in all these orogenic sectors, have 

been considered. 

Pseudoverrucano sandstones range from pre- 

vailingly quartzarenite to quartzolithic (Fig. 10), 

containing abundant monocrystalline and polycrys- 

talline quartz; feldspar is subordinate. Lithic 

fragments include slate, radiolarian chert, argillac- 

eous chert and minor felsic volcanic rocks. Con- 

glomerate clasts consist mainly of quartz and 

include the same lithologies as the lithic fragments 

in sandstones. 

The nature of the clastic deposits, both in sand- 

stone and conglomerate strata, suggests a prove- 

nance dominantly from sedimentary and 

metasedimentary rocks of the Palaeozoic basements 

of the redbeds, which include mainly Cambrian to 

Qt Qm 

F ~ .......................... Lt 

Qp  Lm 

L 

Lvm ' '  ................. 'X~ ....... ' Lsm Lv ~ 'k/"  ............................................ i Ls 

Fig. 10. Qt-F-L,  Qm-F-Lt,  Qp-Lvm-Lsm and Lm-Lv-Ls triangular plots for redbed sandstones of the Betic 
Malaguide (o), Rifain Ghomaride-'Dorsale Calcaire' (o), Tuscany and Calabrian-Peloritanian Arc (.) Nappes. Qt, 
total (monocrystalline + polycrystalline) quartz including cherts; Qm, monocrystalline quartz; Qp, polycrystalline 
quartz including chert; F, feldspars; L, aphanitic lithic fragments (L = Lv + Lm + Ls); Lt, aphanitic lithic 
fragments + polycrystalline quartz; Lm, metamorphic lithic fragments; Lv, volcanic lithic fragments; Ls, sedimentary 
lithic fragments; Lvm, volcanic and metavolcanic lithic fragments; Lsm, sedimentary and metasedimentary lithic 
fragments. 
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mid-Carboniferous successions of clastic rocks 
(dominantly metarenites and metapelites), subordi- 
nate carbonates and radiolarian cherts. 

In these basements, Ordovician to Permian mafic 

to felsic volcanic, subvolcanic and volcaniclastic 
rocks are scarce, whereas late Variscan, or older, 
plutonites and high-grade metamorphic rocks are 

known only in Calabria and Kabylias, which con- 
tribute only subordinately as source terrains for 

the redbeds. Two alternative hypotheses could be 
put forward to explain the scarcity or absence of 

plutonic and/or high-grade metamorphic rock frag- 
ments in both sandstones and conglomerates, crop- 
ping out in regions where plutonic rocks are at 

present widely exposed (such as the Calabrian- 
Peloritanian Arc): (1) the plutonic bodies were not 

exposed at the time of deposition; or (2) strong 
chemical weathering conditions mask the prove- 
nance signal. Strong chemical weathering of pluto- 

nic rocks in a hot, episodically humid climate with a 
prolonged dry season would produce illitization of 
silicate minerals, oxidation of iron and concen- 

tration of quartz in thick soil profiles, which, later 
denuded by fluvial erosion, would produce rela- 
tively mature quartz-rich red deposits. Geochemis- 

try of mudrock beds present in the sandstone 

successions confirms these weathering processes 
and the provenance from quartzose metasedimen- 

tary sources. 
Redbed quartzose sandstones from all the studied 

successions have been extensively modified by 
deep burial from diagenetic to anchimetamorphic 

zones. The related processes include compaction, 

pressure solution, precipitation of authigenic min- 
erals, dissolution of framework grains, and substan- 

tial reduction of porosity. Most detrital grains show 

three or more contacts with neighbouring grains, 
indicative of mechanically consolidated sandstones. 

Many mica grains and soft lithic grains (shale, slate 
and phyllite) and rip-up clasts have undergone 
ductile deformation to form pseudomatrix. 

Sandstones display heterogeneous distribution of 
authigenic quartz, kaolinite, illite and feldspar, with 

minor carbonate cementation. Authigenic quartz 

formed as zoned syntaxial overgrowths on detrital 
quartz is the principal cement of these sandstones. 
However, the occurrence of quartz cement varies 
in the studied samples depending on the presence 

of continuous clay coats that may retard quartz 
cementation. Extensive dissolution and kaoliniza- 

tion of detrital feldspar, mica and clay pseudoma- 
trix occurred probably under an eodiagenetic 

meteoric regime. K-feldspar overgrowth, feldspar 
albitization and minor albite overgrowth occur 
where pore-filling kaolinite is also abundant. 

The tectonic setting of the redbeds basins during 
the Triassic to earliest Jurassic implies that sand- 
stone composition from nearly all regions should 

reflect provenances within a continental block 
(Fig. 10). A majority of the suites in all studied 

regions, in fact, show quartzose framework modes 
reflecting derivation from stable parts of the conti- 

nent. Only some suites in each region display 
slightly more feldspathic framework modes, charac- 
teristic of the transitional group derived from conti- 
nental blocks. Continental block-derived sandstones 

are particularly evident in the Rifian and Betic 
redbed sandstones. Source areas for these latter 

suites were probably characterized by somewhat 

greater relief with respect to the cratonic prove- 
nance areas. In the Calabrian-Peloritanian Arc, 

quartz-rich sandstones of cratonic and transitional 
origin occur not only during Triassic continental 

rift-valley sedimentation but also during following 
Early-Mid-Jurassic passive margin turbiditic depo- 
sition (Zuffa et al. 1980; Cecca et al. 2002). In all 

regions, a few sandstone suites show frameworks 
containing enough lithic fragments (quartzolithic 
sensu stricto) to plot within the provenance field 

for derivation from recycled orogens on either a 
QtFL or a QmFLt plot (Fig. 10; see the caption for 
explanation of recalculated parameters). In these 

cases, the lithic fragments were derived from sedi- 
mentary and metasedimentary rocks of the Variscan 
and pre-Variscan orogenies, and local volcanic 

fields related to both Permian and Triassic rifting 
events or to older Palaeozoic metavolcanic and vol- 

canic suites. 

Mineralogy and geochemistry o f  mudrocks 

Chemical data from redbed mudrocks provide 
informations about source-area composition, 
palaeoweathering, sorting and recycling. Mudrocks 

were collected on Rif and Betic Chains and from 
Calabrian-Peloritanian Arc (Longi-Taormina and 

Sila Units). 

Source-area weathering. Weathering processes that 
occurred in source rocks have been detected using 

the Chemical Index of Alteration (CIA; Nesbitt & 
Young 1982), the Chemical Index of Weathering 
(CIW; Harnois 1988) and the Plagioclase Index of 

Alteration (PIA; Fedo et al. 1995). The CIA 
values for redbeds are very low (66-73, 
average = 69.9 _ 1.7) and they plot in the A - K  

side of the A - C N - K  diagram, close to the musco- 
vite field (Fig. l la), suggesting a K enrichment 
during burial history. Redbeds have a uniform 

CIW (95-98, average ---- 97.1 __+ 0.65) close to the 
A apex in the A - C - N  plot (Fig. l lb), testifying 

to intense weathering in steady-state conditions, in 
which material removal rate matches the production 

of mineralogically uniform weathering products 
generated in the upper zone of the soil profile. 
Unweathered plagioclase have a PIA value of 50 
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Fig. 11. (a) Ternary A-CN-K plot (A is A1203; CN, CaO + Na20; K, K20). The samples fall close to the A-K 
join along a trend indicating K addition during diagenesis. Gr, granite; Bi, biotite; Ms, muscovite; I1, illite; Ka, 
kaolinite; Ch, chlorite; Gi, gibbsite; S, smectite. (b) Ternary A-C-N plot (A is A1203; C, CaO; N, Na20). The 
samples fall close to the A apex, suggesting intense weathering at the source. 

O 

whereas the Post-Archaean Australian Shales 

(PAAS) have a PIA value of 79. Redbeds have 

very high PIA values (93-97, average = 95.3-t- 

1.08), suggesting that most of the plagioclase has 

been converted to clay minerals. Results from the 

CIW and PIA, therefore, confirm intense weathering 

at the source area. 

Recycling and provenance.  Ancient sediments may 

undergo recycling and the Zr/Sc v. Th/Sc diagram 

(Fig. 12a) is a useful tool to assess the recycling 

processes (McLennan et al. 1993). It can be 

observed that the redbeds are not clustered along 

the primary compositional trend but fall along a 

trend involving zircon addition and thus sediment 

recycling. This is also consistent with changes in 

the A1203-TiO2-Zr diagram (Fig. 12b). 

As for the provenance, the Eu anomaly, which is 

retained as the more conservative proxy of parental 

affinity (McLennan et al. 1993; Mongelli et al. 

1998; Cullers 2000), is slightly higher (average 

Eu/Eu* =0.73 + 0.04) than the PAAS value 

(Eu/Eu* = 0.66). Thus, the average Eu/Eu* of 

redbeds could monitor an important supply of low 

Eu/Eu* mafic detritus that compensates for the 

recycling effect by reducing Eu/Eu*. In our case, 

however, the recycling effect on the Eu anomaly 

was minor and, in turn, the low Eu/Eu* mafic det- 

ritus supply was also minor although not negligible. 

The limited importance of a mafic supply is 
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Fig. 12. Th/Sc v. Zr/Sc (a) and ternary 10A1203-Zr-200 TiO2 (b) plots. PAAS, Post-Archaean Australian Shales. 
The samples depart from the compositional trend, indicating zircon addition suggestive of a recycling effect. 
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Fig. 13. Ternary La-Th-Sc (a) and Cr/V v. Y/Ni plots (b). PAAS, Post-Archaean Australian Shales. Both plots rule 
out a significant mafic-ultramafic supply. 

also confirmed by other provenance proxies includ- 
ing the L a - T h - S c  plot and the Cr/V and Y/Ni 
ratios. In the L a - T h - S c  ternary diagram 
(Fig. 13a), which discriminates felsic sources 

from more mafic sources (e.g. Bhatia & Crook 
1986; Cullers 1994), the redbeds fall in a region, 

close to the PAAS point, that clearly rules out a pre- 
dominantly mafic source. Finally, a significant 
mafic-ultramafic supply is ruled out also on the 
basis of the mixing curve between granite and a 

mafic-ultramafic end-member in the Y/Ni v. Cr/ 
V diagram (Fig. 13b). 

To determine the degree of post-sedimentary 
processes possibly affecting the samples analysed in 

the present study and the range of temperature they 
experienced, the X-ray diffraction (XRD)-based 
illite 'crystallinity' technique (Merriman & Peacor 

1999) was used. The illite crystallinity index (IC) 
and the percentage of illite in the illite-smectite 

(I/S) mixed layers were measured on the <2  txm 
size fraction XRD patterns from oriented mounts 
for the clay-rich levels from the continental redbeds. 

The percentage of illitic layers in I/S mixed layers, 
estimated following Moore & Reynolds (1997), is 

in the range of 70-90% (R = 1 and 3 ordering, 
Reickeweite number). In aH the studied successions, 
the Ktibler index values range between 0.65 ~ and 
0.28 ~ A20 (average = 0.45~ 0.1 ~ A20). These 

values indicate conditions ranging from the diage- 
netic zone (0.45-0.65 ~ A20) to the anchizone 
(0.30-0.40 ~ A20). 

In conclusion, detrital modes and geochemistry of 

the Triassic to lowermost Jurassic continental 
redbeds suggest a provenance dominantly from 
Palaeozoic sedimentary and metasedimentary 

rocks similar to those forming the pre-Alpine base- 
ments underlying redbeds. Petrography and miner- 
alogy of redbeds testify to a complex burial 

history. The estimated temperature experienced 

by the Triassic to lowermost Jurassic redbeds, 
obtained by coupling data on the percentage of 
illitic layers in I/S mixed layers with the values of 
the Ktibler index, is in the range of 100-180 ~ 

Starting from the temperature estimates obtained 
by geothermometers based on clay minerals, the 
diagenetic-tectonic evolution should correspond 
to a lithostatic-tectonic loading of about 5 -6  krn. 

The sedimentary evolution of Middle-Triassic- 

Lowermost Jurassic quartzose redbeds is homo- 
geneous in all outcrops of the studied orogenic 
sectors, suggesting a common palaeogeographical 
and palaeotectonic evolution since break-up of 

Pangaea. They can be considered as a regional petro- 
facies that outlines the onset of the continental 

rift valley stage of the Mesozoic taphrogenesis in 
Western Pangaea, which allowed the opening of 
the Western Neo-Tethys Ocean. Therefore, these 

redbeds could represent a key stratigraphic marker 
to distinguish a particular continental block within 
the Western Mediterranean Domains. 

V e r r u c a n o - t y p e  s u c c e s s i o n s  

Northern Apennines 

Stratigraphy of the Verrucano Group. The 
Verrucano Group deposits occur in all the Tuscan 
Metamorphic Units, particularly in the Massa and 

Monticiano-Roccastrada Units (Fig. 2). In all 
these units the Verrucano deposits unconformably 

overlie a pre-Alpine basement, represented mainly 
by Palaeozoic phyllites and metarenites with some 

intercalated layers of metavolcanic rocks and meta- 
dolo-stones and, locally, post-Hercynian continental 
or marine deposits of Late Carboniferous-Permian 
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age. In the Monticiano-Roccastrada Unit, the meta- 
morphic Monte Argentario Sandstone Formation 
(Upper Permian-Lower Triassic) is interposed 
between the Palaeozoic basement and the Verrucano 
Group deposits (Cirilli et al. 2002; Lazzarotto et al. 

2003). 
The Verrucano Group mainly consists of detrital 

continental formations, deposited in an oxidizing 
environment. Rau & Tongiorgi (1974) considered 
that the violet colour characteristic of some of 
these deposits results from the metamorphic over- 
print at the expense of Buntsandstein-type, orig- 
inally reddish sediments. 

In the most complete succession of the Northern 
Apennines (Massa Unit), two sedimentary cycles, 
separated by a disconformity surface, have been 
distinguished (Passeri 1985; Rau et al. 1985; 
Martfni et al. 1986). The lower cycle, Anisian- 
Ladinian in age, is characterized by frequent marine 
strata and by alkaline metabasalts (Punta Bianca; 
Monte Brugiana). The upper cycle (Verrucano 
Group sensu  s tr ic to)  starts with upper Ladinian con- 
tinental sediments, evolving in the late Carnian to 
carbonate-evaporitic deposits. The Verrueano 
Group is followed by Norian-Liassic platform car- 
bonates grading, in the Middle Liassic, into basinal 
pelagic deposits. 

In the Apuane Unit (Giannini & Lazzarotto 1975; 
Fig. 14), the continental deposits are lacking or 
limited to a few metres of Middle Triassic- 
Carnian violet quartz-bearing metaconglomerates, 
rare quartzites and phyllites alternating with 
grey-reddish carbonate quartzites, microcrystalline 
dolostones, grey and greenish phyllites (Carnian; 
Vinca Fm), followed by Norian hypersaline plat- 
form dolostones (Grezzoni Fm; Ciarapica & 
Passeri 1978). 

The Verrucano of the Massa Unit was described 
in detail by Rau & Tongiorgi (1974) and Tongiorgi 
et aI. (1977) in the Monti Pisani, but the most com- 
plete succession crops out at Punta Bianca 
promontory. 

In the Monti Pisani area, Rau & Tongiorgi (1974) 
distinguished in the Verrucano Group the continen- 
tal Middle Triassic Verruca Formation and the 
Carnian Quarziti di Monte Serra Formation, in 
which marine sedimentary facies are present 
(Fig. 14). The Verruca Formation, unconformable 
on Palaeozoic phyllites and metarenites, includes 
three members, from bottom to top: (1) Anageniti 
Grossolane Member, made up of reddish coarse 
conglomerates, 40-100 m thick, with a quartz- 
micaceous sandy matrix; centimetre-sized clasts 
are mainly of quartz and minor quartzites and rhyo- 
lites; (2) Scisti Violetti Member, formed by violet 
pbyllites and quar-tzose phyllites, 180-200m 
thick, with some intercalated beds or lenses of sand- 
stones and conglomerates; (3) Anageniti Minute 
Member, formed by 100-170 m of well-bedded 

whitish quartzites, associated with light quartzose 
phyllites and violet or greenish phyllites. The litho- 
logical and sedimentological features of the 
Verruca Fm indicate continental environments 
evolving from alluvial fan to alluvial plain 
crossed by braided seasonal streams in a semi-arid 
climate. In the overlying Quarziti di Monte Serra 
Formation, between 280 and 480 m thick, made 
up mainly of micaceous quartzites, quartzose phyl- 
lites and phyllites, it is possible to recognize four 
members indicating different transitional or 
marine environments. From the bottom to top, one 
can recognize the Scisti Verdi, Quarziti Verdi, 
Quarziti Bianco-rosa and Quarziti Viola Zonate 
Members, indicating lagoon-marine, sandy shore, 
deltaic platform and coastal pond environments, 
respectively. The last member of the Quarziti di 
Monte Serra Formation is followed by the Norian 
dolostones of the Grezzoni Formation. 

The Verruca and Quarziti di Monte Serra 
Formations are usually correlated with the upper 
Ladinian(?)-Carnian upper cycle of the Punta 
Bianca promontory (see below). In the 
Monte Pisano area, therefore, Anisian-Ladinian 
rocks of the Verrucano Group should not be 
deposited. 

Two sedimentary cycles, as noted above, are 
recognizable in the succession of the Punta Bianca 
area (Passeri 1985; Rau et al. 1985; Martfni et al. 

1986). Both cycles show a progressive evolution 
from continental to marine environment. The 
Anisian-Ladinian lower cycle (Fig. 14) starts 
with alluvial fan conglomerates, unconformable 
on Palaeozoic phyllites, fed by the underlying base- 
ment, which grade to a coastal plain sandy-silty 
sequence followed by clayey limestones and well- 
bedded limestones rich in dasycladacean algae, 
indicating the progressive development of a 
restricted platform marine environment. Sedimen- 
tation abruptly passes to turbiditic calcarenites and 
sandstones and to clast-supported heterometric 
coarse white calcareous breccias, with interbedded 
calcarenites and calcareous mudstones. Clasts pre- 
vailingly consist of D i p l o p o r a  and crinoid lime- 
stones. The sequence continues with frequent 
calcarenite beds, associated with lenticular con- 
glomerates, sandstones, violet or grey-greenish 
siltstones and claystones, calcareous breccias, fol- 
lowed by a volcanic interval, made up by basaltic 
lavas, locally with pillows, and volcaniclastic 
rocks, capped by thin beds of red cherts. The last 
phase of the lower cycle is represented by a new 
level of calcareous breccias, 15 m thick, whose 
upper beds show palaeokarst structures indicating 
an abrupt emersion. 

The upper cycle (upper Ladinian?-Camian) is 
almost exclusively made up of fluvial terrigenous 
sediments with, in the upper part, littoral and tidal 
sediments; that is, from bottom to top, violet siltites 
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Fig. 14. Stratigraphic columns of Metamorphic Tuscan Units. Alpi Apuane Unit: Pal, Palaeozoic metamorphites; v, 
Middle-Upper Triassic Ven'ucano redbeds; gr, Norian dolostones; li, Hettangian-Sinemurian dolomitic and 
calcareous marbles; Is, Pliensbachian-Toarcian cherty metalimestones; m and d, Middle and Upper Jurassic calc- 
schists and radiolarites; ci, Lower Cretaceous crinoidal cherty metalimestones; cs and e, Upper Cretaceous-lower 
Oligocene calc-schists and calcarenites with nummulites; pmc, upper Oligocene-Aquitanian turbidite metasandstones. 
Massa Unit (Monte Serra Section): Pal, Palaeozoic metamorphites; Mid Triassic Verruca Formation: V~, coarse 
conglomerates (Anageniti Grossolane Member); V2, phyllites and sandstones (Scisti Violetti Member); V3, quartzites 
and phyllites (Anageniti Minute Member); Carnian Quarziti di Monte Serra Formation: $1, phyllites and micaceous 
quartzites (Scisti Verdi Member); $2, green quartzites (Quarziti Verdi Member); $3, light quartzites and phyllites 
(Quarziti Bianco-rosa Member); $4, hematitic micaceous quartzites (Quarziti Viola Zonate Member); gr, Norian 
dolostones. Massa Unit (Santa Maria del Giudice Section): Carnian Quarziti di Monte Serra Formation: $3, light 
quartzites and phyllites (Quarziti Bianco-rosa Member); $4, hematitic micaceous quartzites (Quarziti Viola Zonate 
Member); gr, Upper Carnian-Rhaetian dolostones; li, Hettangian-Sinemurian dolomitic and calcareous marbles; Is, 
Pliensbachian-Toarcian cherty metalimestones; mp, Middle Jurassic Posidonomya Marls; di and cp, Upper Jurassic 
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and claystones, passing to red-purple and violet 

sandstones and quartz clast-rich conglomerates, 
repeated alternations of quartzose sandstones, 
siltstones and slates, with some thin carbonate 

beds in the uppermost levels. The sequence ends 
with phyllites, fine-grained quartzose sandstones, 
carbonate phyllites and yellowish carbonates and 
evaporites. 

Within the Monticiano-Roccastrada Unit, the 
Ven'ucano Group (Costantini et al. 1987; Fig. 14) 

consists of four formations, including the Tocchi 
Formation in the upper part. Below the Tocchi 
Formation, three silicidastic formations, varying 
from conglomerates to pelites, occur. 

The stratigraphic succession starts with the 
Civitella Marittima Formation, made up of 200 m 

of thin-bedded green to light grey fine- to coarse- 
grained metasandstones, intercalated with lenses 
of metaconglomerates and minor grey or violet 

metasiltstones. Metaconglomerates, up to 60 m 
thick, show white abundant quartz clasts, up to 
15 cm in size, in a quartzose sandy matrix. This 

formation has been considered Mid-Triassic in 
age and correlated (Lazzarotto et al. 2003) with 
the lower cycle of Punta Bianca. 

The overlying Monte Quoio Formation, up to 

200 m thick, consists of purple metasandstones and 
metasiltstones intercalated with lenticular beds of 
polygenic metaconglomerates. These latter are 
characterized by centimetre-decimetre-sized clasts 

of white and pink quartz, white, violet and green 
quartzites, and minor black siltites, violet phyllites 
and pink or red limestones with Anisian neritic 

fossils. The Monte Quoio Fm grades into the 

Anageniti Minute Formation, consisting of yellowish 
or whitish-pink quartzites and metaconglomerates 

intercalated with purple and minor grey-green 
metasiltstones and phyllites, followed by the Tocchi 

Formation, made up of breccias with clasts of 
grey-greenish and violet phyllites in a yellowish 
carbonate matrix, alternating with evaporitic 

limestones, metalimestones, quartzites and phyllites. 
The Monte Quoio and the Anageniti Minute 

Formations have been correlelated (Lazzarotto 

et al. 2003) with the Verruca Fm of Monte Pisano 
and with the lower part of the upper cycle of 
Punta Bianca and considered to be Ladinian in 

age, whereas the Tocchi Fm is considered to be 
Carnian in age, on the basis of microfossils in 
some of the carbonate beds. 

The Triassic stratigraphic succession of the 
Monticiano-Roccastrada Unit ends with Norian- 

Rhaetian grey dolostones and dolomitic limestones 
(Grezzoni Fro). 

Post- Verrucano successions (Nor ian-Aqui tan ian  ). 

As noted above, in all the Tuscan Metamorphic 
Units the oldest post-Verrucano rocks are 

represented by Norian-Rhaetian dolostones. 
The post-Triassic succession of the Apuane Unit 
(Giannini & Lazzarotto 1975; Carmignani et al. 

1987; Conti et al. 2004) continues with 
Hettangian-Sinernurian dolomitic marbles and cal- 
careous marbles (the 'Carrara Marbles'), followed 

by cherty metalimestones and calc-schists ('Cipol- 
lini'; middle Lower to middle Middle Jurassic), 
radiolarites ('Diaspri'; Callovian-Tithonian), and 

cherty metalimestones bearing crinoids (Lower 
Cretaceous). This prevailingly carbonate sequence 

passes to Lower Cretaceous-lower Oligocene 
sericitic schists and calc-schists and it is closed 

by metasandstones of turbidite Pseudomacigno 
Formation (upper Oligocene-lower Miocene). 

In the Massa Unit, the successive sedimentary 
evolution of the Verrucano Group can be seen 

in the northwestern side of Monte Pisano, in the 

Santa Maria del Giudice sequence (Rau & 
Tongiorgi 1974). The Quarziti di Monte Serra 
Fm (Fig. 14) is followed by upper Carnian rauh- 
wackes, Norian-Rhaetian dark grey dolostones 

(Grezzoni Fm) and metalimestones, lowermost 
Jurassic marbles (Calcari Ceroidi) and cherty 

limestones, Middle Jurassic Posidonomya marls, 
Upper Jurassic radiolarites and multicoloured 

sericitic schists (Cretaceous-lower Oligocene). 
The succession is capped by the turbidite 
sandstones of the Pseudomacigno Fm (upper 

Oligocene-lower Miocene). 

radiolarites and cherty metalimestones; cs, Cretaceous-lower Oligocene multicoloured sericitic schists; pmc, 
upper Oligocene-Aquitanian turbidite metasandstones. Massa Unit (Punta Bianca Section; according to Ran et al. 1985): 
Pal, Palaeozoic metamorphites; Anisian-Ladinian lower cycle: alc, alluvial fan conglomerates; cps, coastal plain 
sandstones and siltstones; rpl, restricted platform metalimestones; cbr, calcareous breccias and calcarenites; cvs, 
calcarenites, carbonatic shales, conglomerates and siltstones; db, calcareous breccias with diplopores; vc, basalts and 
volcanoclastic rocks; cb, carbonatic breccias; upper Ladinian?-Carnian upper cycle: vs, violet siltstones; vsc, violet 
quartzose sandstones and conglomerates; wss, white and violet quartzose sandstones and silstones; scl, sandstones and 
siltstones with thin carbonatic levels; cd, calcareous-dolomitic evaporite deposits. Monticiano-Roccastrada Unit: Pal, 
Palaeozoic metamorphites; cv, Middle Triassic metasandstones with metaconglomerate lenses; mq, Ladinian 
metasandstones and metasiltstones; am, Ladinian quartzites and violet phyllites; tc, Carnian breccias and evaporite 
carbonates; gr, Norian dolostones; m, lowermost Jurassic marbles; cm, di and sc, Lower Cretaceous cherty marbles, 
siliceous metapelites and varicoloured sericite schists. 
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The post-Triassic stratigraphic succession of the 
Monticiano-Roccastrada Unit above the Grezzoni 
Fm continues with lowermost Jurassic massive 
yellow, pinkish and white marbles (Marmi Fm), fol- 
lowed by some disconformable Upper Cretaceous 
heteropic formations consisting of well-bedded 
cherty marbles, siliceous metapelites and metara- 
diolarites, and varicoloured sericite schists and 
metamarls (Costantini et al. 1987). 

Tectonosedimentary evolution o f  the Tuscan 

Verrucano and comparison with that of  the Tuscan 

Pseudoverrucano. The tectonosedimentary evol- 
ution of the Tuscan Metamorphic Units is certainly 
more complex than that of the Pseudoverrucano 
Unit. As regards the Triassic terrains, two sedimen- 
tary cycles have been identified in the Punta 
Bianca section (Fig. 14) of the Massa Unit and in 
the Monticiano-Roccastrada Unit, whereas in the 
Apuane Unit and in the Monte Pisano area only 
terrains referable to the upper cycle occur. The 
first marine beds, represented by neritic limestones, 
appear in the Anisian of the Punta Bianca section, 
and Anisian limestone clasts are also present in 
the Ladinian Monte Quoio Fm of the Monti- 
ciano-Roccastrada Unit. In the Punta Bianca 
section, the Ladinian is almost entirely character- 
ized by calcareous neritic deposits and calcareous 
breccias, testifying to the rapid evolution and tec- 
tonic fragmentation and resedimentation of carbon- 
ate platforms as a result of a peak of tectonic 
activity which, during the late Ladinian, produces 
basin uplifting and the disconformable deposition 
of siliciclastic continental sediments of the 
upper cycle. Extensional tectonic activity is also 
marked by the occurrence of basic alkaline 
volcanic rocks. 

After the late Ladinian?-Carnian, clastic deposits 
of the second cycle were covered by evaporitic- 
carbonatic sediments, starting with deposition of 
Carnian evaporites, followed by Norian dolostones 
and by Rhaetian-lowermost Jurassic neritic lime- 
stones. From the Pliensbachian onwards, sedimen- 
tation becomes pelagic and is characterized by 
nodular, cherty and marly limestones and, even- 
tually, by radiolarites. Marly-calcareous pelagic 
and turbidite sediments persist until the late 
Oligocene-early Miocene, when siliciclastic turbi- 
dite sediments, deposited within the Apennine 
foreland basin system, testify to the onset of com- 
pressional deformation and the incorporation of the 
Tuscan Metamorphic Units within the orogenic 
edifice. 

Deformation and metamorphism of  the Verrucano 

Group. Miocene deformation was accompanied by 
metamorphism. Recent petrological studies allow 

us to completely rewrite the metamorphic history 
of the Tuscan Metamorphic Units. In the eastern 
part of Monte Argentario, the lower part of the Ver- 
rucano succession of the Monticiano-Roccastrada 
Unit includes psammitic and pelitic metasediments 
characterized by quartz, muscovite, hematite, chlori- 
toid, sudoite, pyrophyllite, rare chlorite, kaolinite and 
dolomite, and by quartz segregations with quartz, 
calcite, chlorite, cookeite, white mica, kaolinite and 
localized Mg- or Fe-carpholite (Theye et al. 1997). 
The upper levels are characterized by a quartz-mus- 
covite-hematite assemblage with subordinate chlor- 
ite, paragonite, pyrophyllite and localized carpholite 
in quartz segregations. 

The reconstructed polystage metamorphic evol- 
ution (Fig. 15) indicates a P - T  path characterized 
by a first stage showing peak conditions at 
P > 0.8 GPa and T = 300-400 ~ (Mg-carpholite, 
chlorite, quartz assemblage in the pyrophyllite stab- 
ility field) in the lower levels, and at P > 0.7 GPa 
and T = 300-350 ~ (carpholite and pyrophyllite 
assemblage) in the upper levels. The second stage 
(exhumation path) is marked by isothermal decom- 
pression at P < 0.5 GPa (sudoite-pyrophyllite 
assemblage) and subsequent cooling at low T 
(<300 ~ and P (late kaolinite). 

A similar evolution has been also reconstructed 
in the Mid-Tuscan Dorsal region (Monticiano- 
Monte Leoni area; Giorgetti et al. 1998). Verrucano 
metasediments consist of phyllites and Al-rich 
quartzites including newly formed muscovite, 
chlorite, chloritoid, pyrophyllite, sudoite, parago- 
nite and kaolinite. Mg-carpholite is also present in 
synfolial quartz-calcite veins. 

Different stages in the P - T  path have been 
delineated. Peak conditions took place at 
P =  0.8-1.0GPa and T =  400-420~ in the 
lower levels, and comparable or slightly lower P 
and T = 350-360 ~ in the upper levels (chlorite, 
phengite, chloritoid, pyrophyllite, Mg-carpholite; 
syn- to post-kinematic assemblage). A retrograde 
isothermal path was followed during decompres- 
sion at P < 0.5-0.6 GPa (sudoite and pyrophyllite 
assemblage; late kaolinite). 

In the Apuane Unit, peak metamorphic con- 
ditions were attained during the first deformation 
phase and the occurrence of pyrophyllite + quartz 
assemblages indicates P of 0.5-0.6 GPa and T 
between 300 and 450 ~ (Di Pisa et al. 1985; 
Franceschelli et al. 1986, 1997; Schultz 1996; 
Molli et al. 2000b) or 0.6-0.8 GPa (Jolivet et al. 

1998). During the second deformation phase, 
T =  380 ~ in the eastern area and 340 ~ in the 
western area were reached (Molli et al. 2000a). 

Metapelites of the Verrucano Formation in the 
Massa Unit (Molli et al. 2000b) result from two 
deformation phases. The D1 phase was responsible 
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Fig. 15. P - T  paths of the Tuscan Metamorphic Units: dark shaded arrow indicates syncollisional peak stage; light 
shaded arrow indicates exhumation decompression stage. A, Monticiano-Roccastrada Unit; B, Alpi Apuane Unit; 
C, Massa Unit. Minerals of the metamorphic reactions: Qz, quartz; Kin, kaolinite; Prl, pyrophyllite; W, water; 
Car, carpholite; Phg, phengite; Chl, chlorite; Ms, muscovite; Chd, chloritoid; Ky, kyanite; And, andalusite; Stp, 
stilpnomelane; Bt, biotite, Sill, sillimanite. Petrogenetic grid is modified after Oberh~insli et al. (1995). 

for the development of the main foliation defined by 
quartz, white micas (muscovite _+ paragonite), 

chlorite, and chloritoid + kyanite. The same min- 

erals developed up to post-D1. The D2 phase was 
responsible for the development of a crenulation 
cleavage marked by phyllosilicates. The recon- 
structed thermobaric conditions indicate that the 

metamorphic peak occurred at P > 0.8 GPa and 
T = 4 0 0 - 5 0 0 ~  (within the kyanite stability 
field). The retrograde path involved a decrease of 

P and T with continued chloritoid development 
(within the pyrophyllite stability field). 

These data indicate that during Neogene defor- 

mation in the Northern Apennines significant 
crustal thickening occurred and the Tuscan conti- 
nental crust was underthrust to depths characterized 

by pressures of 0.5-0.6 to 1.0 GPa. 

This tectonometamorphic evolution, when it is 
considered within the general framework outlined 

in this paper and compared with the other study 
areas, may put into question the generally accepted 

location of the Tuscan Metamorphic Units on the 
Adria-Apulia continental margin. In any case, 

with respect to the convergent tectonic stages, the 

Tuscan Metamorphic Units seem to have been 
located in a more external position than the Pseudo- 
verrucano Sub-domain. 

S o u t h e r n  A p e n n i n e s - S i c i l i a n  M a g h r e b i d s  

Verrucano-like successions. In the internal units of 
these orogenic sectors, cropping out in the 
Calabrian-Peloritanian Arc, terrains comparable 

with the Verrucano of the Tuscan Metamorphic 
Units are recognizable only in the Bagni and Aft-  
Montagnareale Unit. Terrains correlatable to the 

Verrucano are present also in the San Donato and 
Verbicaro Units (Amodio Morelli et al. 1976), 
recently redefined as the Lungro-Verbicaro Unit 

(Iannace et al. 2004b, 2005). This latter unit has 
been traditionally attributed to the Adria-Apulia 
margin and, therefore, considered as an external 

Apenninic unit. This attribution has been only 
recently discussed (Perrone 1996). 

The Bagni Unit (Amodio Morelli et al. 

1976) shows features similar to those of the 
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Verrucano-bearing units, because its succession 
(Fig. 16) is affected by Alpine metamorphism and 

shows an early evolution to a marine environment 
(Upper Triassic dolostones; Scandone 1970). The 

basement, widely cropping out in the Calabrian 
Coastal Chain and in the Sila Massif (Fig. 4), is 
formed by Palaeozoic phyllites and metarenites, 
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Fig. 16. Stratigraphic column of the Bagni and Ali- 
Montagnareale Unit. Bagni Unit: Pal, Palaeozoic phyllites 
and metarenites; vr, Upper Triassic reddish metapelites, 
metarenites and metaconglomerates; tsd, 
metadolostones; j 1, Jurassic metalimestones and cherty 
metalimestones; jlr, Upper Jurassic-Lower Cretaceous? 
cherty metalimestones and metaradiolarites. Ali- 
Montagnareale Unit: Pal, Palaeozoic phyllites and 
metarenites; vr, Middle Triassic reddish metapelites, 
metarenites and metaconglomerates; tsr, Camian 
calcareous-dolomitic evaporites; nd, Norian-lowermost 
Jurassic metadolostones and black metalimestones; jl, 
Jurassic marly and cherty metalimestones; cpl, Cretaceous 
pelagic metalimestones; csc, Cretaceous variegated 
siliceous metaclaystones. 

with abundant porphyroid levels, on which a few 
and scattered thin strips of Mesozoic cover occur. 
The basal layers of this cover (Dietrich 1976) are 

represented by a few metres of red-purple meta- 
sandstones and metaconglomerates with violet 
metasiltites, the latter forming the most frequent 

lithology. 
The Afi-Montagnareale Unit, cropping out in 

two small areas in the Peloritani Mountains 
(Fig. 4), also shows characteristics close to those 
of the Verrucano, its succession being (Fig. 16) 

affected by metamorphism and showing an early 
evolution to a marine environment (Carnian evapor- 
ites and Norian dolostones). The basement is made 

up of Lower Devonian-Carboniferous dark graph- 
ite phyllites, metarenites and metaconglomerates 

with plant remains. The metamorphic Alpine 
cover starts with alternating reddish metapelites, 
metarenites and metaconglomerates (200-250 m 

thick), passing to 60 m of pinkish to yellowish rauh- 
wackes (Carnian) and Norian metadolostones. 

The Lungro-Verbicaro Unit (Iannace et al. 

2004b, 2005) is widely exposed in northern Calab- 
ria (Fig. 4). The lowest levels of the stratigraphic 
succession crop out in the Monte Caramolo area 

(Fig. 17), where they consist of a thick succession 
(at least 400 m) of grey, silvery and bluish phyllites, 
and minor metarenites, in which lenses of metali- 
mestones furnished Anisian-lower Ladinian algae 

(Bousquet & Dubois 1967; Iannace et al. 1995). 
Phyllites pass to a thick formation of grey to 
black, sometimes nodular, marbles, which in 

the upper part of the formation grade laterally to a 

Ladinian-Carnian reef complex, consisting of 
boundstones with sponges and biogenic crusts, as 
well as fore-reef breccias. The grey-black 

marbles are followed by upper Carnian-lower 
Norian metadolostones and laminated dolomitic 

metalimestones, deposited in a shallow open shelf 
and in a subtidal restricted environment, respect- 
ively. The sequence continues with typical Norian 

Hauptdolomit facies. Megabreccias and neptunian 
dykes testify to a strong synsedimentary tectonics 
in both the Ladinian and early Norian. Towards 

the south, in the Sant'Agata area, phyllites, calc- 

schists, metarenites and metalimestones are inter- 
bedded with the upper Carnian dolostones 

(Fig. 17) and these lithologies become dominant 
southwards, in the Coastal Chain Cetraro tectonic 

window (Fig. 17). In both the Sant'Agata and 
Cetraro areas the succession evolves to vacuolar 

brecciated dolostones passing to bedded evaporites, 
followed by Norian Hauptdolomit and Rhaetian- 
lowermost Jurassic metalimestones with frequent 

slumps, slump breccias and reddish metapelites. 
Iannace et al. (2004a, 2005) have pointed out the 

huge thickness (over 1200 m) of Ladinian-Norian 
carbonates in the Lungro-Verbicaro Unit. Within 
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the Western Mediterranean, successions showing 
equivalent facies and thickness for the same interval 
occur only in the Alpujarride Units of the Betic 
Cordillera. 

Post- Verrucano successions (Norian-Aqui tanian) .  

The post-Verrucano succession of the Bagni Unit 
(Dietrich 1976) starts with some metres of probably 
Upper Triassic grey and blackish, sometimes brec- 
ciated, saccharoid metadolostones. The dolostones 
are followed by thin-bedded grey to light-coloured 
metalimestones and cherty metalimestones with 
some beds of quartzose-calcareous microbreccias, 
grading upwards into alternations of grey and 
white cherty metalimestones and red, green and 
black metaradiolarites, with thin layers of dark 
metapelites and some beds of microbreccias. The 
calcareous succession, clearly turbiditic and up to 
120 m thick, is barren and a Jurassic to Early Cre- 
taceous age has been suggested on the basis of the 
lithology and stratigraphic position. 

Above the Carnian rauhwackes, the stratigraphic 
succession of the Alf-Montagnareale Unit continues 
with 100 m of grey to yellowish metadolostones 
and black metalimestones (Norian-lowermost Jur- 
assic), followed by 100 m of pelagic grey to bluish 
marly and cherty metalimestones, metamarls with 
intercalations of silicified metacalcarenites and 
microbreccias, and variegated siliceous metaclay- 
stones (Fig. 16). In these pelagic sequences, 
Domerian to Lower Cretaceous levels have been 
recognized (Somma et al. 2005). 

In the Lungro-Verbicaro Unit (Fig. 17), the 
Jurassic succession, lying above the Verrucano-like 
rocks and the already described Upper Triassic car- 
bonates, continues with cherty metalimestones and 
some metres of red and green radiolarites. A strati- 
graphic gap and a disconfornaity separate the Jurassic 
rocks from Upper Cretaceous-Oligocene coarse car- 
bonate breccias, calcareous and marly-calcareous 
turbidites and, finally, lower Miocene metapelites 
and meta_renites. Basic lavas cross both Triassic and 
Jurassic layers. Successions characterized by similar 
stratigraphic development and referable to the 
Lungro-Verbicaro Unit have been recognized in tec- 
tonic windows of the Calabrian Coastal Chain, up to 
the Catanzaro graben (Fig. 4). 

Tectonometamorphic evolution. The deformation 
and metamorphic evolution of the Bagni Unit 
require new and detailed analyses, because no 
studies have been carried out after those of Bonardi 
et al. (1974), Dietrich (1976) and Colonna & 
Simone (1978). From a critical review of these 
papers, however, it seems possible to recognize HP 
Alpine metamorphic recrystallizations (presence of 
blue amphibole, phengitic white mica, etc.). 

The A1]-Montagnareale Unit displays ductile 
structures that developed during three Alpine 

deformation phases (Somma et al. 2005). Petrologi- 
cal data on metapelites indicate the occurrence of a 
polystage metamorphism: the first stage developed 
under P around 0.4GPa and T between 300 
and 360 ~ (phengitic white mica (3.3-3.25 Si 
contents p.f.u.) + paragonite + chlorite 4- quartz 4- 
hematite + graphite + pyrophyllite assemblage). 
The second stage took place at lower P and T 
conditions compared with the first stage. 

The rocks of the Lungro-Verbicaro Unit were 
strongly deformed and affected by HP/LT meta- 
morphism during Miocene tectonic phases 
(Fig. 18). Their tectonometamorphic evolution is 
characterized by four deformation phases (D1 to 
D4), three of them accompanied by metamorphism. 
Metamorphic index minerals of the FeO- 

MgO-AlzO3-SiOz-H20 (FMASH) system occur 
(Iannace et al. 2004b; Messina et al. 2004). These 
deformation phases are constrained between the 
early Burdigalian age of the youngest levels of 
the Lungro-Verbicaro Unit and the late Tortonian 
age of the clastic deposits unconformable above it. 

In the upper levels of the unit these minerals 
are present in: (1) synfolial quartz veins, with 
ferro- (XMg = 0.36-0.49) to Mg-carpholite 
(XMg =- 0.51-0.57) 4- chlorite + phengite 4- carbo- 
nate 4- quartz assemblage; (2) phyllites associated 
with quartz-carpholite veins, with chlorite + 
phengite + calcite 4- dolomite 4- quartz assemblage. 
In the quartz-carpholite veins, different caxpholite 
structural sites have been recognized: syn- to post- 
D1 prismatic crystals, syn-D2 subgranular crystals 
and syn-D2 to syn-D3 needle-like crystals. The repla- 
cement of carpholite in chlorite 4- phengitic white 
mica starts in late D3 and continues to D4. 

In the lower levels of the Lungro-Verbicaro Unit, 
metamorphic index minerals occur in quartz_ 
chlorite 4- chloritoid 4- phengitic white mica phyllites. 

The first foliation, defined by phengitic white 
mica, chloritoid and chlorite, is preserved in micro- 
lithons, wrapped by the main foliation, $2, defined 
by rotated chloritoid and recrystallized quartz, mus- 
covite and chlorite. 

The P - T  path of the metamorphic history of the 
Lungro-Verbicaro Unit is typical of a polystage 
HP/LT event (Fig. 18). The first stage, related to syn- 
collisional peak conditions, took place during D1, at P 
between 1.6 and 1.4 GPa and Taround 350 ~ (within 
the pyrophyllite stability field) in the upper levels of 
the unit, and it is defined by the quartz 4- phengite 
(Si = 3.30-3.25 p.f.u.) 4- Fe-Mg-carpholite assem- 
blage in quartz veins, and by the phengite 4- chlorite 
assemblage in surrounding phyllites. In the lower 
levels of the unit, the first stage was reached at P 
between 1.8 and 1.6 GPa and T around 420 ~ 
(within the kyanite stability field) and it is marked 
by the phengite 4- chloritoid + chlorite assemblage 
in phyllites. The second stage involves several steps 
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Fig. 18. P-Tpath of the Lungro-Verbicaro Unit: dark shaded arrow indicates syncollisional peak stage; light shaded 
arrow indicates exhumation decompression stage. A, upper levels of the unit; B, lower levels of the unit. Minerals of the 
metamorphic reactions are as in Figure 15. Petrogenetic grid is modified after Oberh/insli et al. (1995). 

of the exhumation path, which begins, during the D2 
(first step), with a weak decompression, indicated 
by the decrease of celadonitic content in muscovite 

and by the absence of chloritoid and the presence of 

biotite in phyllites of the lower levels. It continues 
in the late D2 and in syn-D3 (second step), with an iso- 
thermal decompression, starting in the upper levels at 
P < 0.6 GPa (within the pyrophyllite field), with the 

growth of chlorite + less phengitic white mica as the 
alteration products of carpholite, and in the lower 

levels at P < 0.8 GPa (within the kyanite stability 
field), with the development of chlorite + 
muscovite + opaque minerals after chloritoid. There- 
fore, subduction to considerable depths and sub- 

sequent exhumation appears to have taken place for 
the rocks of the Lungro-Verbicaro Zone during 

Miocene tectonism. 

As for the Tuscan Metamorphic Units, the tecto- 
nometamorphic evolution outlined above may pose 
questions on the traditional attribution of the 
Lungro-Verbicaro and Coastal Chain Carbonate 
tectonic windows successions to the Adria-  

Apulia continental margin and the consequent 

interpretation of these units as External South- 
Appennine Units. According to Perrone (1996), the 

terrains now attributed to the Lungro-Verbicaro 
Unit have to be referred to the Calabrian- 
Peloritanian Arc. Therefore, like the other 
continental units of the arc, they would represent 

South-Apennine Internal Units, originating from a 
continental block (Mesomediterranean Microplate; 

Guerrera et al. 1993) that separated different 
realms of the Tethys Ocean since the Jurassic. 

Tel l ian  M a g h r e b i d s  

Verrucano-like Triassic metamorphic successions 
are up to now unknown in the Tellian Maghrebids. 
However, we consider that the Babors Units, 

considered as Tellian Extemal Units back-thrust 
over the Maghrebian Flysch Basin Units, have 

some features that are worthy of analysis. The 
occurrence of (1) Triassic redbeds different from 
the typical Germano-Andalusian facies of the 

Tellian Extemal Units (Bourmouche et al. 1996), 
(2) Alpine metamorphism, and (3) a stratigraphic 
succession characterized by thick Camian evapor- 

ites and Norian dolostones, Jurassic neritic and 
pelagic limestones could put into question the attri- 
bution of the Babors Units to the Extemal Tellian 
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Fig. 19. Stratigraphic columns of the Rifian Upper Sebtide Units (Federico Slices). 

Units. Finally, according to Coutelle & Delteil 
(1989), the stratigraphic succession of the Internal 
Babors shows strong similarities to the Tuscan 
successions. 

Rifian Maghrebids 

In the Internal Rif, metamorphic successions 
similar to the Tuscan Verrucano are present in the 

Upper Sebtide Units, known as Federico Slices. 
These units, underlying the Ghomaride and 
Dorsale Calcaire Nappes, crop out in two areas of 
the Northern Rif, west of Sebta (Beni Mzala 

window) and in a narrow belt parallel to the coast- 
line between Assifane and Oued Laou (Fig. 6). 

The successions of the Upper Sebtide Units, 
which show similar lithostratigraphical sequences, 
are shown in Figure 19 (Zaghloul 1994). Their 

main features can be summarized as follows: 
(1) the successions consist of only Middle-Upper 

Triassic strata, unconformably lying on Middle(?) 
Carboniferous metasedimentary rocks; (2) they 

start with some metres of coarse quartz-rich con- 
glomerates and are characterized mainly by violet, 
greenish, yellowish and silvery metapelites and 

metarenites with some conglomerate layers, fol- 
lowed by quartzites and thin-bedded metalimes- 

tones containing Middle-Triassic dasycladacean 
algae, Upper Triassic(?) evaporites and massive 
dolostones, and eventually thick-bedded metali- 
mestones; (3) as in many Verrucano-type Apenni- 

nic and Betic successions, no rocks younger than 
Triassic have been recognized; (4) the rocks have 

undergone HP/LT metamorphism, characterized 
by increasing pressure and temperature, from the 
upper to the lower tectonic unit, with each unit 
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Fig. 20. P-Tpath of the Rifian Upper Sebtide Units (Federico Slices): dark shaded arrow indicates syncollisional peak 
stage; light shaded arrow indicates exhumation decompression stage. A, Tizgarine Unit; B, Boquete de Anjera; C, 
Upper Beni Mzala Unit (lower levels); D, Lower Beni Mzala Unit (lower levels). Minerals of the metamorphic 
reactions are as in Figure 15. Petrogenetic grid is modified after Oberh~insli et al. (1995). 

being characterized by its own peak pressure- 

temperature conditions (Bouybaoubne 1993; Bouy- 

baoubne et al. 1995; Goff6 et al. 1996). 

In particular, as regards the metamorphic evol- 
ution of the Federico Slices (Fig. 20), in the Tizgar- 

ine Unit, cookeite-pyrophyllite-phengite mineral 

assemblages indicate P = 0.1-0.5 GPa and 

T = 300 ~ In the Boquete de Anjera Unit, the 

occurrence of sudoite + Mg-chlorite + phengite in 

the quartz veins, with chloritoid in the surrounding 

schists, suggests P close to 0.7 GPa and T = 300- 

350 ~ In the Upper Beni Mzala Unit, Mg-carpho- 

lite relics in chloritoid-quartz or kyanite-quartz 

veins are typical of blueschist-facies conditions 

evolving from P = 0.8-1.0GPa and T =  380- 

420 ~ to P = 1.2-1.5 GPa and T = 430-450 ~ 

In the Lower Beni Mzala Unit, Mg-carpholite 

relics in Mg-chloritoid + quartz veins, and talc + 

phengite assemblages in quartz + kyanite segre- 

gations point to eclogite-facies conditions, extend- 

ing from P = 1.2-1.5 GPa and T = 430-480 ~ 

to P about 2.0 GPa and T = 550 ~ The retrograde 

P - T  path is constrained only for the Beni Mzala 

Units. The occurrence of tremolite + talc + 

phlogopite+chlorite assemblage in the Lower 

Beni Mzala Unit indicates an early exhumation 

to 0.8 GPa, either isothermal or at slightly increas- 

ing T. Further unloading with decreasing T corre- 

sponds to the crystallization of late paragonite, 

muscovite, chlorite, kaolinite and cookeite in both 

the Lower Beni Mzala Unit and the Upper Beni 

Mzala Unit. 

The HP-LT metamorphism indicates an Alpine 

subduction event and subsequent exhumation of 

these units (Bouybaoubne et al. 1995; Golf6 et al. 

1996). 

B e t i c  C o r d i l l e r a  

In the Betic Cordillera (Fig. 8), successions showing 

lithological features, age, tectonosedimentary evol- 

ution and metamorphism similar to those of the 

Apenninic Verrucano are widely present in the 

units of the Alpujarride Complex, which underlies 

the Malaguide Complex (Delgado et al. 1981). 

These successions are especially well developed 

in the Lower Alpujarride Units, but also in some 

Intermediate Alpujarride Units (Felix Unit from 

Sierra de Gfidor, SE Spain; Martfn-Rojas 2004) 

and in the Higher Alpujarride Units located close 
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to the outer border of the Internal Zones, from the 
Gibraltar Arc (Casares Slices, strictly equivalent to 
the Rifian Federico Slices) to the eastern Betic Cordil- 

lera (Sierra Espufia area), which show lithostrati- 

graphic and metamorphic features transitional to 
those of the Malaguide Pseudoverrucano-like Triassic 
deposits (Sanz de Galdeano et al. 2000, 2001). 

Verrucano- l i ke  success ions .  Representative strati- 
graphic successions of the Alpujarride Units are 
reported in Figure 21. Alpujarride Verrucano-like 

successions lie on black schists attributed to 
the Palaeozoic and start with muscovite-rich 
light-coloured (from silvery grey to grey-green to 

blue-violet), fine-grained micaschists, phyllites 
and quartzites, with abundant quartz veins stretched 

along the main Alpine foliation. They include 
gypsum- and carbonate-bearing horizons dated as 
Early-Mid-Triassic as well as basic subvolcanic 

and volcanic rocks, which are also present in the 
overlying Triassic carbonate successions (Delgado 

et al. 1981; Simon & Visscher 1983; Kozur et al. 

1985; Sanz de Galdeano 1997; Garcia-Tortosa 
2002; Martfn-Rojas 2004). The metapelitic and 
quartzitic succession grades progressively upwards, 
and laterally, to thick carbonate sequences, the 

ensemble being more or less intensely recrystallized 

as a result of the Alpine metamorphism. 
The carbonate successions can be very thick in 

several units (more than 2 km), especially in the 
Lower and Intermediate Alpujarrides, and always 

show mainly shallow marine Alpine Triassic 
facies and fossils. They are organized in two main 

transgressive-regressive cycles. The lower cycle 
is transitional with the underlying phyllites and 
quartzites and is formed by Anisian massive to 

bedded, mainly shallow marine and sometimes 
reefal (Braga & Martfn 1987a) dolostones and lime- 

stones, lower Ladinian hemipelagic marls and 
cherty limestones, followed by a thick succession 
of Ladinian bedded limestones with subordinate 
lenticular decametric dolostone horizons, 

frequently with zebra structures, which, toward 
the upper part of the cycle (Ladinian-Carnian tran- 

sition), contain important F - P b - Z n  (Ag) ore 
deposits. A regression on top of the mineralized 
interval is marked by the presence of Carnian 
marls, clays and fine-grained sands with some dolo- 

stone and gypsum beds, followed by a thick succees- 
sion (>1 km thick in many sites) of well-bedded to 

massive shallow marine to reefal dolostones 
with Hauptdolomit facies and abundant fossils 
(benthic Foraminifera and dasycladacean algae; 

e.g. Delgado et al. 1981; Braga & Martfn 1987b; 
Martin & Braga 1987) that allow them to be dated 

as latest Carnian-Norian. No post-Triassic sedi- 
ments are usually described in the Alpujarride 
Complex but, in some northern Lower Alpujarride 

Units, condensed pelagic sediments of Jurassic, 
Cretaceous and Tertiary age, up to the early 
Miocene, are also present above dated shallow 
marine Rhaetian massive limestones (see Martfn- 

Algarra 2004, for a recent revision). 

T e c t o n o m e t a m o r p h i c  evolut ion.  Many petrological 
studies, carried out on various units of the Alpuj~ir- 

ride Complex, showed HP/LT assemblages (Goff6 

et al. 1989, 1996; Azafi6n et al. 1992, 1995, 1997, 
1998; Azafi6n 1994; Azafi6n & Goff6 1997; 

Booth-Rea et al. 2002). Our new data, concerning 
in particular the Adra and Felix Units (Marffn 

Rojas 2004), enhance the previous knowledge. 
In the Salobrefia Unit (Fig. 22) a prograde blues- 

chist-facies metamorphic evolution has been recon- 

structed (Azafi6n & Goff6 1997). It is marked by 
three assemblages: (1) Mg-carpholite + chlorite + 
chloritoid + quartz _ kyanite; (2) Mg-carpholite + 
chlorite + kyanite § quartz; (3) kyanite § chlori- 

toid § chlorite. Sudoite occurs as an alteration of 

Mg-carpholite in assemblages (1) and (2), whereas 
phengite and paragonite are both main phases in 
the schists and late alteration products of carpholite 
and kyanite, in addition to chlorite, pyrophyllite or 

cookeite. Margarite replaces chloritoid and very 
late kaolinite develops around kyanite and cookeite. 

The reconstructed P - T  conditions show that meta- 
morphism evolves from 0.8 to 1.2 GPa and from 

400 to 480 ~ 
In The Adra Unit (Fig. 22), which, according to 

Azafi6n et al. (1997) consists of a Palaeozoic base- 

ment and a Permian and/or Triassic cover, the 

HP/LT D l phase, related to thickening and conti- 
nental subduction, developed at P = 0.8 GPa and 

T = 430 ~ in the Fe-Mg-carpholite-bearing 
Permo-Triassic schists and at P > 1.0 GPa and 

T =  570 ~ in the kyanite-garnet schists of the 
Palaeozoic basement. An almost isothermal 
pressure decrease followed during the thinning 

and associated vertical shortening (D 2 phase). 
It was responsible for the $2 main foliation, 
marked by a prograde zoning from Permo-Triassic 

schists (biotite § chloritoid) to garnet schists 
(biotite + garnet § staurolite) and sillimanite 

schists (biotite § garnet + sillimanite) of the 
Palaeozoic basement. D 2 metamorphism occurred 
at P < 0.65GPa in the whole unit and at 
T = 420 ~ in the upper levels, and from 510 ~ 

(garnet schists) to 700 ~ (sillimanite schists) in 
the lower levels. A second thickening phase (D3 

phase) was responsible for the $3 pressure-solution 
cleavage in the upper levels and for a crenulation 

cleavage in the lower levels. D3 phase occurred at 
lower P - T  conditions (P = 0.3 GPa; T from 500 

to 600 ~ 
An Alpine metamorphic evolution similar to that 

recognized in the Salobrefia and Adra Units occurs 
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Fig. 21. Stratigraphic columns for some Betic Alpujarride Units. 
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Fig. 22. P - T  path of the Betic Alpujarride Units: dark shaded arrow indicates syncollisional peak stage; light 
shaded arrow indicates exhumation decompression stage. A, Felix Unit Triassic upper levels; B, Felix Unit Triassic 
lower levels, Adra and Salobrefia Units upper levels. Minerals of the metamorphic reactions are as in Figure 15. 
Petrogenetic grid is modified after Oberh~insli et al. (1995). 

also in the Felix Unit (Fig. 22), which consists of a 

Triassic cover and a Palaeozoic basement, the latter 

lacking the lowest levels (sillimanite-bearing 

schists) occurring in the Adra Unit (Martfn Rojas 

2004). The reconstructed metamorphic history testi- 

fies to a prograde zoning increasing towards the base 

of the sequence. A first HP/LT stage, related to D1 

thickening phase, occurred at P between 0.8 and 

1.0 GPa. T reached values <360 ~ in the highest 

levels of the Triassic phyllites (phengite + chlorite + 

carpholite? assemblage), between 360 and 420 ~ in 

the lowest phyllite levels (phengite + chlorite + 

chloritoid+ stilpnomelane or biotite) and 480- 

500 ~ (phengite + chloritoid + biotite + garnet) in 

the garnet schists of the Palaeozoic basement. 

A second stage, related to the D2 isothermal 
decompression phase, was responsible for the $2 

main foliation and developed at P < 0.8 GPa both 

throughout the Triassic phyllites (less phengitic 

white mica, stilpnomelane and chloritoid destabili- 

zation) and in the Palaeozoic schists. A second 

thickening D3 phase was responsible for the $3 clea- 

vage, occurred at lower P - T  conditions than $2 

(according to zoning, white mica ___ chlorite + 

biotite). It is related to the end of the decompression 

path and caused a continuous development of and- 

alusite in the Palaeozoic basement. 

Polystage HP/LT metamorphism has been 

recognized also in other units of the Alpujarride 

Complex, such as the Trevenque Unit (peak con- 

ditions at P > 0.7-0.8 GPa and T 300-330 ~ 

marked by Fe-carpholite + chloritoid + chlorite + 

aragonite assemblage; Goff6 e t  al. 1989), the 

Alcazar (=  Escalate) Unit (P > 0.7-0.8 GPa, T 

around 450-500 ~ Mg-rich chloritoid + 

chlorite +kyani te  +calcite assemblage; Goff~ 

e t  al. 1989), the Escalate Unit (P between 0.7 

and 0.9GPa and T between 330 and 430~ 

Azafi6n & Goff~ 1997), and the Jubrique 

and Benarrab~ Units (P around 0.8 GPa and 

maximum T of 400 ~ in the upper levels and 

P > 0.8 GPa and T < 450 ~ in the lower ones; 

Azafi6n e t  al. 1995). 

The Alpine geodynamic evolution of Alpujarride 

Verrucano-like facies can be summarized as 

follows (Fig. 22): the HP/LT metamorphism 

occurred at P between 0.7 and 1.2 GPa and T 

between 300-350 ~ and 420-480 ~ (first stage), 
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MLP/LT metamorphism developed at P between 
0.6 and 0.2 GPa and T between 300 and 480 ~ 

(second stage), and LP/LT metamorphism took 
place at P < 0.2 GPa and T < 350 ~ In the Inter- 
mediate Alpujarride Complex, the HP/LT stage 

has been dated as latest Oligocene (25 Ma), 
whereas the second stage has been dated as latest 
Aquitanian-earliest Burdigalian (19Ma, Moni6 

et al. 1991). 
In conclusion, the Alpujarride Complex shows a 

sedimentary and tectonometamorphic evolution 

similar to that of the Verrucano-like successions 
in other Central-Western Mediterranean orogenic 
sectors, in particular to that of the Lungro- 
Verbicaro Unit of the Calabrian-Peloritanian 

Arc, including (1) deposition of very thick 
Anisian-Ladinian platform carbonates, (2) latest 
Oligocene-early Miocene underthrusting to very 

great depths, (3) HP/LT metamorphism and (4) sub- 
sequent exhumation. 

Discussion 

The Triassic (Pseudo- )Verrucano  Domain:  a 

pa laeogeograph ica l  definition 

The comparative analysis and correlation of succes- 
sions marking the base of the Alpine cycle in the 
Western Mediterranean chains indicate that both 
Pseudoverrucano-type deposits and its Verrucano 

metamorphic equivalent are not exclusive to the 
Northern Apennines: they are also recognizable in 

the tectonic units that originated from the Internal 
Domains of the South Apennine, Maghrebian and 
Betic Chains, and also in some units up to now 

attributed to the External Domains. It must be 
emphasized that the term Verrucano has been fre- 

quently (and loosely) applied in these areas (in par- 
ticular, in the Betic Cordillera) to non-metamorphic 
Pseudoverrucano lithofacies in the same way as the 
term is applied to Permian redbeds in the Alps, 

whereas the metamorphic lithologies have been 
usually named 'Permo-Weffenian', using an older 

Austroalpine-derived terminology (see Fallot 
1948, among many others). 

All the studied units can be joined together to 
form a single Triassic palaeogeographical domain, 

if the following aspects are considered: (1) there 

are strong similarities between all the studied Trias- 
sic rock successions; (2) the Western Tethyan 
oceanic basins opened after the end of the Triassic; 
(3) the Late Cretaceous-Palaeogene-Early 

Neogene geodynamic evolution was very complex 
but equivalent in all the studied areas, with different 

phases of subduction, exhumation, thrusting and 
subsequent orogenesis that affected all the Internal 
Domains; (4) finally, during the Miocene, the 

orogenic belt deriving from the deformation of the 

Internal Domains was fragmented and the frag- 
ments were dispersed around the Western Mediter- 
ranean to form, today, independent and isolated 

elements. The Triassic domain was characterized 
by the deposition both of Pseudoverrucano lithofa- 
cies and of sedimentary precursors of the meta- 
morphic Verrucano successions. However, the 

Verrucano successions are characterized not only 
by their original depositional features (similar to 

those of Pseudoverrucano Triassic continental 
redbeds) but also by their post-Triassic meta- 
morphic evolution. This, being equivalent in the 
studied successions around the Western Mediterra- 

nean, demonstrates their proximity to areas affected 
by Tertiary subduction and Alpine orogenesis. The 
latter were responsible for transforming Triassic 

continental redbeds into carpholite-bearing, high- 
pressure-low-temperature metamorphic rocks. In 

short, it is necessary to clearly distinguish between 
the features associated with the post-depositional, 
Triassic and younger tectonic evolution, and the 

original depositional-palaeogeographical features 
of these rocks that formed during the Triassic and 
subordinately during the early Jurassic. The latter 
permit us to define a Triassic Verrucano-Pseudo- 

verrucano palaeogeographical domain, termed 

hereafter the (Pseudo-)Verrucano Domain. 
Triassic continental redbeds were also widely 

present in the European Germanic Triassic, and in 
the Iberian and North African Germano- 

Andalusian Triassic facies belts, which were 
located close to large continental areas (from 

which the terrigenous clastic supply was derived). 
These, during later Tertiary orogenesis, constituted 
the forelands to the Western Mediterranean Alpine 

belts. In contrast, the Triassic (Pseudo-)Verrucano 
Domain was palaeogeographically and palaeotecto- 

nically different from, and independent of, 
these European-Iberian-African Germanic and 
Germano-Andalusian Triassic facies belts, from 
which it was completely isolated. Verrucano- 

Pseudoverrucano successions, in fact, characterize 
a comparatively small area, which later formed 

the hinterland to the Western Mediterranean 
Alpine Belts. This hinterland, which since Mid- 
Jurassic time was completely separated from the 

Europe-Iberia, Africa and Adria-Apulia Plates to 
form a microcontinent in the Western Tethys 

(Mesomediterranean Microplate; Guerrera et al. 

1993; Bonardi et al. 2001; Michard et al. 2002), 
was completely destroyed during Alpine tectonic 
phases, forming the Internal Units of the Western 

Mediterranean Alpine Belts. 
Therefore, the (Pseudo-)Verrucano Domain was 

located around a small mountain area, from which 
alluvial depositional systems provided siliciclastic 
supply to neighbouring nascent continental 
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sedimentary basins formed during Triassic tiffing. 

Petrographically, these clastic sediments were 
similar in the various studied areas. They reveal 
the erosion of metamorphosed Palaeozoic succes- 

sions extensively intruded by felsic (tonalite, gran- 
odiorite to granite) plutonic rocks; that is, rock 
associations very similar to those that crop out 
widely in the Calabrian-Peloritanian Arc and in 

the Kabylias. Strong chemical weathering of such 

rocks under tropical, hot and episodically humid 
climate with a prolonged dry season (BSh climate 

according to the Krppen-Geiger classification) 
resulted in oxidation of iron and rubefaction of 

soils and sediments (reddening), and caused illitiza- 
tion of silicate minerals and concentration of quartz 

in thick soil profiles. These soils were later denuded 
by fluvial erosion, producing relatively mature, 
quartz-rich red deposits. Further details can be 

added to this picture in the Betic Cordillera and 
Rifian Maghrebids, where stratigraphic correlation 
reveals that Triassic Alpujarride and Sebtide 

deposits of Verrucano-type metamorphic litho- 

facies were sedimentologically more distal and 
closer to marine realms than Malaguide and 
Ghomaride Pseudoven'ucano-type deposits 

(Martfn-Algarra et al. 1995). Moreover, palaeocur- 
rent analysis clearly indicates that the terrigenous 

clastic deposits were derived from rapid erosion 
of regions of high relief to the south and SE, and 
to the east and NE of the present-day outcrops 

of the Malaguide and Ghomaride Reahns, respect- 
ively, whereas in the other realms (Kabylias and 

Calabrian-Peloritanian Arc) they were derived 
form the north, NW and west. 

The (Pseudo-)Verrucano Domain was already 

defined in Mid-Triassic times. Its differentiation 
probably started in the Late Palaeozoic because, 

as pointed out by M. Durand Delga (in Baudelot 

et al. 1984), Upper Carboniferous-Permian 
clastic and volcanic successions, which are well 
developed in the neighbouring regions, are lacking 

in the domain characterized by the studied 
redbeds. This observation still can be accepted, 

although in Tuscany recent studies pointed out the 
occurrence of Lower Triassic clastic deposits, 

which constitute a sedimentary cycle interposed 
between Palaeozoic terrains and the Middle Triassic 
Verrucano lithofacies (Cirilli et al. 2002; Lazzar- 

otto et al. 2003). Locally, the (Pseudo-)Verrucano 
continental redbeds changed progressively laterally 
and upwards to thick, Middle to Upper Triassic 
marine carbonate deposits with typical Alpine 

lithofacies. These were deposited from at least the 
early Anisian and, outwards of the future Alpine 

belt, laterally passed into Germano-Andalusian 
facies belts. Such thick Alpine marine lithofacies 

are widely present in the Austroalpine Units 
of the Alps, in the Alpujarride Units of the Betic 

Cordillera and in the External Domains of the 
Southern Apennines and Sicily, as well as in the 
Betic Rondaide and Rifian External Dorsale Cal- 

caire Units, whose lowest levels are late Carnian 
in age. These latter have been also interpreted as a 

part of the Sebtide-Alpujarride successions, 
detached in correspondence to Carnian evaporites 
and emplaced as 'frontal units' (Mart/n-Algarra 

2004). In many places, all the above units are also 
associated with synsedimentary basaltic volcanism, 

owing to the development of strongly subsiding 
rift basins. Therefore, during the Mid-Triassic 
and, especially, the Late Triassic transgressions, 
most continental areas of the (Pseudo-)Verrucano 

Domain were invaded by the Alpine sea and trans- 
formed to coastal to shallow-marine, carbonate to 

evaporitic environments. 
In short, during the progressive development of 

the Triassic rift basins, emerged areas persisted in 
the central part of the continental block that was 
otherwise covered by shallow-marine carbonate 

platforms with Alpine facies. In the emerged 
areas, crystalline rocks were eroded and provided 
terrigenous clastic deposits to surrounding conti- 
nental rift basins of the (Pseudo-)Verrucano 
Domain. In our opinion, the same areas of high 

relief that provided terrigenous supply to the 
Betic-Rifian Verrucano-Pseudoverrucano basins 

(or contiguous mountain areas located towards the 
south and east of the former) also provided silicic- 
lastic sediments towards the south, SE and east, to 

feed the Pseudoverrucano-type deposits of the 
Kabylias and of the Calabrian-Peloritanian Arc 

and, finally, towards the north and NE to form the 
Northern Apenninic Verrucano sensu stricto and 
Pseudoverrucano sensu stricto deposits. If the 

Permian-Triassic plate configuration is considered 

(see, e.g. Ziegler 1988, 1993), it is clear that to 
the south and east of the Kabylian-Calabrian- 
Pelotitanian Psudoverrucano facies belt more 
distal, transitional and marine areas, characterized 

by carbonate sedimentation, were widely present 
(Fig. 23a-c). 

P o s t - T r i a s s i c  s t r a t i g r a p h i c  a n d  g e o d y n a m i c  

e v o l u t i o n  

The palaeogeographically contiguous Verrucano 
and Pseudoverrucano facies belts, already well 

characterized in the Mid-Triassic, show a similar 
tectonosedimentary evolution from the Pliensba- 
chian onwards, during the opening of the 

Neo-Tethys Ocean. This opening transformed 
large continental crust areas, characterized by 

carbonate platform sedimentation, into pelagic 
basins within the complex, fault-controlled peri- 

Tethyan margins. During the Cenozoic collisional 
events, in contrast, both facies belts underwent 
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different deformation history, which makes it 

necessary to distinguish between post-Triassic 

Verrucano and Pseudoverrucano sub-domains. 

Pseudover rucano  Sub-domain .  The oldest dated 

sediments recognized in the Pseudoverrucano 

Sub-domain are Mid-Triassic continental (fluvial 

and alluvial) redbeds dated with pollen in the 

Betic Cordillera and in the Rif (Simon & Kozur 

1977; Miikel & Rondeel 1979; Baudelot et al. 

1984; Mart/n-Algarra et al. 1995). Continental 

environments locally persisted until the Hettangian 

(Calabrian-Peloritanian Arc). Carbonate platform 

sedimentation covered these continental areas in 

the Sinemurian, but these shallow-marine deposits 

abruptly changed everywhere, from the Pliensba- 

chian to the Toarcian, into pelagic or turbidite 

sediments. Siliciclastic deposits testify to the pre- 

sence of emerged lands up to the Aalenian 

(Piraino Unit; Cecca et al. 2002), whereas mainly 

carbonate breccias and neptunian dykes Mid-Late 

Jurassic in age may be related to extensional 

tectonics associated with the opening of the 

Western Tethys Ocean. Pliensbachian to early 

Miocene facies zonation in the Betic-Rifian Mala- 

guide-Ghomaride belt reveals opening of the sedi- 

mentary environments towards areas located 

outwards of the internal domains; that is, towards 

the north and NW in the Betic Cordillera and 

towards the west and SW in the Rif. In the Kabylias 

and in the Calabrian-Peloritanian Arc the facies 

zonation also indicates more distal and deeper 

environments outwards of the internal domains, 

which, in this case, are located towards the south, 

SE and east. 

In Tuscany and the Calabrian-Peloritanian Arc, 

several stratigraphic successions end with Cretac- 

eous strata and, in Calabria, this evolution has 

been interpreted as an effect of Eo-Alpine tectonics 

(Bonardi et al. 2001). In contrast, other successions 

reach the late Oligocene-early Miocene, when 

they underwent deformation. In any case, the units 

containing the Pseudoverrucano lithofacies under- 

went deformation at shallow crustal levels and 

therefore they were not affected by Alpine 

metamorphism. 

Fig. 23. Ladinian (a), Norian (b) and Early Liassic (c) 
palaeogeographical sketches of the westernmost Tethys 
area (modified from Vera 2004). Grey: continents, 
erosion areas. Yellow: continental basins (including 
Pseudoverrucano-type environments). Orange: 

siliciclastic and evaporitic coastal plains (also 
continental basins in (b) and (c). Green: shallow-marine 
environments of Germanic (shadowed) and Alpine 
facies. Light blue: pelagic environments on continental 
crust (intraplatform basins and continental margins). 
Red: volcanism. Eur, Europa Plate; Ib, Iberia Plate; Ad, 
Adria-Apulia Plate; Af, Africa Plate; CM, 
Mesomediterranean Continent; DM, Malaguide Domain; 
PI-AR, Alpujarride-Rondaide Platform; PS, South 
Iberian Palaeomargin; PR, Rondaide Palaeomargin. 
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Verrucano Sub-domain. As mentioned above, the 

Verrucano Sub-domain displays a more complex 
Triassic tectonosedimentary evolution, character- 
ized by the development of locally thick Mid- 

Triassic carbonate platforms, calcareous breccias 
and basaltic volcanism, testifying to the onset 
of an important early rift phase not only in conti- 
nental but also in marine environments. This 

event is particularly clear in Tuscany, where an 
intra-late Ladinian disconformity and subsequent 

Carnian continental deposits mark the end of 
this early rifting phase before later Jurassic 
rifting and subsequent break-up. Shallow-marine 

carbonate sedimentation occurs again during 
Carnian to Early Jurassic times with the depo- 
sition of evaporites followed by platform dolomi- 

tic and calcareous deposits. Sedimentation 
continued with pelagic marly, carbonate and silic- 

eous sediments, and locally turbidites, with small 
changes to latest Oligocene-early Miocene time, 
when the Verrucano Sub-domain was involved 

in continental collision and thick synorogenic sili- 
ciclastic turbidite successions started to accumu- 
late within the Apennine foreland basin system 
and in the Maghrebian and Betic Flysch Troughs. 

During the Palaeogene to Miocene convergence 
and collisional events, the units originating from 

the Verrucano Sub-domain underwent polyphase 
deformation and metamorphism, indicating under- 
thrusting at significant depths (involving continen- 
tal subduction in most of the cases) and later 

exhumation. The metamorphic evolution of Verru- 
cano-like facies is marked by several steps in the 

P -Tpa th .  For units such as the Upper Beni Mzala 
(Upper Sebtides, Morocco), Escalate, Salobrefia, 
Adra, Felix (Alpujarride Spain), Monticiano- 

Roccastrada (Northern Apennine), Lungro-Verbi- 
caro (Calabrian-Peloritanian Arc), syn-conver- 

gence high-pressure peak conditions (first stage) 
reached P between 0.8 and 1.8 GPa with T 
between 300 and 430 ~ within the pyrophyllite 
or kyanite stability field (carpholite + chlorite § 

pyrophyllite+chloritoid assemblage) typical of 

blueschist-facies metamorphism. Otherwise the 
metamorphic peak reached T >  430 ~ (within 
the Mg-chloritoid + kyanite stability field), as in 
the Massa Unit (Northern Apennines), and 

maximum pressures reached values in the range of 
1.5-2.0Gpa, with T between 380 and 450 ~ 
(within the chloritoid+kyanite stability field; 

after Mg-carpholite development), typical of eclo- 
gite-facies metamorphism, as in the Lower Beni 
Mzala Unit (Upper Sebtides, Morocco). 

Locally, peak conditions were lower, such as 
in the Tizgarine (Upper Sebtide, Morocco) and 

Ali-Montagnareale Units (Calabrian-Peloritanian 
Arc), where P < 0.5 GPa and T = 300-360 ~ 

(pyrophyllite-phengite + chlorite-cookeite assem- 

blage) are recorded. 
The exhumation-related second stage is marked 

by a retrograde greenschist- to sub-greenschist- 

facies metamorphism at P < 0.6 GPa and, in most 
instances, roughly constant T (isothermal decom- 
pression), mostly within the pyrophyllite field. 
Rarely, decompression ends with cooling (third 

stage) to T < 300 ~ in the kaolinite stability field. 

In synthesis, the reconstructed metamorphic 
path indicates a geodynamic evolution marked by 
a high-pressure phase, implying subduction or col- 
lision-related thickening of continental crust and 
underthrusting of Verrucano deposits to depths 

locally in excess of 50 kin, followed by a retro- 

grade isothermal greenschist-facies metamorphism 
associated with decompression. Occasionally, a 
late cooling phase records the final emplacement 

and exhumation of the studied units. 
An almost generalized d6collement along the 

Upper Triassic evaporites allowed the overlying 

Upper Triassic-lower Miocene successions to 
detach from their substrata. As a result, many 
units deriving from the Verrucano Sub-domain are 
formed only by Triassic and older strata. 

Concluding remarks 

The distinction between Verrucano and Pseudoverru- 

cano successions, first evidenced in the Triassic suc- 
cessions of the Northern Apennines, has a regional 

importance at the scale of the Western Mediterranean, 
because successions similar to the Verrucano and 

Pseudoverrucano are recognizable in all the Internal 
Domains of the Betic, Maghrebian and Apenninic 
Chains. A different palaeogeographical and geody- 

namic evolution is documented for Verrucano- 
and Pseudoverrucano-bearing successions from the 

Triassic to the beginning of the deformation leading 
to the building of the orogens. The differences 
were enhanced during the Cenozoic compressional 
tectonics, when Verrucano- and Pseudoverrucano- 

bearing successions experienced different 
deformation histories. 

However, the terms Verrucano and Pseudoverru- 
cano can be correctly used to indicate the Triassic 
redbeds of the Internal Domains of the Western 
Mediterranean Chains, because these redbeds have 

the same age and meaning as those of the Tuscan 

area where the terms were first defined. 
The similar sedimentary and tectonic evolution, 

unravelled for the units bearing Verrucano- and 
Pseudoverrucano-like successions in all the Alpine 

Chains of the Western Mediterranean orogen, 
suggests a single Mesozoic palaeogeographical 

domain for their original location, before the onset 
of convergence-related deformation. The basement 
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of this domain was a block of pre-Late Carbonifer- 

ous-Permian? continental crust that started to be 
detached from Pangaea after having been deformed 
during the Variscan Orogeny. This Mesomediterra- 

nean Block was the Triassic precursor of the 
Jurassic-early Miocene Mesomediterranean Micro- 
plate, which, owing to the Jurassic-Cretaceous 
opening of Neo-Tethys, separated the northern Pie- 

montese-Ligurian-Nevadofilabride Ocean from 
the eastern and southern (Lucanian-Maghrebian) 
oceanic branch of Tethys (Martfn-Algarra 1987; 

Guerrera et  al. 1993; Perrone 1996; Bonardi et  al. 

2001; de Capoa et  al. 2002; Michard et  al. 2002). 
The Triassic Mesomediterranean Block had a 

central erosional mountain area (Mesomediterra- 
nean Microcontinent), which provided terrigenous 

sediments to surrounding intracontinental rift 
basins that formed the (Pseudo-)Verrucano 
Domain. These continental basins with redbeds lat- 

erally evolved to deeper zones in which marine 
sediments were deposited from at least Mid- 
Triassic time. After having been deeply eroded 

during the Triassic, the former mountain areas 
were transformed in a peneplaned continental area 
of low relief, whereas the formerly continental 

(inner) and marine (outer) sedimentation areas 
respectively evolved, from the beginning of the Jur- 

assic, to proximal and distal, outward deepening 
continental margins dominated by carbonate 
neritic to hemipelagic sedimentation. From the 

Late Cretaceous to the early Miocene, the Mesome- 
diterranean Microplate acted as the hinterland of the 
Western Mediterranean Alpine Belts, forming the 

overriding plate above subduction zones. This hin- 
terland was completely destroyed during the 
Alpine tectogenetic phases, forming the Internal 

Units of the Western Mediterranean orogenic belt. 
Finally, during late and post-orogenic extensional 

tectonics after Miocene subduction, the formerly 
unique orogenic belt was disintegrated owing to 
the Neogene opening of the Algerian-Balearic- 

Provencal and Tyrrhenian Basins of the Western 
Mediterranean (Guerrera et  al. 1993). 

In the light of the proposed model, intriguing 

palaeogeographical problems arise, because a 
similar tectonosedimentary evolution seems to 
characterize both (1) units considered to belong to 
the Austroalpine nappe system (the Betic-Rifian 

units derived from the Verrucano Sub-domain; 
Wildi 1983; Martfn-Algarra 1987; Chalouan & 

Michard 1990, 2004; Michard et  al. 2002), and 
(2) units referred to the Adria-Apulia fold-thrust 
belt (Tuscan Metamorphic Units in the Northern 
Apennines and Lungro-Verbicaro Unit in the 

Calabrian -Peloritanian Arc). 
As regards the Tuscan Metamorphic and Lungro- 

Verbicaro Units, it may be difficult to envisage 

subduction to depths developing pressures of 

0.8-1.6 GPa for units referable to the Adria-Apulia 
fold-thrust belt. A viable alternative is represented 
by the possibility that originally these units also 

were located on the same palaeogeographical 
element as the Sebtide and Alpujarride Units of 
the Gibraltar Arc; that is, the Mesomediterranean 

Microplate (Guerrera et  al. 1993). Palaeogeographi- 
cal sketches are shown in Figure 23a-c. Finally, if 
the Verrucano- and Pseudoverrucano-bearing succes- 

sions are characteristic of the Mesomediterranean 
Microplate, some questions arise also for the Alps 
as regards the palaeogeographical location of the 

Verrucano-bearing Pennidic and Austroalpine units 
for which the term Verrucano is correctly used. 

In conclusion, Verrucano and Pseudoverrucano 
successions developed during the continental 
rifting stage that led to the complete break-up and 
disintegration of Pangaea. They were probably 

located along the margins of a minor continental 
block interposed between the Europe, Africa and 

Adria-Apulia Plates, which later, in Jurassic time, 
formed the Mesomediterranean Microplate. 
Remnants of this microplate occur exclusively in the 
internal tectonostratigraphic units of the Western 

Mediterranean orogenic system. They have been 
interpreted as originating from deformation and col- 

lision of the microplate with the Iberian, African 
and Adriatic-Apulian foreland regions. 

Based on the available data, it can be envisaged 

that the post-Triassic Mesomediterranean Micro- 
plate started to differentiate as a continental crust 
block tectonically detached from the neighbouring 

domains (Sardinia-Corsica Block, Iberia, Africa, 
Adria-Apulia) from the Mid-Triassic, because its 
boundaries seem to coincide with those of the 

basins in which Vermcano and Pseudoverrucano 

successions were deposited. The beginning of the 
differentiation of the continental crust block that 
was the precursor of the Mesomediterranean Micro- 
plate and its detachment from Pangaea was prob- 

ably even earlier than the Mid-Triassic, as all the 
domains located on it (excluding the Tuscan 
Domain) are characterized by the absence of 

Upper Carboniferous-Permian sedimentary and 
volcanic terrains. These latter terrains, however, 
are well developed in the Moroccan Atlas, Iberia, 

Pyrenees, Languedoc, Provence, Sardinia and 
Corsica: all these areas were external to the 

Mesomediterranean Microplate and only subordi- 
nately implicated in the Alpine sedimentary evol- 
ution and the subsequent orogenesis. 
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Abstract: Carbonate breccias, calciturbidites and sandstone flysch sediments are typically 
assigned to the towstand regime, based on the double assumption that these thick sedimentary 
packages necessitate (1) emergence phases for the production of their terrigenous material, and 
(2) a relatively lower position of the shoreline, which did not lie too far from the shelf-break 
line. In strictly regarding these conditions, we can run the risk of neglecting the role played by 
the transgression-related currents in reworking and exporting basinward bioclastic and siliciclastic 
sands from shelves. The 'transgressive washing' concept proposed here accounts for the latter 
mechanism, particularly in the case when the stratigraphic record shows that the onset of both the 
calci- and siliciclastic material was contemporaneous with newly marine-encroached continental 
source areas. Four examples from the Rifian internal (source) and external zones (basin) are 
presented to illustrate this phenomenon. 

Tectonic control of turbidite successions is well 

documented in the Alpine Realm, during both the 

compressive (e.g. Auboin 1964; Guerrera et al. 
1993, among the numerous studies dealing with 

the western Mediterranean flysch deposits) and the 

extensional phases (e.g. Eberli 1987, 1988, 1991). 

In contrast, the possible eustatic control on these 

successions is regarded differently by researchers, 

depending upon the aim of their research. 

( t)  In certain Exxon group models (e.g. 

Posamentier & Vail 1988; Posamentier et aL 1988), 

an increase in turbidite activity has been classically 

ascribed to lowstand conditions, during which the 

receptacle-effect exerted by the platform is attenuated. 

Turbidite systems I, II and Ill (Mutti 1985, 1992; 

Mutti & Normark 1987, 1991; Kolla & Macurda 

1988) and their diagnostic sedimentary features 

remain the main comparison models when analysing 

and interpreting siliciclastic turbidites in outcrop. 

(2) In other models dealing with carbonate plat- 

forms, turbidite activity is often linked to highstand 

phases (the highstand shedding concept: Mullins 

1983; Droxler & Schlager 1985; Eberli 1988; 

Eberli & Ginsburg 1989; Glaser & Droxler 1991; 

Handford & Loucks 1993), particularly when the 

carbonate factory 'keeps up' with the rising sea 

level (Kendall & Schlager 1981; Sarg 1988). 

Carbonate production may be reduced when sea 

level falls and drastically diminishes the inundated 

productive area, or inversely, when a too rapid 

sea-level rise leads the platform to 'give up' below 

the euphoric zone (e.g. Neumann & Macintyre 

1985; E1 Kadiri 2002a,b). Both conditions may 

result in a sediment starvation in the adjacent 

depths. Thus, carbonate and siliciclastic turbidites 

are often known to display opposite behaviours 

with respect to sea-level changes (e.g. Tucker & 
Wright 1990; Handford & Loucks 1993). 

(3) Workers who described in detail the turbidite 

facies (carbonate as well as siliciclastic ones) and 

the hydrodynamic processes involved during their 

transport and deposition, have taken the sequence 

stratigraphic interpretation with caution, to such a 

point that some of them have questioned the 

above-mentioned models. Thus, both complexity 

and diversity of turbidite accumulations appear to 

them too wide to be accounted for by these models 

(see, e.g. the synthesis by Mutti (1992) and Shanmu- 
gain (2000)). These sedimentary packages may be 

related in some way to sequence stratigraphy via 

sedimentarion-rate changes, which controlled their 

t ime-space  stacking in a given s lope-basin setting. 

(4) Workers who described trace fossil assem- 

blages have presented reliable information about 
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the time-space turbidite occurrence (e.g. presence 
of multi-layer v. single-layer colonizers, softground 
or firmground colonization suite) and the palaeo- 

environmental changes (e.g. oxygen supply, organic 
matter input, substrate consistency, bottom-current 

intensity, etc.), which allow us to take promising 
steps towards the sequence stratigraphic inter- 
pretation of turbidite successions (e.g. MacEachern 

et al. 1992, 1999; Pemberton & MacEachern 1995; 
Savrda 1995; Uchman 1995, 1999; Bromley 1996; 

MacEachern & Burton 2000; Savrda et al. 

2001a,b). Trace fossils are a common feature in 
deep-water deposits and we can no longer miss 

the opportunity to collect some useful ichnofabric 
data when studying these deep-water packages. 

In the present work, it seems relevant to us to 
highlight a fifth complementary approach, through 
which a causal link may be established between 

the episodic calciturbidite breccias (i.e. clean 
grain flows) and the relative sea-level changes; 
namely, the triggering mechanisms responsible for 
the export of the turbidite material (we exclude 

here seismicity-induced large-scale collapses from 
tectonically oversteepened margins; e.g. Payros 
et al. 1999). Regarding the discussion by Spence 

& Tucker (1997), Haas (1999) and Payros et al. 

(1999), the processes involved in this issue still 
require a deeper understanding. 

Stratigraphy 

The stratigraphic examples were selected from 

(1) from the late Cretaceous and/or Palaeogene 
transgressive cover of the Ghomaride domain and 
its bordering calcareous chain (the so-called 

Dorsale Calcaire), both representing source areas, 

and (2) coeval sedimentary packages intercalated 
within flysch successions belonging to the Maureta- 
nian and Numidian nappes. The latter units are well 
known to derive from the 'Flysch Trough' (e.g. 

Durand-Delga 1972), which bordered the internal 
zones (Fig. 1). 

Early Campanian breccias 

Early Campanian basal breccias transgressively 
cover a conspicuous palaeokarst surface in 
the internal Dorsale units (palaeokarst 3, E1 Kadiri 

et al. 1989), and mark the sudden return to the 

marine regime after a long-lasting emergence- 
karstification history (Valanginian-Santonian). This 

surface independently affects early Liassic white 

massive limestones and Tithonian-Berriasian Cal- 

pionella-rich mudstones (Fig. 2, columns 2A). Thin 
Globotruncana-rich mudstones make up their matrix. 

Detailed stratigraphic data from late Cretaceous 
calciturbidites (see E1 Kadiri et al. 2006) of the B~ni 

Ider area, interestingly, show that this event is 
roughly correlatable with the onset of thick-bedded, 

early Campanian chaotic breccias onto early 
Senonian green pelites. Regionally, these breccias 

develop as key reference strata (e.g. Rar Aghroud 
and Beni Laith basinal successions) and show a 
sharp ravinement surface at their base. Many of 

their clasts have palaeokarst features and strongly 
suggest that they have a causal link with the palaeo- 
karst-sealing breccias in the internal Dorsale. 

Early Eocene sandstones 

Nummulite-bearing, early Eocene, white sand- 
stones (10 -20m thick) mark the onset of the 
marine cycle in the Ghomaride terranes after their 

long emergence history from mid-Jurassic to 
Palaeocene times (Maat6 1984; E1 Kadiri 1991; E1 

Kadiri et al. 1992; Hlila 2005). In E10nzar ,  
Dradia and Talembote sections (Fig. 2, columns 

2B) these white sandstones transgressively seal a 
similar palaeokarst surface overlying early Liassic 
white massive limestones. 

Interestingly, identical, white sandstones of early 

Eocene age suddenly ravine late Palaeocene calci- 
turbidites in all Palaeogene basinal successions 
known in the B6ni Ider area (external domain). 
Whatever the interpretation one makes about the 

sudden input of this siliciclastic material within a 
carbonate-dominated deposition, these key sand- 

stones should be considered in the same tectonic/ 

and or eustatic context as coeval Nummulite- 
bearing white sandstones that transgressively rest 
on the Ghomaride Liassic cover. 

Latest  E o c e n e - e a r l y  Oligocene breccias 

('Breccias Nummuli t icas ' )  

The latest Eocene-early Oligocene, Nummulite-rich 

breccias (the so-called 'Breccias Numnluliticas', 
Nold et al. 1981 ) are by far the most ubiquitous car- 
bonate chaotic breccias in almost all the Dorsale 

calcaire units (e.g. data compiled by Hlila 2005). 
They transgressively cover Triassic dolomites and 
early Liassic massive limestones, and mark the 
return of the marine regime after the Barthonian 

emergence (Hlila 2005). In the case of the Hafat 
Srir unit (Internal Dorsale), located 5 km south of 

the city of Tetuan, the Breccias Nummuliticas seal 

a rust-coloured, palaeosoil-originated surface 
(Fig. 2, columns 2C). In thin sections, almost all 
the soil-altered carbonate clasts proved to derive 
from such a palaeosoil (see discussion below). 

It is also noteworthy that Fe-coated hardground 
surfaces lie on top of the majority of breccia beds. 

The successive ferruginization processes increase 

upwards before the whole breccia interval (20- 
40 m in thickness) was covered by a thick marly 
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Fig. 1. Location map of the studied sections, most of which are located to either side of the internal-external front (see 
also stratigraphic columns in Fig. 2). 1, Sidi Zahara; 2, Fnidek; 3, Dradia; 4, Hafat Uestia II (Internal Dorsale); 5, 
E10nzar; 6, B6ni Imrane; 7, Kellalyine; 8, B6ni Maaden; 9, Hafat Ferkenich (Internal Dorsale); 10, Hafat Srir; 
11, Oued E1 K6bir; 12, Rar Aghroud; 13, B6ni La'ith; 14, Talembote. 

succession. Obviously, the maximum ferruginiza- 

tion levels point to the transgressive-peak condition 

(compare a condensed section) just after the 
Breccias Nummiliticas-related event (e.g. data 

compiled by E1 Kadiri 2002a). 

In the B6ni Ider basinal successions (Oued E1 

KEbir, B~ni Imrane, B~ni Laith), latest Eocene-  

early Oligocene, coarse-grained, carbonate breccias 

sharply ravine late Eocene, lime-poor, red shales 

and develop in the R1/R2 grain-flow facies 

(Lowe 1982, i.e. Facies F3 of Mutti 1992). Gener- 

ally, these breccias display both thinning- and 

fining-upward trends before being covered by red 

to varicoloured marls ('scaglia' facies). 

Latest Ol igocene-Aqui tan ian  

holoquartzose sandstones 

Conglomerates and sandstones of the Ciudad 

Granada-Fnidek formation are chiefly made up of 

Filonian white quartz and have a very low content 

of schist and granite pebbles. This formation is 

one of the well-documented transgressive for- 

mations sealing the Ghomaride and Malaguide ter- 

ranes (Fig. 2, columns 2D) in the internal zones of 

the Gibraltar arc (Martin-Algarra 1987; Feinberg 

et al. 1990; E1 Kadiri et al. 2001 ; Hlila 2005). The 

origin of its strikingly near-pure siliciclastic 

material has long been debated. On the assumption 

that this material requires a prolonged alteration 

history, many workers have suggested Calabrian, 

Sardinian or even African sources (see data com- 

piled by Hoyez 1989). 

Field evidence from quartz pebble-rich palaeosoils 

that occur over the Rifian upper Sebtide units (Cabo 
Negro Massif) shows that this 'apparently' mature 

material could easily come from a very friable micas- 

chist of the basement rock, where the numerous 

quartz dykes are the only competent source levels. 

This means that the "strong lithological selection' 

commonly suggested for this holoquartzose material 
was originally determined merely by the lithological 
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Fig. 2. Correlation of selected late Cretaceous-early Miocene key sections, showing transgressive strata on 
palaeokarst and palaeosoil surfaces (Ghomarides, Internal Dorsale Calcaire), with their coeval, depth-equivalent 
turbidite deposits in the Flysch Trough (Rar Aghroud and B6ni Lai'th successions, mainly). Columns 2B and 2C are 
placed together for convenience (i.e. better appraisal of 'Breccias Nummuliticas' key horizons). Section numbers refer 
to the location map in Figure 1. 
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nature of the rock source itself, not by extensive 
alteration-transportation processes. Sedimentolo- 
gical evidence supports such a suggestion in that 

(1) the highly resistant quartzitic sandstone 
pebbles deriving from Ghomaride-Malaguide 
sources, and the granitic pebbles (of unknown 
origin) occur only in a very low proportion; (2) 

the basal levels of the Ciudad Granada-Fnidek for- 
mation generally display coarse-grained structure- 

less conglomerates of the R1/R2 facies of Lowe 
(1982), which testify to rock-fall or base-of-slope 

proximal deposits. 
In the basinal area, late Oligocene-Aquitanian 

holoquartzose sandstones make up the majority of 
the Peri-Mediterranean Numidian flysch deposits. 

The onset of this huge siliciclastic regime onto the 
pelagic, Tubotomaculum-bearing red shales 
(the so-called infra-Numidian shales) also occurred 

as mass transport from a source where the initial 
stock of holoquartzose material was already pre- 

pared. Logically, the timing and the triggering 
mechanism behind the export of this continental 

material towards the basin should be regarded 
in the same way as the coeval, and synformational, 

transgressive holoquartzose puddingstones and 
sandstones of the Ciudad Granada Formation. 

Discussion 

The four examples described above raise the ques- 
tion of the context in which calciturbidites and 
clean holoquartzose sands moved from their 

primary continental sources (tectonically induced 
large-scale gravity flows from submarine slopes 
are not considered here). Attention should be paid 

to the following facts. 

(1) The first step through which the continent- 
produced, carbonate clastic material reaches the 
flooded platform will theoretically be ascribed to 

fiver transport. However, breccia and coarse sands 
are known to be mostly trapped in river beds 
because fiver currents are fluid gravity flows 

(Shanmugam 2000). In contrast, submarine currents 
are sediment gravity flows that are known to be 
very low in suspended sediments (Shanmugam 

2000, p. 299). Thus, muds and silts (<0.1 mm in 
diameter) would dominate the river-exported load. 

This agrees with the fact that mud- and silt-dominated 
successions generally characterize late highstand- 
and early lowstand-related regressive phases (e.g. 
Vail et al. 1991; Savrda et al. 2001a). Furthermore, 

outside the oversteepened slopes, displacement of 
pure coarse material in subaerial conditions is diffi- 

cult or even inconceivable because of its high shear 
strength (e.g. Spence & Tucker 1997). Introduction 

of water pressure inside a subaerial clastic material 
is required to facilitate shear stress. In emerged 

parts of isolated platforms, this may be accomplished 

during subsequent transgressive pulses. 
(2) Storms and hurricanes exert a washing effect 

on the sea floor lying above the storm wave base. 

In fact, storm- and hurricane-related washing pro- 
cesses result in great amounts of sands (_0.1 mm 
in diameter) and coarse-grained clastic material 

being carried seawards to the outer platform (win- 
nowing processes, Einsele 1992; polishing pro- 
cesses, Stow & Mayall 2000; Viana & Stow 

2000). Subsequent export towards the adjacent 
slope and basin by a spillover mechanism (Stow 
& Mayall 2000; Viana & Stow 2000) is now 

thought to be the triggering factor of major 
gravity-flow events. Modern analogue examples 

have been documented off the western Atlantic 
platform margins (Doyle et al. 1979; Hill & 
Bowen 1983; Pietrafesa 1983; Stanley et al. 

1984). One can easily deduce that this phenomenon 

can be more efficient in directly exporting clastic 
material to a basin from shallow-water isolated 

platforms, as an abrupt shelf-break and steep 
slopes commonly border them. Modern examples 
of this are well documented around the Bahamas 

islands, where flat-topped margins (Glaser & 
Droxler 1991; Handford & Loucks 1993) export 

shallow-water-produced carbonate muds to adja- 
cent lows. 

(3) A sediment-destabilizing effect is caused by 

fluid-pressure release when the sea-level drop 
results in diminishing the trapping effect caused 
by water-colunm pressure (e.g. Evans et al. 1996; 

Spence & Tucker 1997, Stow & Mayall 2000). 
Such a phenomenon, which can favour mobilization 

of large gravity flows even onto gentle slopes, 
generally occurs beneath upwelling zones produ- 
cing a sufficient amount of organic matter. It 

requires a high sedimentation rate to constantly 
bury organic matter (see the description of the 

balance between preservation and oxidation of 
organic matter by Wetzel & Uchman (1998)). 
However, large-scale gravity flows may intermit- 
tently be destabilized from oversupplied delta 

fronts. 

The first two points above are complementary 
and may provide an important clue in making a 
link between relative sea-level changes and turbi- 

dite events. They allow us to reconstruct the four- 
step scenario presented in Figure 3. It is referred 

to here as a 'Transgressive washing' process. Two 
facts support the scenario proposed, as follows. 

(1) Ubiquitous palaeosoil-altered clasts together 
with bioclasts represent a typical component of 

calciturbidites and breccias. They show that this 
carbonate clastic material was, in many cases, 

directly sourced from submerging palaeokarst 
areas and did not necessarily originate from 
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Fig. 3. Presentation of the 'transgressive washing' concept, proposed here to explain the timing of the clean turbidites 
(calciturbidites and holoquartzose turbidites) with respect to the relative sea-level changes. (a) Both the topographic 
entrapment of clastic material on land and karstic areas and the high shear strength in subaerial conditions do not seem 
to favour delivery of major clastic material during lowstand conditions. (b) Hydrodynamics forced by transgressive 
pulses is here envisaged to be the main factor triggering the export of platform material. (c) Emplacement of the main 
carbonate breccias is more likely to be linked to the major transgressive events, as they are generally followed by 
starved black-shale deposits, omission surfaces and/or Fe-crusts recording flooding episodes. (d) Lowstand regime 
may indirectly result in minor calciturbidites phases, as an emerged area favours the production of clastic material that 
is often punctuated by minor transgressive pulses. 

submarine fracturing processes (e.g. hydraulic brec- 

cias, fault breccias). 

(2) A second component is represented by the 

occurrence of shallow-water benthic organisms 

(Foraminifera, encrusting algae, bivalves, reef 

debris). Their presence, together with reworked 

glaucony grains, indicates a source from a shallow 

carbonate platform, which underwent both relative 

starvation and bottom-current activity. Such plat- 

form conditions are known to develop during trans- 

gressive phases (e.g. Baum & Vail 1988; Loutit 

et al. 1988; Galloway 1989; Hesselbo & Huggett 

2001; Savrda et  al. 2001b). 

On the whole, both the production and export of 

the clean calciturbidite material would result from 

two successive complementary phases: (1) subaer- 

ial exposure making available clastic material for 

potential export; (2) transgressive washing as a 

result of storm-induced bottom currents, which 
commonly accompany the onset of transgressions 

(firmground and Fe-hardground surfaces are a 

common feature in the resulting sediment 

packages). Additional outer-shelf to basin export 

(over gentle ramps) may be induced by polishing- 

spillover processes such as those described by 

Viana & Stow (2000). Concomitance of these ravi- 

nement processes with transgressive phases has 

also been well documented by Swift (1968, 1975), 

Nummedal & Swift (1987), MacEachern et al. 

(1992) and Savrda et al. (2001a). 

Conclusion 

The 'transgressive washing' concept is proposed 

here to include in a single scenario the subaerial 

exposure phase and the subsequent transgressive 

washing phase. It means that shallow-water- and/ 

or lithoclast-dominated turbidite flows may point 

to major transgressive pulses, which characterize 

the onset of transgressions (i.e. just after platform 

emergence), as well as to minor transgressive 
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pulses, which commonly interrupt the regressive 

trend. However, the occurrence of breccias and 

major calciturbidite packages in the stratigraphic 

record has suggested lowstand conditions to many 

workers (e.g. Spence & Tucker 1997). This may 

be true in cases where the production of such 

material requires the supply areas to emerge and 

to be closely juxtaposed to the shelf-break. 

However, the fundamental question remains of 

how the trapped clastic material in these subaerial 

sources can be released. The transgressive 

washing scenario proposed here accounts for the 

timing of subsequent shelf to basin export. 
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Abstract: To reconstruct the sequence evolution and distribution of deposits during the Aptian in 
the Central Tunisian platform, the present study was mainly based on a sedimentological 
approach. The palaeogeographical reconstruction shows an inner and an external platform separ- 
ated by the highs of the Central Tunisian islands. These are characterized by carbonate-dominated 
deposits evolving towards the north into a pelagic marl-dominated sedimentation. The NW-SE- 
to east-west-directed faults show an important sedimentary control. In fact, a system of tilted 
blocks located towards the SW characterizes a large part of the platform. The subsidence evolution 
during the Aptian was marked by a recovery of extensional tectonics. Finally, some halokinetic 
vertical movements were responsible for several highs during the latest Barremian. The Central 
Tunisian platform evolution was controlled by drift of the African platform during the opening 
of the Atlantic Ocean. 

The Lower Cretaceous sedimentation in Central 

Tunisia (Central and Southern Atlas) occurred in a 

relatively stable domain delimited to the south by 

the Saharan Platform and to the north by the 

Tunisia trough (Sillon Tunisien). This study area 

is outlined by the South Atlas Flexure, which rep- 

resents the main tectonic feature separating the 

Saharan Platform from the North African Atlas 
(Fig. 1). 

The area includes a wide continental platform 

composed of two main tilted blocks bounded by 

the major NW-SE-  to east-west-trending faults 

(i.e. Gafsa fault, Kasserine fault, Sbiba fault) 

(Fig. 2). The northern block corresponds to an 

outer shelf that passes gradually northward into 

an open marine basin. The southern block consists 

of an inner shelf grading southward into a suprati- 

dal to continental domain. From at least the Juras- 

sic, the Central Tunisian platform was limited to 

the east by a north-south-trending high zone, 

known as the North-South Axis ( 'Nord-Sud 

Axis', Burollet 1956). During the Cretaceous this 

structure behaved as a palaeogeographical barrier 

separating the Central Tunisian platform from 

the eastern Tunisian open sea. To the west of this 
barrier, the Central Tunisian platform also displays 

a westward stepped series of blocks limited by 

north-south-trending major faults (e.g. Sidi Ali 

Ben Aoun fault). 

During the Aptian, Central Tunisia was charac- 

terized mainly by shallow-marine carbonate 

sedimentation. To the north, the Tunisian trough, 

considered as a subsiding zone from Jurassic time, 

is characterized by a pelagic facies (Fig. 3). 

To the south of the Saharan Platform, the Aptian 

is characterized by a facies of mixed sediments, 

carbonate, silt, clay and evaporite. 

Many studies have been published on the strati- 

graphy of the Aptian interval (Pervinquirre 1903; 

Arnould Saget 1952; Barnaba 1965; Busson 1966; 

Bismuth et al. 1981; Ben Youssef et al. 1985a, b; 

Ben Youssef & Peybernes 1986; Abdallah 1987; 

Kessibi & Kharbachi 1990; Chaabani et al. 1992; 

Chaabani 1995). The main tectonic features have 

been outlined by Castany (1951), Zargouni (1985) 

Zargouni et al. (1985), B~dir (1995), Boukadi & 

Brdir (1996) and Zouari et al. (1999). The deposio- 

nal sequences of the Cretaceous deposits were first 

studied by M'Rabet (1987) and Ben Youssef 

(1999). The palaeogeographical aspect has been 

approached by Busson (1966), Boltenhagen 

(1981), Marie et al. (1984) and Ben Ferjani et al. 

(1999). 

M e t h o d s  

During the Aptian a continuous marine sedimen- 

tation occurred in many areas of Central Tunisia. 

Some of the best exposures are located in the 

southern part of the southern Tunisian Atlas. 

Our work is based on a lithostratigrahic analysis 

aiming to establish the lithostratigraphic units of the 

From: MORATTI, G. & CHALOUAN, A. (eds) 2006. Tectonics of the Western Mediterranean and North Africa. 
Geological Society, London, Special Publications, 262, 55-74. 
0305-8719/06/$15.00 �9 The Geological Society of London 2006. 
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Fig. 1. Geography and geology of Central Tunisia and the Aures Basin. 

main Aptian outcrops of Central Tunisia. This is 
completed by a biostratigraphical and sedimento- 

logical study and the well-dated units are integrated 
in a sequence-stratigraphic study. The sequence 

boundary corresponds generally to an unconfor- 
mity, which can be represented by a hard-ground 
as defined by Bromley (1975), or by a superposition 

of contrasted facies suggesting a sharp change in the 
depositional environment across the surface, infer- 
ring a reasonable break (Clad et al. 1995). The 

established sequences allow us to make correlations 
in Central Tunisia and to establish an isochron map 

of the Aptian sequence within this area. We propose 
finally a block diagram synthesizing the relation- 
ships between sedimentary filling, tectonics and 

sea-level changes. 

Lithostratigraphy 

In the Aptian succession in Tunisia, the so-called 
Orbata Formation passes laterally into the Serj For- 
mation. The two formations mainly consist of 

carbonate deposits. The first name is used to describe 
the Aptian succession in Central Tunisia; the second 

is used to describe the basinal facies of northern 
Tunisia during the same interval. In the study area, 
the Orbata Formation rests on the Sidi Ai'ch For- 

mation, which is mainly represented by fine-grained 
sand and siltstone. This formation, attributed to the 
Barremian by Chekma et al. (1991), was deposited 

in a shallow-marine environment. 

Gafsa  area 

The Orbata outcrop (reference section). In 

Central Tunisia, Burollet (1956) defined the 
Orbata Formation in the type locality Jebel Orbata 
(Fig. 2), which corresponds to a wide anticline 

affected to the west and south by the Gafsa fault, 

a major structural feature of the region. Although 
M'Rabet (1987) redefined this formation including 
the Lower Albian, in this study we prefer to pre- 
serve the original description of Burollet (1956). 

The type section is located about 10 km west of 
Gafsa. In this locality, the Orbata Formation over- 

lies a well-developed siliciclastic series, ending 
with the Sidi A~ch Formation sand (Unit 0), which 
is Barremian in age (Fig. 4). The measured 
section in this locality (Jebel Orbata) shows five 

lithological units (Fig. 5a). 
The Orbata Formation starts with a carbonate 

interval (Unit 1), traditionally referred to as the 
Aptian bar ('la barre aptienne', Busson 1966) 
(Fig. 4). This unit is 50 m thick and is composed 

of various dolomitic massive facies including 
many bioturbated levels dominated by large-scale 

massive and laminated dolostone beds. It consists 
of dolosparite alternating with dolomicrosparite 
(Fig. 5b) containing locally bioclasts and intraclasts. 

The contact of this unit with the silt and the sand of 
the Sidi AYch Formation is transitional (Fig. 5c). 
The presence of marine bioclasts, bivalves, gastro- 

pods, benthic foraminifers and intense bioturbation 

indicates a subtidal environment (Collinson & 
Thompson 1982). As observed throughout Central 

and Southem Tunisia, the 'Aptian bar' or the 
'Saharan bar' is a regional marker horizon. Based 

both on its stratigraphic position and the faunistic 
assemblage of Unit 2, its age ranges from the 
Latest Barremian to Early Aptian (Ben Youssef 

et al. 1985a, b; Chaabani et al. 1992). 
Unit 2, which is 70 m thick, conformably rests on 

the Unit 1 (barre aptienne) and is formed, from base 
to top, of shales alternating with subordinate lami- 

nated mudstone followed by alternation of green 
oyster marls and massive to laminated carbonates. 
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- G a f s a  area  : 1- J.Orbata ( 9~176 2- J.Chemsi (9~ 34~ 3- J. Bir Oum Ali (9~ 

34~ 4- J.Na~'mia. (20~ 34~ 5.- J.Famassa (9~ 34~ ') 

- Kasserine area  : 6- J.Boulahneche (8~ 34~ 7- J .Semmama (7~ 35~ 8- J.Ouaddada 

(7~ 34~ ') ; 9-J.Zitoun (9~ 34~ 10- J.E1 Hafey (9~ 34~ 

11 - J.Kebar (9028 ' ;34~ 

Fig. 2. Exposed and cited localities in Central Tunisia and simplified structural map (extract from geological 
map of Tunisia at 1/500 000 (Office National des Mines de Tunisie). 



58 F. CHAABANI & S. RAZGALLAH 

Fig. 3. Palaeogeography of the Aptian in Tunisia (modified from Tlatli 1980; M'Rabet 1987). 

The carbonate units consist of mudstone to wackes- 

tone surmounted by very fine-grained cross-bedded 

bioclastic packstone to grainstone with pellets, 

ooliths, echinoderms, bivalves, Palorbitolina lenti- 
cularis (Blumer) and Choffatella decipiens 
(Schlumberger) and other benthic Foraminifera. 

This assemblage indicates an open marine but 

shallow-water deposit where ooliths developed 

under strong wave action or tidal influence 
(Fig. 5d). 

The presence of Palorbitolina lenticularis 
(Blumer) and Choffatella decipiens (Schlumberger) 

yields an early Aptian age (Bedoulian) for this unit. 

Unit 2 shows an arrangement of progradational 

parasequences, representing a highstand system 

tract (HST). The first occurrence of the oolitic 

facies suggests the onset of a regressive tendency, 

which finishes with the top of Unit 3. The 

maximum flooding surface (MFS) would corre- 

spond to the top of Unit 1. 

Unit 2 is overlain by evaporites and minor car- 

bonates (Unit 3) (Fig. 4). These deposits are 90 m 

thick and display a lenticular geometry at the 

southern flank of the Orbata anticline. Thin carbon- 

ates and marl beds occur locally interfingered with 

gypsum. This evaporite episode corresponds to a 

lagoonal environment and reflects the regressive 

part of the HST. 

Unit 3 is abruptly overlain by fine-grained sand- 

stones and marls (Unit 4) (Fig. 4). The contact 
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Fig. 4. Lithostratigraphical log of the Upper Barremian-Aptian succession of the Orbata section (reference 

section). 
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Fig. 5. Orbata Formation in the reference section. (a) General view showing the Aptian succession (Ap), which 
starts with a dolomitic cliff (right) and the well-developed carbonate cliff of the Upper Albian (AI) (left). (b) In 
thin section, the dolostone of Unit 1 corresponds mainly to a dolosparite facies. (c) The sandstone of Sidi Aich 
Formation covered by the cliff of the Orbata Unit 1 composed of massive dolomite. (d) In thin section, some levels of 
Unit 2 show packstone rich in apatite, ooliths, and bioclasts. 

between Units 1 and 3 is a sequence boundary rep- 

resented by a coplanar surface indicating a sharp 

change in the depositional environment across the 

contact surface. In the analysed section, Unit 4 

is c. 28 m thick. The lower interval of Unit 4 in 

the Orbata area starts with thin to medium cross- 

bedded sand with marl and silt intercalations 

grading up to alternations of marly siltstone and car- 

bonate. These consist of dark grey limestone to 

dolostone composed of oolitic and pellitic pack- 

stone to grainstone. These alternations grade up to 

marl and bioclastic carbonates characterized, 

locally, by cross-stratification and including 

bivalves, echinoderms, bryozoans and ostracodes. 

The uppermost part consists of fossiliferous and 

glauconitic marl alternating with medium to thick 

beds of sand to sandy limestone. The carbonates 

are mainly packstone to grainstone containing 

bivalves, gastropods, miliolids, pellets and ooliths. 

The presence of many taxa of benthic Foraminifera 

indicates a shallow-marine environment. 

Unit 4 passes upward gradually to Unit 5, which is 

characterized by a decrease of the siliciclastic flux and 

the dominance of the carbonate facies. This unit 

corresponds to five parasequences, characterized by 

a dominance of carbonate deposits (Fig. 6a). 

(1) The first one (6.7 m) consists of glauconitic 

silty marl, sand and sandy dolomites grading up to 

massive clastic dolomite containing a rich marine 

fauna including orbitolinids (Fig. 6b) bivalves and 

gastropods. 

(2) The second one is composed from bottom to 

top of marl, sandy dolomite and massive burrowed 

dolomite containing a rich fauna of bivalves 

(Fig. 6c) and gastropods. 

(3) The third one consists of fossiliferous green 

marl grading up to bioclastic sandy dolomite and 

ending with massive dolomite rich in rudists 

topped by local bored and ferruginous hardground. 

(4) The fourth one consists of alternations of 

marl and thinly bedded bioclastic limestone 

grading up to orbitolinids-rich (Fig. 6d) and 

massive dolomite, 

(5) The uppermost deposit is similar to the 

fourth parasequence but it is particularly rich in 

rudists (Fig. 6e and f). It also contains bryozoans 

and algal debris. 



THE APTIAN OF CENTRAL TUNISIA 61 

Fig. 6. Orbata Formation of Jebel Orbata (reference section). (a) The photograph shows the succession of Units 4 
and 5 of the Orbata Formation. (b) Orbitolinid facies of the sandy carbonate phases of the first parasequence of 
Unit 5. (e) Partially dolomitized bivalve sections in the carbonate phase of the second parasequence of Unit 
5. (d) In thin section, the lowermost part of the fourth carbonate phases of Unit 5 is usually rich in orbitolinids. 
(e) Rudist colonies are well developed in the upper part of some carbonate phases of the fourth and the fifth 
parasequences of Unit 5. (f) in thin section, the rudists are filled with micrite (the top of Unit 5). 

This Upper  Aptian sequence is well dated by 

Orbitolina (Mesorbitolina) texana (Roemer) and 

Eoradioli tes (rudists), identified by Chihi (pers. 

comm.),  and contains a rich marine fauna including 

rudists, oysters, nerineids, gastropods and orbitoli- 

nids, which are c o m m o n  throughout the study area. 

The continuity of  this unit, which drapes the 

underlying Unit 4 throughout  Central Tunisia, is 

remarkable. However,  the reference outcrop is 

very rich in rudist-rich colonies. Oolitic and pellitic 

deposits, representing an increasing energy, are 

well developed in the intertidal margin of  the 
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inner platform (Gafsa Basin). The top of this unit is 

marked by an unconformable surface corresponding 

to a sedimentary hiatus covering the Clansayesian- 

Lower Albian interval. 

The Chemsi outcrop. This outcrop is exposed 

25 km to the south of Jebel Orbata (Fig. 2) and has 

been analysed by Chaabani et al. (1992), who 

reported a 350 m thick interval stratigraphically 

coincident with the previously discussed section; 

Unit 1 of the Orbata Formation crops out only par- 

tially. This unit is composed of massive dolomite 

containing cherty levels in the upper part (Fig. 7). 

Unit 2 (Fig. 7) contains a rich benthic fauna 

composed of Orbitolina (Mesorbitolina) lotzei, 

Palorbitolina lenticularis, Choffatella decipiens, 

Nezzazatinella cf. picardi, Lenticulina sp., 

Textularia sp. and the ostracodes Cythereis btater- 

ensis btaterensis, Cythereis sp., Paracytheropteron 

sp. and Cytherella sp. (Fig. 8). 

Unit 3 is mainly composed of thick series of 

gypsum alternating with very thin carbonate and 

marly beds (Figs 7 and 9a). 

Unit 4 (Fig. 9b) is thicker and richer in sand, 

which is laterally covered and contains a rich 

benthic fauna: Orbitolina (Mesorbitolina) subcon- 

cava, Nezzazatinella cf. picardi, Lenticulina 

sp., Textularia sp., and the ostracodes Cythereis 

btaterensis btaterensis, Cythereis btaterensis immu- 

nicostata, Cythereis sp., Paracytheropteron sp. and 

Cytherella sp., as well as some ammonite debris. 

Unit 5 (Fig. 9b and c), which is mainly composed 

of massive dolomite, exhibits many similarities of 

facies evolution to the reference section and con- 

tains a rich fauna mainly represented by Orbitolina 

(Mesorbitolina) texana and Eoradilites rudists. This 

unit is covered with alternations of marls and domi- 

nant carbonates (Fig. 9c), which are attributed to the 

Late Albian (Arnould Saget 1952). 

Jebel Na~mia (North Chott Chain). Jebel Naimia, 

located south of Gafsa (about 50km) in the 

southern part of the study area (North Chott 

Chain), shows a similar succession to the reference 

section. It has been previously noted by Abdallah 

(1987) that in Jebel Nai'mia, the lower unit (Unit 

1) is not exposed. The succession starts with alter- 

nations of marl and carbonates (Unit 2) grading 

upto a mixed facies of marls, carbonates and 

gypsum (Unit 3). The carbonates are represented 

by mudstone, packstone and locally grainstone con- 

taining echinoderms, orbitolinids, green algae, 

ooliths and lithoclasts deposited in a subtidal to 

intertidal environment. In the uppermost part, the 

gypsum indicates a lagoonal environment. 

The upper part of the series is 50 m thick and is 

characterized by a mixed facies composed of 
marly carbonates, sandstones and sands. It contains 

a marine fauna and some wood debris (Unit 4) indi- 

cating an infralittoral (prodelta) environment. The 

carbonates are mainly packstone to grainstone 

rich in bivalves, orbitolinids, glauconitic and phos- 

phate particles. The uppermost part of the series 

shows massive orbitolinid dolomite (equivalent to 

Unit 5) probably indicating subtidal environment. 

The Middle to Upper Albian deposit rests uncon- 

formably of an erosional surface over the Aptian 

series (Gargasian). 

Bir Oum Ali. Laterally, at Bir Oum Ali, situated 

about 10 km to the west of Jebel Na'imia, Unit 1 

of the Orbata Formation described by Ben 

Youssef et al. (1985a, b) is 120 m thick and con- 

formably overlies the sand of the Sidi Aich For- 

mation. It is composed of five units. 

Unit 1, which is about 30 m thick, corresponds to 

a massive bioclastic dolomite with echinoderms, 

rudists and benthic Foraminifera. 

Unit 2 (35 m thick) is composed of alternations 

of marls and bioclastic carbonate containing in the 

upper part bioclastic carbonate with cross-bedded 

stratification. This succession is covered by a 

succession of thin-bedded grey limestone. 

Unit 3 (30 m) corresponds to alternations of bio- 

clastic limestone with oysters, dolomite and clay. 

Laterally, this unit contains many intercalations of 

gypsum beds. 

Unit 4, 30 m thick, is composed of a sand and 

sandstone alternation with cross-bedded stratifica- 

tion containing bioclastic carbonate with oysters. 

Unit 5, reduced to 2 m in thickness, is made up of 

bioclastic dolostone containing rudists and nerineid 

gastropods and could be the equivalent of Unit 5 of 

the reference section. This unit ends with an ero- 

sional surface (Ben Youssef et al. 1985a, b). This 

formation is overlain by the pelagic Albian marls, 

well dated with ammonites. 

The Fatnassa outcrop. This section, located 

100 km south of Gafsa, is probably made of Units 

1 and 2. Unit 1 is composed of 20 m of massive 

dolomite surmounting the palaeosoil of the Sidi 

Ai'ch Formation (Fig. 10a). The contact between 

these two formations is sharp. In this locality, the 

Aptian bar is capped by the development of a 

thick bio-eroded ferruginous crust (hardground). 

Unit 2 is very thin (1 m). It consists of marls and 

dolostone alternations, ending with complex hard- 

ground surfaces composed of two or more red and 

ferruginous bored surfaces (Fig. 10b) separated by 

1 m thick deposits. The lithification of these hard- 

grounds is indicated by the presence of borings 

probably corresponding to bivalve activity. Their 

cross-section is circular with an average diameter 

of 1.5 cm. No fauna have been observed in this 
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Fig. 7. Lithostratigraphical log of the Upper Barremian-Aptian succession of the Orbata section in Jebel Chemsi. 
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Fig. 9. Orbata Formation in Jebel Chemsi. (a) General view of Orbata Formation showing the Aptian succession 
from the base (left) to the top (right). (b) The upper part of the Orbata Formation showing the alternation of silt, 
sand and marls of Unit 4 and the dolomitic cliff of Unit 5. (c) The Aptian-Albian boundary: the upper Albian 
alternation rests unconformably on the Gargasian cliff. 

dolomitized microfacies. However, the borings are 

filled with fine-grained silt and marls. 

Laterally, in the southeastern part of Fatnassa, 

Unit 1 is capped by an eroded surface characterized 

by the presence of micro-karsts (about 1 cm wide) 

filled with sparitic calcite (Fig. 10c). This succes- 

sion is covered by an alternation of marls and bio- 

clastic limestone attributed to the Coniacian. 

Towards the west (about 1 km), the Orbata For- 

mation is absent and the Coniacian conglomerates 

overlie the bored hardground of Unit 1 or even 

directly the Barremian sand of the Sidi Aich For- 

mation (Fig. 10d). The conglomerate pebbles corre- 

spond to reworked Aptian elements. 

Kesserine area 

The Orbata Formation crops out in many mountains: 

jebels Chaambi, Semmama, Ouaddada, Selloum, 

Sidi Ai'ch, E1 Hefay, Kebar, etc. Representative sec- 

tions only are described below. 

Ouaddada. In this locality, situated north of the 

study area (Fig. 2), M'Rabet (1987) defined three 

members in the Aptian series, which can be 

summarized as follows. 

(1) The lower member (70 m) starts with a dolomi- 

tic massive bar, which is a wackestone facies contain- 

ing mdist debris, miliolids and ooliths (Unit 1). The 

middle part is formed by alternations of marl and 

dolosparites containing bivalves, echinoderms and 

benthic Foraminifera ( Trochamrnina vocantiana, Tro- 

chammina sp., Choffatella decipiens, Ammobaculites 

aft. subcretaceous, Ammobaculites sp. and orbitoli- 

nids (Unit 2). This member is surmounted by lami- 

nated dolomite (Unit 3 probably). 

(2) The middle member, 65 m thick, is subdi- 

vided into three entities. The first one is a marly 

dolostone containing some ooliths, rudists and ner- 

ineid gastropods. The second one is composed of 

marly limestone. In thin section, the limestone is 

represented by wackestone to packstone containing 
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Fig. 10. Fatnassa section. (a) Aptian lateral variation showing a reduced Unit 1 overlying the Barremian palaeosols 
of the Sidi AYch Formation. (b) General view and the hardground ending the Aptian. (e) Microkarst partially 
filled with sparite, observed in Unit 1 of the Jebel Fatnassa south flank. (d) A gap in the Aptian sequence; the Barremian 
sandstone is directly covered by the Coniacian conglomerate. 

nerineid gastropods, echinoderm debris and rare 

bryozoans, orbitolinids, miliolids, ostracodes and 

locally abundant ooliths. The third one is rep- 

resented by dolomitic sandstones and dolostones 

with rare ooliths, and phosphatic and glauconitic 

grains. This member, which is the equivalent of 

the Unit 4 of the reference section, seems to be 

widespread in the Aptian platform of Central 

Tunisia. 

(3) The upper member is mainly dolomitic and is 

25 m thick. It contains rudists and nerineid gastro- 

pods, and should be the equivalent of Unit 5 of 
the reference section. 

In this section we outline the presence of a sedi- 

mentary hiatus covering the Late Aptian-Early 

Albian interval. 

At Jebel Zitoun, situated 30 km east of Jebel 

Ouddada (Fig. 2), the Aptian is represented by the 

lower part of the Orbata Formation. It is formed 

mainly of marls and bioclastic dolomite ending with 

laminated dolomite containing birds' eyes and mud- 

cracks. Laterally, at Jebel E1 Hafey, situated 5 km to 

the east of Jebel Zitoun, the same formation is 

reduced to 10 m thickness, and consists of laminated 

dolomite with birds' eyes and mudcracks (Fig. 2). The 

same series is represented by about 30 m of massive 

dolostone at Jebel Kebar, situated 25 km to the east 

of Jebel El Hefay (Fig. 2). It consists of dolosparite 

to dolomicrosparite with traces of dissolution of orbi- 

tolinids and oysters. The top of this facies is eroded 

and is unconformably overlain by paludous limestone 

with characea attributed by Khessibi (1978) to the 

Aptian-Albian pro parte interval. 

Jebel Semmama. Jebel Semmama is located 60 km 

north of Gafsa. The Aptian outcrop is 47 m thick and 

has the same lithological characteristics as those of 

the Orbata section. Unit 1 is composed of massive 

sandy dolomite overlain by massive dolomite, charac- 

terized by bioturbations, and containing echinoderm 

debris and gastropods. The series continues with alter- 

nations of marly dolostones and sandstones (Unit 2). 

This unit is surmounted by massive and laminated 

dolostone (Unit 3). The upper part consists of alterna- 

tions of marl, sand and sandy dolomite followed by 

10 m of massive dolomite, which is generally non- 

fossiliferous except for rare orbitolinids (Unit 5). 

The top of this unit is marked by a bored surface. 
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The borings are related to bivalve activity and are 
filled with vadose micrite sediments containing 
fine quartz grains and suggesting an intertidal origin 

(M'Rabet 1987). In this locality the Upper Albian 

deposits rest unconformably on the Aptian 
succession. 

Biostratigraphic data 

The biostratigraphic interpretation of the mainly 
shallow-marine lower Aptian deposits is based on 
benthic taxa (Fig. 8). For the Orbata Formation, 
the most important Foraminifera (orbitolinids) and 

ostracodes are Orbitolina (Mesorbitolina) lotzei 
and Choffatella decipiens. 

Based on its stratigraphic position, the age of 
Unit 1 ranges from the latest Barremian to the 

Early Aptian. A Gargasian age for Units 2 -5  is con- 
firmed by the assemblage of Orbitolina (M.) parva, 
O. (M.) subconcava and O. (M.) texana (identified 
by Schroder). The ostracode assemblage is charac- 

terized by the presence of Rehacythereis btaterensis 
cf. immunicostata, Paracypris sp., Cytherelloidea 
sp. and Cytherella sp. 

The presence of Knemiceras in the succession 
overlying the Orbata Formation allows us to attribute 

this succession to the Late Albian. Therefore the 
interval from the latest Aptian to the Early Albian 

is not represented in the Central Tunisian platform. 

Sequenee-stratigraphie interpretation 

The Orbata platform and its equivalent have a large 

north to south extent in Tunisia, suggesting a trans- 
gressive system tract (TST) recording the general 
transgression that marked the Late Barremian- 

Early Aptian (Bedoulian). The Aptian succession 
and its palaeoenvironmental context allow to recog- 

nize two depositional sequences, Apl and Ap2. 

Sequence Ap l 

This sequence corresponds to Units 1, 2 and 3. The 
transgressive tidal shoreline and shallow-marine 

shelf deposition occurring during a high sea level 
(TST) correspond to the upper Sidi Aich Formation, 

extending from north to south and eventually 
throughout the Gafsa Basin shelf. The maximum 

flooding surface (MFS), recording the transition to 

highstand conditions, occurred during the depo- 
sition of the uppermost part of Unit 1. It is 
marked by a ferruginous hardground, which is 
locally bioeroded. The HST corresponds to Units 

2 and 3. Above the flooding surface, the facies of 

Unit 2 is characterized by ooliths, pellets, bivalves, 
echinoderms, miliolid packstone and bioclastic 
grainstone. This sedimentation suggests a high- 

energy environment. Unit 2 consists of a marly 
parasequence, which progrades southward over 

the entire Gafsa Basin. The evaporitic phase of 
this unit represents the regressive part of the HST 
of the third-order Aptian sequence (Apl). The 
sequence boundary corresponds to a sharp change 

in the depositional environment across the surface, 
and a prolonged break in sedimentation may 
reasonably be inferred (Clari et al. 1995). 

The evolution of sequence Apl is summarized in 
Figure 11, which shows that during the Late 

Barremian-Early Aptian, a first carbonate platform 
existed, characterized by a shallow-marine environ- 
ment. This has a wide geographical extent and is 

relatively reduced on some highlands towards the 
south, indicating vertical halokinetic movements, 
particularly in Jebel Fatnassa (Ben Ferjani et al. 
1990) and Jebel Kebar (Hlai'em 1998) (Fig. 12). 
After a widespread regression, the Central Tunisian 

platform attained a flat-topped morphology at the 
end of Unit 1 deposition. Tectonic activity initiated 
subsidence and local uplift during the HST. Unit 1 
is locally marked by a ferruginous surface that 

corresponds to the MFS, which is characterized by 

the presence of bioturbation and the accumulation 
of bioclasts and dolomite intraclasts. This surface 
is covered by the HST, formed by aggradational 

parasequences composed of high-energy facies 
corresponding to the first stage of the drowned 

platform filling. 

Sequence Ap2 

The sequence Ap2 overlies Unit 3, and corresponds 

to Units 4 and 5. The sedimentation is dominated by 
siliciclastic deposits at the base and carbonate facies 

in the upper part (Fig. 13). The benthic fauna is 
mainly represented by orbitolinids, oysters, rudists 
and echinoderms. The dominant sand and silt sedi- 

ments were mainly transported from a SSW source 

(M'Rabet 1987). This tidal deltaic facies is inter- 
preted as the transgressive phase of this sequence, 
which reaches its maximum with the deposition 
of the reefal facies. The carbonate-dominated para- 

sequences correspond to the upper part of the TST 
of the second-order Aptian sequence (Ap2). The 

TST interval therefore shows the development of 
a carbonate platform, with rudist colonies being 
developed over some relative highs. 

The uppermost part of the sequence Ap2 is marked 

by an unconformity. The Upper Aptian to Lower- 

Middle Albian interval is absent. This gap extends 
to the Saharan Platform, in South and Central 
Tunisia (Barnaba 1965; Busson 1966; Ben Youssef 

etal. 1985a, b; Chaabani etal. 1992; Chaabani 1995). 
Locally, in the highlands of Central Tunisia at Jebel 

Kebar, this interval is represented by a continental 

series, composed of silt and red marls containing 
characea and palaeosoils (Khessibi 1978; M'Rabet 

1987). 
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Fig. 11. Evolution of the Apl sequence toward the south of the inner platform (Gafsa Basin). SB, Sequence 
boundary; MFS, maximum flooding surface; TST, transgressive system tract; HST, highstand system tract. 

Correlation profiles and geodynamic 

context 

The correlation established between seven Aptian 

sections covering an area from the Fatnassa uplift to 

Jebel Boulahneche situated north of Kasserine 

(Fig. 2) allows us to illustrate the depositional 

distribution of the Aptian succession. Figure 14 is a 

north-south profile showing a rapid decrease in 

thickness of the Aptian succession towards the 

north and the south to Jebel Bouahneche and the 

Fatnassa anticline, respectively. This variation 

affects all the lithological units. Only Unit 1 is 

present in the southern flank of the Fatnassa anticline 

Fig. 12. Geodynamic context and model of Aptian deposits in Central Tunisia. 
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and at Jebel Kebar (Fig. 12). On the other hand, the 
Boulahneche section is believed to have been depos- 

ited on a halokinetically induced high (Marie et al. 

1984). The great thickness of the Aptian succession 
at Jebel Chemsi indicates a subsiding zone situated 

between the Chemsi and the Orbata faults (Fig. 12). 
The east-west profile (Fig. 15) shows lesser 

thicknesses at Jebel Kebar and Jebel E1 Hafey, 

which can be explained by the presence of palaeo- 
highs grading laterally to a basinal area located in 

the western part of Central Tunisia, where depo- 
sition of thick series occurred. This variation is con- 
trolled by the north-south-trending Sidi Ali Ben 

Aoun fault and by the flexural subsidence of the 
Sidi AYch area (Chekma 1996). 

Also, the isopach map (Fig. 16) shows three 

blocks characterized by varying subsidence gradi- 

ents: from south to north, we can distinguish the 
following. 

(1) The block of Fatnassa (North Chott Chain) 
forms a high zone, slightly tilted towards the 

west. This block is limited to the north by an 
east-west fault of the North Chott Chain and to 
the west (Jebel Fatnassa) by a NW-SE fault. This 

resistant block was affected during the Jurassic by 
diapirism of the Triassic salt (Zargouni 1985). 

(2) The Gafsa area corresponds to a relatively 

subsiding zone centred in the Gafsa Basin, where 
we can distinguish a depocentre located at the 

Chemsi sector, resulting from a synsedimentary 
extensional movement of the Gafsa fault (Chaabani 

et al. 1992). This fault, characterized by a N W - S E  

trend in the western part and an east-west trend in 
the eastern part of the study area, limits the Gafsa 
Basin to the north. 

(3) The Kasserine area can be subdivided into 
two sub-blocks. The eastern sub-block corresponds 

to Jebel Kebar and Jebel E1 Hafey. The Aptian is 
represented only by the first unit (Early Aptian). 
The maximum recorded thickness is about 50 m at 

Jebel Kebar and the minimum is recorded in the 
eastern part of Jebel Kebar (0 m). It is limited to 
the west by the north-south-trending Sidi Ali Ben 

Aoun fault, to the east by the 'North-South Axis 
fault' and to the north by the east-west Kasserine 
fault. In the western sub-block, the Aptian series 

increases progressively from the eastern to the 
western part of the area (Fig. 15); this variation 

suggests a system of tilted blocks trending SW. 
This phenomenon may be explained by the presence 
of the Sidi Ali Ben Aoun fault and the flexure of Sidi 

Ai'ch. The proposed model is slightly different from 
that of Bismuth et al. (1981), which was adapted by 

Chekma (1996), and Ben Youssef (1998) and 
suggests a slope towards the south. Moreover, the 
same model has been hypothesized by Herket 
(2004) in eastern Algeria, the structure of which 

forms the continuation of Central Tunisia. 

Towards the north, the Orbata Formation carbon- 
ate passes laterally into the Serj facies (Tandia 
2000) characterized by the presence of bioherms, 
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Fig. 14. North-south correlation and sedimentological interpretation of the Orbata Formation of Central Tunisia. 

which developed on isolated highlands, possibly as 

a result of Triassic salt vertical movements (Marie 

et  al. 1984). 

An Aptian interpretative configuration of Central 

Tunisia is shown in Figure 17, to explain the 

observed north-south variation. 

Conclusions 

Our sedimentological and palaeontological studies of 

the Orbata Formation of Central Tunisia lead us to 

define two transgressive-regressive sequences. 

These depositional sequences can be identified, 

mapped and correlated throughout the region. They 

are interpreted as resulting from a combination of 

extensional tectonics, variations in siliciclastic sedi- 

ment supply and dispersed systems, and eustatics. 

These depositional sequences, integrated with bios- 

tratigraphical data, have the potential to be correlated 

throughout Central Tunisia and provide a framework 

for a regional and possible global correlation of the 

Aptian series. 

The thickness variations and the main tectonic 

elements support the interpretation that the Aptian 

sedimentation was controlled by north-south, 

N W -  SW and east-  west faults (similar to the Jurassic 

inherited 'tilted blocks') (Zargouni 1985), as well as 

by eustatic events. 

Based on the above sequence descriptions, a 

depositional model history for the Orbata Formation 
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Fig. 15. East-west correlation profile of the Aptian series in the northern sub-block of Central Tunisia. 

of Central Tunisia is proposed (Fig. 17). This model 

permits us to summarize the Aptian platform history 
as follows. 

Tectonic activity initiated differential subsidence 

or local uplift during a high sea level, which led to 

partial platform exposure (Jebel Fatnassa, Jebel 

Kebar, etc.). This highly structured Central Tuni- 

sian platform was marked by isolated barrier 

islands. These latter were drowned by a major trans- 

gression that occurred in many areas of the Tethyan 

region, particularly in the Sahara Platform, in west 

Fig. 16. Isopach map of Central Tunisian Aptian sedimentation. 
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Fig. 17. Block diagram representing a sedimentary model of the Central Tunisian platform during the Aptian. 
h. 1., highland; SABF, Sidi Ali Ben Aoun fault. 

Africa (Tarfaya) (Choubert et al. 1971; Burollet & 

Busson 1980), in the Arabian peninsula and in many 

other areas of the Peritethys carbonate platform 

(Jacquin & de Graciansky 1998; Jacquin et al. 1998). 

Basin filling occurred by aggradational paraseq- 

uences and the development of a lagoonal environ- 

ment. The boundary of this sequence is not a major 

erosional unconformity. It corresponds to a sharp 

change in the environment. 

A new rise of sea level was probably associated 

with a climatic change, creating a new detritic flux. 

As a reponse to the arid climate, the detrital input 

gradually disappeared and was progressively 

replaced by predominantly high-energy carbonates. 

A sedimentary break corresponding to a rapid 

sea-level fall followed. A hardground occurs at 

the top of sequence Ap2, where it presents a 

marked stratigraphic gap extending from the 

Aptian to the Middle Albian. 

A new sea-level rise, more marked than the Aptian 

one, finally corresponds to the development of the 

Late Albian (Vraconian) carbonate platform, 

which covered a wide region in Central Tunisia. 

The authors are grateful to G. Moratti and A. Chalouan for 
the invitation to contribute to this volume. They would 
also like to thank H. Hemissi and A. Mabrouk for their 
help in improving the English. 
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Abstract: The Ladinian-Carnian tectonic instability is well recorded within the Carbonate 
Formation of the Oujda Mountains (Eastern Meseta, Morocco). It was induced by a bidirectional 
extensional palaeo-state of stress (ENE-WSW and NNW-SSE) resulting in the development of 
the Oujda Mountains Triassic basins that open towards the Western Tethyan domain. This exten- 
sional event correlates with an early episode of Tethyan rifting, which is coeval with the 
Ladinian-Carnian extensional episode of the Alpine domain. The structural development of 
these basins was controlled by an extensional reactivation of Hercynian faults, with N70~ 
and N160~ fault trends predominating over the N35~ and N120~ ones. Therefore, the 
Ladinian-Carnian palaeo-state of stress of the Oujda Mountains is fundamentally different from 
that of the Triassic-Liassic basins to the west, in Central Morocco and the Atlas belts, where the 
N45~ sinistral fault trend predominates over the N70~ and N90~ fault trends. 

The aim of this paper is to understand the dynamic 

processes of the initial Mesozoic dislocation of the 

northwestern side of Gondwana and the first stage 

of continental rifting of the Central Atlantic. Fol- 

lowing the Variscan orogeny, the break-up of 

Gondwana occurred in the Late Carboniferous 

(Stampfli et al. 1991). Along the northern 

African-Arabian plate margin, several rift basins 

were active during Permian and Triassic time 

(Fig. 1); this tiffing propagated westwards from 

the NE Arabian margin to Morocco (Guiraud 1998). 

The Triassic succession of the Oujda Mountains, 

cropping out in the NE extremity of the Moroccan 

autochthonous domain, because of its palaeogeo- 

graphical location in the SW margin of the Maghre- 

bian Tethys (Salvan 1984; Marcoux et al. 1993), is 

of great significance for studying the geodynamic 

control of the Triassic rifting and the transition to 

Liassic structuring. 

The Oujda Mountains (Fig. 2a and d) form a 

narrow relief trending ENE-WSW (Fig. 2a and 

b). They are bounded to the north by the Angad 

plain and the Brni Snassen Mountains, and south- 

wards by the High Plateaux. Eastwards, they 

extend into Algeria, through the mountains of 

Rhar Roubane and Tlemcen (Lucas 1942; Elmi 
1973, 1983). 

The Triassic series lie unconformably over the 

deformed Palaeozoic basement, which is composed 

mainly of Ordovician-Silurian sandstones and 

schist, and weathered Visean granodiorites. 

According to Rakus (1979), the complete Triassic 

stratigraphic succession includes (Fig. 2c): (1) 

Lower Red Beds; (2) Lower Dolerites; (3) Middle 

Carbonate Formation; (4) Upper Dolerites; (5) 

Upper Red Beds. A silicified stromatholitic level 

locally marks the base of the Upper Red Beds 

(Oujidi & Elmi 1992). The Middle Carbonate For- 

mation represents a stratigraphic reference level 

on a regional scale, and was slightly affected by 

the Alpine orogeny. From >3  to 13 m in thickness, 

this formation is made up of dolomite and limestone 

beds alternating with marly levels and dolomitic 

micro-beds (Oujidi 1994). These levels are often 

well laminated and bedded, which allows delinea- 

tion of sedimentary and tectonic phenomena, par- 

ticularly slumps and lateral changes in facies and 

thickness. Sedimentological analysis shows that, 

depending on the area, the whole of this formation 

is composed of two or three coastal shallowing- 

upward sequences (Oujidi 1994, 2000). 

The Carbonate Formation has strong palaeogeo- 
graphical implications, as it records the first 

Tethyan marine onlap of the northeastern margin 

of Morocco during the late Ladinian-early 

Carnian (Crasquin-Soleau et al. 1997). Moreover, 

it shows many synsedimentary deformations that 
allow us to understand the synsedimentary tectonics 

associated with the evolution of the Triassic basins, 

and consequently the tectonic pattern related to this 

Ladinian-Carnian rifting episode (Oujidi & Elmi 

2000). 

A previous study (Oujidi & Elmi 2000) based on 

the analysis of isopach maps of the Triassic 

From: MORATTI, G. & CHALOUAN, A. (eds) 2006. Tectonics of the Western Mediterranean and North Africa. 
Geological Society, London, Special Publications, 262, 75-85. 
0305-8719/06/$15.00 �9 The Geological Society of London 2006. 
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Fig. 1. Schematic map of Triassic rifting along the northwestern African margin and adjacent areas, for Late Norian time 
(c. 212 Ma). Modified from Marcoux et al. (1993) and Guiraud (1998). 1, Major fault; 2, rift; 3, northern Algerian Sahara 
effusive province (trachybasalts, andesites); 4, thinned continental crust, possibly locally oceanized (East Mediterranean 
Basin); 5, future plate limit; 6, palaeogeographic location of the study area; F, Fundy Basin; HM, Hassi Messaoud; 
HR, Hassi R'Mel; Tar, Tarfaya Basin. 

successions of the Oujda Mountains, pointed out the 

importance of the N70~ and N160~ regional 

structures during the structural partitioning of this 

region into small horsts and grabens accompanied 

by tholeiitic basalt flows. This structuring is in 

accordance with an extensional tectonic event 

similar to that described in the external Dorsale 

(the Carnian-Hettangian sequences of the Moroc- 

can Internal Rif Domain, E1 Kadiri & Faouzi 

1996), the Alpine area (M6gard-Galli & Faure 

1988; Tricart et al. 1988; Lemoine et al. 1989) for 

the Ladinian-Carnian, and in the Atlas belts 

(Laville 1981; Laville & Piqu6 1993; Piqu6 & 

Laville 1993; Piqu~ et al. 1998; Oujidi et al. 2000). 

To contribute to understanding of the Triassic tec- 

tonic framework, we re-examine the Carbonate For- 

mation in this study, using a new approach based on 

both the microtectonic analysis of the synsedimentary 

faults and the description of the induced deformation 

structures. Three key sites were selected on the basis 

of the isopach map of the Carbonate Formation 

(Oujidi & Elmi 2000). They are located in distinct 

geological settings related to the main N70~ and 

NI60~ regional faults (Fig. 3): the Oum Lahsene 

site is located at the junction between two palaeo- 

geographical borders oriented N160~ and N70~ 

the Guenfouda site is located in the central part of 

the Oujda Triassic sub-basins, where a horst exists, 

controlled by subequatorial faults; the Jbel E1 Hamra 

site is located in the northern border of the Oujda 

Mountains, where Triassic basins are oriented N70~ 

We attempt to determine for each site the pattern 

of the deformations and the related stress field, and 

compare the regional pattern with other examples of 

extensional synrift structures described in the 

Western Mediterranean Alpine domain and intra- 

montane basins of the Atlas belt. 

Synsedimentary structures 

The Carbonate Formation exhibits an abundance of 

breccias, slumps, normal faults and major thickness 

changes. These gravity-induced deformations are 

often coupled with extensional normal faults 

sealed at different levels of the formation, and 

appear in partially lithified layers. They reveal sig- 

nificant tectonic instability related to an extension- 

rotation pattern dynamic field associated with the 

development of the Triassic basins. 

Gl id ing  p h e n o m e n a  

The tectonic instability in the Carbonate Formation is 

associated with the development of gravity-induced 

deformations such as decimetre- to metre-scale 

gliding phenomena, which may affect the whole Car- 

bonate Formation. In the majority of cases, slump 

structures occur in the vicinity of low-dip normal 

faults, generally corresponding to an exaggeration 

of listric faults (Fig. 4a). These phenomena occur 

even on gentle slopes and were preferentially trig- 
gered along soft and plastic argillaceous layers. The 
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Fig. 2. (a) Location of the study area. (b) Structural sketch of the Oujda Mountains (after Valin & Rakus 1979). 
(e) Stratigraphic position of the Middle Carbonate Formation in the Triassic and early Liassic series of the Oujda 
Mountains. (d) Schematic structural section across the Oujda Mountains. 

stratigraphic analysis illustrates several generations 

of gliding structures, which are confined to the rela- 

tively soft levels (clayey and marly beds), where 

they are often accompanied by breccias, slumps, 

microfolds and reverse faults. 

B r e c c i a s  

Breccias are mainly known in the lower levels of the 

Carbonate Formation. They are usually monogenic 

and cemented by an abundant beige to chocolate 

brown matrix of crystallized dolomite. The breccias 

are made of centimetre- to decimetre-sized fragments 

and are structureless. They result from a differential 

diagenetic lithification of the carbonate layer. At the 

water-sediment interface, carbonate stromatolitic 

facies were indurated by earliest dolomitization 

(Purser 1980). The relatively competent strata have 

undergone complex fracturing, generating joint pat- 

terns (Tricart et al. 1986). 
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Fig. 3. Isopach map of the Middle Carbonate Formation (modified from Oujidi & Elmi 2000). Key: 1, outcrop 
sections; 2, boreholes; 3, Palaeozoic basement permanently emerged; 4, main structural axis. The three key sites are: 
Jbel El Hamra; AH, Genfouda (Jbel Ahaifoune), and Oum Lahsene. Ti 10, Tiouli 10 borehole; contours labelled 3, 6, 9 
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Fig. 4. Examples of instability associated with synsedimentary normal faults (Oum Lahsene site). (a) Flat differential 
slip locally shown by some micro-slumps. (1) First generation set of faults, allowing vertical dislocation; (2) second 
generation set of faults, allowing gliding and horizontal displacement. (b) Example of open extension joints in 
stromatolitic beds engendering an incipient brecciation. (c) Differential brecciation affecting a set of beds (X). It is 
associated with normal listric faults and bed-on-bed slips triggered along marly levels (Y). (d) Synsedimentary torsion 
of the layers and the fault planes by the subsequent slip effects. 
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Differential gliding of the hardened stromatolitic 

strata over the marly interbeds produced a joint 
network that evolved progressively into open 

faults, subsequently filled by non-lithified carbonate 
muds (Fig. 4b); the isolated prisms are more or less 
wrapped within an abundant dolomicritic matrix, 
resulting in intraformational breccias (Fig. 4c) that 

are sealed by the overlying deposits. 

Slump structures and reverse faults 

Centimetre- to metre-sized slump structures are 

slightly developed and limited to simple open undu- 
lations, rarely showing overturned limbs. They are 
mainly related to the lithological and rheological 

features of the beds, which are coherent enough to 
form slumps. In addition, these structures are 
always progressively sealed by the overlying 

levels of the Carbonate Formation (Fig. 4d). 
The induced compressive structures consist of 

reverse faults often accompanied by open undulations 

and disharmonic folds (Fig. 4a) and always sealed by 
the overlying levels. A detailed analysis of these struc- 

tures shows that they are only local disturbances, 
which could also be related to the extensional tectonic 

regime. Cascade gravitational gliding occurs, often 
along irregular surfaces that can form obstacles, 

which stop the downwards mass displacement 
(Fig. 4a and d). Under gravity effects, compressive 
structures can be developed locally. 

These gliding phenomena develop also at a 
regional scale, where they affect the whole for- 

mation. Indeed, tectonic analysis shows that the 
basal levels of the Carbonate Formation are often 
reactivated as normal faults, allowing slip and hori- 

zontal displacement of the whole formation. 
Furthermore, there is a good coincidence between 

the tectonics of the Carbonate Formation and that 
of the two sets of normal faults previously described 
(N70~ and N160~ 

Carbonate Formation (Fig. 2). This phenomenon 
reveals the unstable conditions that have controlled 
the sedimentary regime within the Triassic basins, 

which often developed as discontinuous, shallow- 
water depocentres. 

The synsedimentary normal faults are often listric 
and are expressed in three dimensions by relaying 

planes. Depending on the heterogeneity and the 
mechanical anisotropy of the carbonate material, 

the fault planes bend and preferentially follow the 
plastic argillaceous and marly interbeds. They are 

generally accompanied by rotation of the down- 
thrown blocks (Fig. 5b) or by antithetic faults 
(Fig. 5c). The fault sets are radial or conjugate, 
dipping mainly to the north (ranging from NE to 

NW), and resulting in horst and graben structures 
of several metres to a decametre in size. (Fig. 5a). 

Tectonic analysis allows us to describe several 

sets of normal faults of variable throw that extend 
from one area to another, probably related to the 

main regional faults that controlled the opening of 
the Triassic basins (Oujidi 1994; Oujidi & Elmi 

2000). The main results obtained from the three 
selected sites are presented below. 

Oum Lahsene site 

N E - S W  (N40-55~ and WNW-ESE (Nl10-  

125~ fault systems axe recognizable at this site. 
However, these faults appear to be coeval, as they 
are interrupted in a criss-cross geometry (Fig. 5d) 

and are sealed by the upper levels of the same for- 
marion. Detailed observation of slickensides on 

some fault planes displays a feeble sinistral and 
dextral strike-slip component for the N E - S W  and 
W N W - E S E  faults, respectively (pitch 70~ ~ 

Fig. 6al). Furthermore, a minor third NNW-SSE 
(N160~ - directed fault set shows centimetre- to 
decimetre-scale normal displacements associated 

with abundant fracture joints parallel to the main 
fault strike. 

Synsedimentary normal faults 

At the bed scale, lateral thickness changes are a very 

common feature, and are triggered by synsedimen- 
tary normal faults and related strata tilting. The 
deposits sealing these deformations may gradually 

fill the topographic irregularities created by the 
tilting of the fault blocks as shown in Figure 4d. 

Some thickness changes are abrupt and frequently 
occur together with intraformational breccias 
(Fig. 4c). 

Thickness changes also appear at the outcrop 
scale, where successive cross-sections illustrate 

thickening or disappearance of some levels of the 
Carbonate Formation (Oujidi 1994). This phenom- 

enon can also be detected at the regional scale, as 
clearly illustrated in the isopach map of the 

Guenfouda site 

As at the Oum Lahsene site, we have observed 

normal fault systems trending N E - S W  (N35- 
55~ and WNW-ESE (NII0-120~ They 
display respectively sinistral and dextral com- 

ponents. Furthermore, the stereogram plot 
(Fig. 6b l) shows another fault set with a N N W -  

SSE (N160~ trend. These faults are often listric 
and associated with other synthetic faults with 
throws of decimetres to several metres, similar to 
those observed at the Oum Lahsene site. 

Jbel E1 Hamra site 

In contrast to the other sites, the Jbel E1 Hamra site 

gives evidence that the extensional tectonics was 
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Fig. 5. Examples of synsedimentary normal faults in the Middle Carbonate Formation: (a) Jbel Hamra site; (b)-(d) 
Guenfouda site. (a) Conjugate faults. (b) Rotation against slope associated with listric step faults. (c) Synthetic and 
antithetic listric faults. (d) TwO families of listric subperpendicular faults, which cross-cut each other within the same bed. 

mainly dominated by the E N E - W S W  (N70~ - 

trending normal faults (Fig. 6cl),  which display 

minor sinistral or dextral components. These 

faults often have a throw of decimetres to several 

metres, with the fault plane facing north. Also, rela- 

tively rare N20~ and N120~ normal faults with 

low throw are present (Fig. 6cl).  Together, these 

faults have resulted in a complex structure of asym- 

metric horsts and grabens, testifying to a general 

northward downthrow of the basin. 

Tectonic analysis 

At the Oum Lahsene and Guenfouda sites, the 

analytical computation (using the software of All- 

mendinger et  al. 1989-1994) shows that these 

normal fault sets are related to an extensional state 

of stress where cr3 is oriented E N E - W S W  with an 

extensional component, or2, oriented NNW-SSE 

(Fig. 6a2 and b2). At Jbel El Hamra the analytical 

computation shows that the faults are related to an 

extensional state of stress in which ~3 is oriented 

NNW-SSE,  with a minor extensional component 

O" 2 trending E N E - W S W  (Fig. 6c2). 

This difference is due to the location of the study 

sites relative to the regional N160~ and N70~ 

faults, which control the geometry of the Triassic 

basins as shown in the Carbonate Formation isopach 

map (Fig. 3, Oujidi & Elmi 2000). Thus, at the Guen- 

fouda and Oum Lahsene sites, the tectonic instability 

is mainly controlled by the N160~ faults whereas at 

Jbel El Hamra, located on the northern edge of the 

Oujda Mountains, it is controlled by the N70~ faults. 

The minor faults of Oum Lahsene and Guenfouda 

are preferentially oriented with N35-55~ and 

N100-120~ trends that do not correspond to the 

trends of faults determining the basins' depocentres 

(N70~ and N160~ Oujidi & Elmi 2000). Some of 

the minor studied faults with listric geometry do not 

seem to continue at depth, and therefore may be 

related to the upper part of landslides, as proposed 

in Figure 8, below. Hancock (1985) showed good 

examples of the development of orthogonal ten- 

sional joint sets by local stress changes in a 

general stress field. These models, although relating 

to joints and not to faults, may be considered for the 

study area. In fact, at the same place and time it is 

not possible to have two simultaneous trends of 

extension, but they may change with time and be 

different in neighbouring regions. 

Discussion 

The Carbonate Formation constitutes a useful 

lithostratigraphic key stratum, as it corresponds to 

a competent bar, interlayered between two friable 

basaltic and clayey formations. Consequently, this 

formation recorded several Triassic minor tectonic 

features. The synsedimentary tectonic structures in 

the Carbonate Formation testify to an important 

instability induced by an early episode of Tethyan 

rifting during Ladinian-Carnian time (Oujidi & 

Elmi 2000). 

The tectonic analysis reveals several sets of syn- 

sedimentary faults, whose importance varies from 

one site to another. Their activations are related to 
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Fig. 6. Lower hemisphere stereographic representation of the attitudes of the synsedimentary faults (al), (bl) and (el), 
and of the distribution of the extensional stress fields (a2), (b2) and (c2) at the Oum Lahsene, Guenfouda and Jbel E1 
Hamra sites, respectively. (Drawn using the Faultkin 3.7 software, Allmendinger et  al. 1989-1994). 

a bidirectional extensional tectonic regime acting 

alternatively in different places in two sub- 

orthogonal directions. At the Oum Lahsene and 

Guenfouda sites, we notice a predominance of the 

ENE-WSW extensional trend, whereas the Jbel 

E1 Hamra site shows a predominance of the 

NNW-SSE extensional trend. In this bidirectional 
extensional regime, the differentiation of the 

Mid-Late Triassic basins is mainly accommodated 

by the action of faults of regional importance 

(N160~ and N70~ trends) that show a strong 

normal component. Other sets of normal faults, 
trending N35-55~ and N100-120~ are of 

lesser importance and their strike-slip component 

is often feeble. 

This bidirectional extensional tectonic regime 

was also found within the Lower Dolerite For- 

mation, where the structuring occurs conformably 

with the Carbonate Formation. Indeed, it was 

controlled by normal fault sets of the same attitude. 

Nevertheless, these structures are notably of large 

scale and show decametre-sized throws. They 

produce on the surface of the Lower Dolerites For- 

mation horsts and grabens with a chequerboard 

structure. This fact has been also confirmed by the 

isopach map of the Lower Dolerite Formation of 

the Oujda Mountains (Oujidi & Elmi 2000) 

(Fig. 7). Subsequently, the Carbonate Formation 

corresponds to the detached cover, which moulds 

the underlying unstable chequer board structure, 

defined at the top of the Lower Dolerites (Fig. 7). 

When the dip directions of slopes formed by 

faults below the Carbonate Formation are diver- 

ging, the bar is affected by open faults (Fig. 8a), 

as in the case of the Oum Lahsene site. The voids 

thus created were filled by blocks and breccias, 

which derive from the destruction of the Carbonate 

Formation itself. Alternatively, at the Guenfouda 
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Fig. 7. Lower Dolerites isopach map of the Oujda Mountains (after Oujidi & Elmi 2000). The distinction between 
Upper and Lower Dolerites is impossible where the Carbonate Formation is missing. Consequently, the drawing of the 
Tiouli depression is hypothetical. 

site, where the dip directions of the formation con- 

verge, we have noticed sets of reverse faults allow- 

ing a partial superposition of the two segments of 

the formation (Fig. 8b). 

The orientation of the fault sets coincides with 

those of the main Hercynian and late Hercynian 

faults described in Palaeozoic formations of the 

region (Valin & Rakus 1979 (Fig. lb); Hoepffner 

1987; Houari 1987; Oujidi 1994; Torbi 1996). Conse- 

quent/y, the geometry of the Triassic basins has been 

controlled by the extensional reactivation and heri- 

tage of the former faults. Indeed, the borders of the 

Triassic basins (Oujidi 1994) as well as the isopach 

trends of the Carbonate Formation (Fig. 3, after 

Oujidi & Elmi 2000) are in agreement with the orien- 

tations of the Hercynian trends. This reactivation is 

also emphasized by the existence of several sets of 

dykes of different size and trend (NI60~ N50~ 

and NI20~ (Oujidi 1994) that cross the Lower 

Dolerites Formation and are all sealed by the lower 

levels of the Carbonate Formation. Nevertheless, the 

faults trending N50~ N I20~ and N I60~ are pro- 

longed across the Carbonate Formation. This 

phenomenon corroborates the model of Laville & 

Fig. 8. Diagram illustrating the slip processes of the Middle Carbonate Formation over the chequer-work structure of 
the Lower Dolerites. (a) Tear of the bar by open faults. (b) Superposition of two segments of the Carbonate Formation 
by opposite faults. D1, Lower Dolerites; CF, Carbonate Formation. 
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Piqu6 (1993), according to which the opening of the 
Triassic basins resulted from the reactivation of Her- 
cynian crustal discontinuities, along normal-oblique 

faults. 
In the present study, the tectonic and struc- 

tural analyses have been carried out primarily 

on surface features limited to the Carbonate For- 
mation and the Lower Dolerites Formation. Conse- 
quently, it is not sufficient to decide which of the 

two extensional stress orientations was dominant, 
or to determine the attitudes of the underlying struc- 

tures that have controlled the opening of the studied 
Triassic basins. 

The co-occurrence of the major fault system 

N160~ and N70~ and the minor fault system 
N50~ and N120~ is tied to the perpendicular dis- 

position of the respective attitudes of the first ones 
with respect to the two maximal extensional axes 
(ENE-WSW and NNW-SSE) of this bidirectional 

system. The N70~ and N160~ fault sets define, in 
the Oujda Mountains, an L-shaped structural model 
similar to that described by Dardeau (1984) and 

Lemoine et  al. (1989) in the Western Mediterra- 
nean, where it is of Late Triassic age. In the 
Western Alps, this "L" pattern was also explained 

by a reactivation of Hercynian faults during 
Tethyan rifting, in a NW-SE extensional system. 

The NE-SW faults will engender the opening of 
the Ligurian Tethys during early Jurassic time, 
whereas the N W - S E  faults will act as transfer 

faults (Lemoine et al. 1989). This structural model 
was partly transposed by Piqu~ & Laville (1993) 

for the Moroccan Atlas tiffing. However, transfer 
faults should be strike-slip faults, but no strike- 
slip faults were detected at the three sites studied 

(Fig. 6). 
The Ladinian-Carnian palaeo-states of stress, 

in the Oujda Mountains, are different from those 

of the Triassic-early Liassic transition. Indeed, 

the isopach map of the Upper Red Beds Formation 
(Oujidi & Elmi 2000) shows a well-marked predo- 

minance of the N E - S W  trend in relation to the 
main direction of fracturing observed on the Car- 

bonate Formation isopach map (Fig. 3). The 
same observations were also made in the western 
Mediterranean by M~gard-Galli & Faure (1988), 

who emphasized a change in orientation of the 
Brianqonnais domain between the extensional 

palaeo-state of stress of the Ladinian-Carnian 
(o'3 N60~ and that of the Jurassic (o-3 N140~ 
In the Triassic-Liassic basins of the High and 
Middle Atlas and Central Morocco, the main 
extensional axis is practically the same, oriented 

N W - S E  (Piqu6 & Laville 1993; Piqu~ et  al. 

1998; Ait Brahim et  al. 2002). These basins of 
Atlantic influence are indeed controlled by N E -  
SW, mainly normal faults, accompanied by 

N70~ - and N90~ sinistral transten- 
sional faults (Oujidi et  al. 2000). 

Concluding remarks 

The synsedimentary tectonic instability recorded in 
the Carbonate Formation of the Oujda Mountains 

and the associated volcanic activity testify to an 
early episode of Tethyan rifting during Ladinian- 
Carnian time, in accordance with the so-called 
'Aborted Carnian Rifting'(M~gard-Galli & Faure 

1988; Oujidi & Elmi 2000). Stratigraphic and struc- 
tural analyses give evidence that differentiation into 

sub-basins during the Ladinian-Carnian was 
defined by a bidirectional extensional model of 
ENE-WSW and NNW-SSE trends. This structur- 

ing has been adjusted by the reactivation of the 
principal Hercynian and Late Hercynian tectonic 
discontinuities, with a dominant role of the 

N160~ and N70~ faults compared with the 
N35~ and N120~ ones. The two former sub- 
perpendicular fault sets indicate an L-shaped struc- 

tural model, previously described in the Western 
Mediterranean (Dardeau 1984; M6gard-Galli & 

Faure 1988) and the Atlas belt (Laville & Piqu6 
1993). These results are in accordance with the 
Tethyan-influenced structuring (Guiraud 1998; 

Courel et  al. 2000; Oujidi et  al. 2000). 
On the other hand, it is necessary to underline 

that palaeo-stress fields of the Ladinian-Carnian 
Carbonate Formation are different from those of 

the Triassic-Liassic transition (Oujidi 1994; 
Oujidi et  al. 2000). This phenomenon testifies to a 
stress field discrepancy between the two successive 

periods. Indeed, during the late Triassic and early 
Liassic, the NW extensional trend, controlled by 
N45~ normal faults, is predominant in 

the Oujda Mountains (Oujidi 1994), in the 
Western Mediterranean (Dardeau 1984; Mggard- 

Galli & Faure 1988) and in the Atlas belt (Laville 
& Piqu6 1993). These palaeo-states of stress are 

in accordance with the Atlantic structuring 
(Laville & Piqu~ 1993; Guiraud 1998; Courel 
et  al. 2000; Oujidi et  al. 2000). 
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Recent palaeostresses from striated pebbles related to fold 

development in a mountain front: the Prerif Ridges 
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Abstract: The southern mountain front of the Rif Cordillera (Morocco) provides impressive geo- 
logical evidence of the most recent deformations related to the activity of the Eurasian-African 
plate boundary in the Western Mediterranean. In this region, striated and pitted pebbles are ana- 
lysed from Pliocene-Quaternary rocks located in the southern front of the Prerif Ridges, which 
have been deformed by south-vergent folds of decametre to hectometre sizes. Striated and 
pitted pebbles represent a tectonic deformation structure which, although very scarce in nature, 
is revealed as one of the most complete for determining palaeostresses. In Jbel Trhat and Jbel 
Zerhoun of the Rif mountain front, north-south to NNW-SSE prolate compression stress ellip- 
soids are related to an initial stage of south-vergent fold development during the progressive 
tilting of conglomerate layers. Finally, oblate stress ellipsoids indicate extension parallel to the 
fold axes. The north-south trend of the determined compression is compatible with a tectonic 
setting where the NW-SE convergence of the Eurasian and African plates is modified by the west- 
ward motion of large crustal blocks such as the Alboran Domain or the southwestward motion of 
blocks in the Rif Cordillera. 

The building of mountain ranges is a consequence 

of the relative motion of tectonic plates. However, 

the relationships between plate motions and the 

observed mesoscopic deformation structures are 

not always easy to elucidate. The presence of 

wide stripes of deformation related to plate bound- 

aries that may include different mobile tectonic 

blocks, and the heterogeneity of previously 

deformed rocks, gives rise to the local perturbation 

of stresses and, at larger scale and among other 

factors, the development of arched orogens 

(Jackson & McKenzie 1988) such as the Be t i c -  

Rif Cordilleras in the Western Mediterranean 

(Fig. 1). 

The interest of mountain fronts lies in the fact 

that they provide evidence of the deformations 

related to recent plate motions because young sedi- 

mentary sequences record the recent tectonic 

phases. Also, sedimentary rocks of these areas gen- 

erally display a more homogeneous behaviour at 

large scale than the deformed metamorphic rocks 

belonging to the internal zones of the chains. The 

classical deformation pattern in compressional oro- 

genic wedges is the 'piggy-back' thrust sequence 

(Butler 1982), where the active structures are 

located precisely at the mountain fronts, with a pro- 

gressive propagation towards the foreland basins. 

The mountain fronts are determined mainly by the 

cropping out of reverse faults that join a basal 

thrust, or by vergent folds that may be associated 

with reverse blind faults (Boyer & Elliott 1982; 

Vann et al. 1986). 

The determination of palaeostresses from brittle 

structures sheds light on the tectonic processes 

responsible for the development of geological struc- 

tures in the mountain ranges at different scales. 

Although the geometry of folds and faults at map 

scale may provide information on the main regional 

stresses active in a region, a more precise determi- 

nation of the palaeostress ellipsoids would result 

from the study of fault orientations at outcrop 

scale, with the help of statistical-graphical (e.g. 

fight dihedra diagrams, Angelier 1977; Angelier & 

Mechler 1977) or numerical methods (e.g. Carey 

& Brunier 1974; Etchecopar et al. 1981; Galindo- 

Zaldfvar & Gonz~ilez-Lodeiro 1988; Angelier 

1990). Most of these methods require the measure- 

ment of the orientation of a large number of 

From: MORATTI, G. & CHALOUAN, A. (eds) 2006. Tectonics of the Western Mediterranean and North Africa. 
Geological Society, London, Special Publications, 262, 87-99. 
0305-8719/06/$15.00 (c) The Geological Society of London 2006. 
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Fig. 1. Map of the Western Mediterranean (a), showing the geological setting of the Rif Cordillera (b). 

microfaults (usually more than 15), in outcrops that 

tend to be several tens of metres long. The consist- 

ency of the palaeostress ellipsoids determined by 

microfault analysis is checked against the orien- 

tation of other brittle structures such as stylolites 

or tension joints. 

Striated and pitted pebbles, with homogeneous 

character at outcrop scale, represent one of the 

most useful structures that help in determining 

palaeostress orientations (Sanz de Galdeano & 

Est6vez 1981; Schrader 1988; Taboada 1992; 

Ruano & Galindo-Zaldfvar 2004). Even in a small 

rock volume, it is possible to measure over one 

hundred striae on the surface of a pebble; and 

when solution pits develop, they provide indepen- 

dent evidence of the trend of compression.  

Although striated and pitted pebbles are uncommon 

in nature, some have been found in the frontal 

section of the Rif Cordillera (Bargach et al. 2004). 

This study focuses on the stresses that were active 

in the frontal part of the Rif Cordillera during tilting 

of Plio-Quaternary conglomerate layers related to 

the development of folds, as shown by striated 

pebbles located in Jbel Trhat and Jbel Zerhoun. 

We will then discuss the palaeostresses at the moun- 

tain front in the frame of the recent motion of this 

area of the Eurasian-African plate boundary. 

Regional setting 

The Betic and Rif Cordilleras, which join westward 

at the Gibraltar Strait, are formed by an Alpine 

arched orogen that developed in the Western Medi- 

terranean (Fig. 1). The relative recent convergence 
at a rate of 4.9 mm a- 1 of the major Eurasian and 

African plates (DeMets et aI. 1994) together with 

the westward displacement of the Alboran 

Domain (Garcfa-Duefias & Balanyfi 1986; formerly 
the 'Alboran microplate' of Andrieux et al. 1971) as 

an independent tectonic element, has created a 

tectonically unstable region with overprinted 

deformations. The Eurasian-African NW-SE con- 

vergent plate boundary in the Western Mediter- 

ranean is associated with a broad zone of 

deformation, more than 300 km wide, where a 

complex set of active compressional structures 

located in the outer regions and extensional struc- 

tures in the inner regions affects the previously 

deformed rocks of the Betic-Rif Cordilleras 

(Galindo-Zaldivar et al. 1993). 

The Rif can be subdivided into three domains: the 

Internal Rif (or Internal Domain), which derives 

from the Alboran microplate, a Ftysch Domain, of 

probable oceanic origin, and the External Rif 

(External Domain) (Suter 1980). The Internal Rif 



STRIATED PEBBLES AND MOUNTAIN FRONT 89 

is made up of metamorphic complexes that include 

Palaeozoic rocks cropping out in the NE part of the 

cordillera and extending below the Alboran Sea. 

However, the External Rif is mainly formed by car- 

bonate and siliciclastic sedimentary rocks of Trias- 

sic and younger ages, belonging to the African 

margin. On the basis of their sedimentary 

sequences, the External Zones are divided into 

Intrarif, Mesorif and Prerif (Fig. 1). 

The frontal part of the cordillera is formed by a 

thrust-and-fold belt, with a large thrust sheet of Cre- 

taceous to Miocene marls (the Prerif thrust sheet), 

separated from the Saiss and Gharb foreland 

basins by the large Prerif Ridge folds (Fig. 2). 

The Prerif Ridges ('Rides Prerifaines') form the 

frontal part of the Rif mountains, and are grouped 

into two great ensembles separated by the Volubilis 

depression. The western group, comprising jbels 

Bou Draa, Outita, Moulay Yakoub Hamma, Nouil- 

lat, Ari, Koudiat Bou Azouf, Kheloua and Kefs, is 

arched in a horseshoe shape, convex towards the 

west. The eastern group (the ridges of Tselfat, 

Bou Kannfoud, Fert-el-Bir, Dehar-en-Sour, 

Zerhoun, Nesrani and Kannoufa) forms a more 

open arc than the western group. To the east, Jbel 

Trhat and Jbel Zalarh are two tiny insulated ridges 

cropping out on either side of Fes. 

The Prerif Ridges are elongated crests associated 

with folds and reverse faults developed by the 

southward propagation of the Alpine deformation 

affecting the Rif Chain. The development of this 

type of structure requires a detachment level, 

which, in the Prerif thrust sheets, is generally 

located at the Triassic -Palaeozoic basement 

boundary (El Mourabet 1996; Zizi 1996; E1 

Haddaoui 2000). Present-day seismicity confirms 

the activity of the tectonic structures. Jbel Trhat 

and Jbel Zerhoun are two main ridges of the 

Prerif Ridges where striated conglomerates crop 

out in slightly different tectonic settings, illustrating 

the variability of the Rif front. 

Jbel Trhat (Fig. 3), located in the eastern part of 

the tectonic arc, represents a south-vergent fold, 

with an approximately N80~ axis, that deforms 

all the sedimentary sequence, including a layer of 

subvertical or even reversed Pliocene-Quaternary 

conglomerates. Hectometre to kilometre size 

folds affect the conglomerate layers. This ridge 

shows no evidence of south-vergent reverse 

faults. Conglomerates are generally clast-supported 

and are formed by metre-thick layers of very 

rounded carbonate pebbles of variable sphericity 

that may reach decimetre diameters. Pebbles of 

conglomerate layers are generally affected by sol- 

ution pits and striations. Thus, these conglomerates 

may indicate the stresses active at the mountain 

front. 
Jbel Zerhoun (Fig. 4), located in the central 

western part of the mountain front, is a south- 

vergent fold formed mainly by Jurassic lime- 

stones and deformed in its southern limb by 

reverse faults. These faults affect rocks up to the 

Fig. 2. The mountain front of the Rif Cordillera. Detailed geological map of the Prerif Ridges and Saiss Basin. 1, 
Quaternary sediments; 2, Pliocene sediments; 3, Upper Miocene rocks; 4, Lower Miocene rocks; 5, Nappe Prerifaine; 
6, Prerif Ridges; 7, Middle Atlas. Stars indicate the position of the studied outcrops. 
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Fig. 3. Jbel Trhat. Geological map, cross-section and field view. 

Pl iocene-Quaternary units of the foreland Sa'iss 

Basin. The outcrop of conglomerates with striated 

pebbles is located south of Jbel Zerhoun and in 

the northern half of the SalSS Basin. Pliocene con- 

glomerates are subhorizontai and may represent 

the deformation of the foreland basin in a region 

near the mountain front. The Sa'iss Basin is filled 

by late Miocene to Quaternary sedimentary rocks 

that lie unconformably at its southern border on 

the Variscan basement represented by the Moroc- 

can Meseta. 

Palaeostress from striated and pitted 

pebbles 

Palaeostress ellipsoids are generally determined 

using the orientation of brittle structures, such as 

faults, joints and pressure-solution structures 

(Hancock 1985). The orientation of neoformed 

faults in an isotropic non-fractured rock following 

the Anderson (1951) or Reches (1978, 1983) conju- 

gate fault model gives a direct indication of the 

orientation of the main stresses. On other hand, 
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Fig. 4. Jbel Zerhoun. Geological map and cross-section. 

analysis of striae on reactivated fault surfaces of 

different orientations adds new constraints to 

palaeostress determination and allows us to pin 

down the axial ratio of stress ellipsoids (Carey 

1979) or even to distinguish overprinted faulting 

stages (Etchecopar et  al. 1981; Galindo-Zald/var 

& Gonz~lez-Lodeiro 1988; Angelier 1990). The 

statistical methods assume that the stresses are 

approximately homogeneous at the outcrop scale, 

and although theoretically only four data are 

required to calculate a palaeostress ellipsoid, com- 

monly at least 15 data of striae orientation are 

needed to provide reliable results. Taking such 

measurements in the field usually involves studying 

outcrops of tens to hundreds of metres. 

Striations and pitted pebbles represent relevant 

structures for palaeostress determination because 

they provide two independent sources of infor- 

mation in a small rock volume. These structures 

are developed by the interaction between pebbles 

and the rock matrix, when the rocks undergo 

small tectonic deformations that favour internal 

sliding. Solution pits develop when insoluble 

elements of the matrix, such as quartz sand grains, 

come in contact with the surface of a soluble, gen- 

erally calcareous, pebble. The progressive incisions 

of siliciclastic particles on the pebble surface 

produce asymmetric prod marks (Fig. 5) that indi- 

cate the sense of motion of the microfaults. 

The applied stress determines the orientation of 

striae developed on the surface of a striated 

pebble. Each pebble can allow us to measure over 

a hundred striae with different orientations, as 

well as showing the orientation of pressure solution 

marks. Sanz de Galdeano & Est~vez (1981) 

described the striation on pebbles in intramontane 

basins of the Betic Cordillera, pointing out that 

the trend of compression coincides with the trend 

of the solution pits or the trend of the pole of diver- 

gence of striations. Schrader (1988) and Taboada 

(1992) modelled the pattern of striae orientation 

that would develop theoretically on spherical 

pebbles that have undergone different types of 

single deformations. 

To determine palaeostresses in each studied 

outcrop of the Prerif Ridges (Figs 3 and 4), 

several striated pebbles of the same outcrop were 

sampled, and the field orientation was marked on 

each pebble. In the laboratory, each pebble was 

cleaned and reoriented on plasticine to the same 

position as in the field to measure the upper face; 

then, the pebble was inverted to measure the 

lower face (Ruano & Galindo-Zald/var 2004). 

Each pebble is considered as an independent 

palaeostress measurement station and all the 

measurements are integrated in a common orien- 

tation diagram (e.g. Fig. 6), that includes the orien- 

tation of microfaults and solution marks. The single 
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Moreover, there is no substantial influence from the 

size or irregularities in shape of the pebbles when 

determining the palaeostresses. For these reasons, 

striated and pitted pebbles in a small rock volume 

combine the advantages of other brittle structures, 

including faults and solution marks, to signal the 

evolution of palaeostresses. Solution pits develop 

on surfaces orthogonal to the maximum compressive 

stress, and should be considered as stylolite structures 

(Hancock 1985). Figure 6 shows an example of the 

results from a single pebble, and allows a comparison 

of the results obtained from striae and solution pits. 

Palaeostress determinations from striae on pebbles 

have the same strengths and weaknesses as field 

measurements along quarry outcrops. The study of 

several pebbles from conglomerates of the same 

outcrop makes it possible to compare the results 

and to check them for consistency, which may 

support palaeostress homogeneity at outcrop scale. 

Fig. 5. Structures on striated pebbles. (a) Field 
appearance of clast-supported conglomerates with 
striated pebbles. (b) Solution pits. (c) Striae on pebble 
surface. (Note the presence of asymmetric striations 
indicating the sense of motion.) 

deformation striae pattern on spherical pebbles 

(Schrader 1988; Taboada 1992) cannot be directly 

applied to real field data that are the result of over- 

printed stages. 

The palaeostress determination from striae on 

pebble surfaces was carried out with the search grid 

method (Galindo-Zald/var & Gonzfilez-Lodeiro 

1988), the validity of which has been previously 

demonstrated (Ruano & Galindo-Zaldfvar 2004). 

This method allows us to establish overprinted 
stress ellipsoids, and to combine measures of striae 

orientations of known and unknown regimes. 

Jbel Trhat 

We analysed eight pebbles from the vertical con- 

glomerate layers of Jbel Trhat (Fig. 3). The solution 
marks seen in some of the pebbles are basically 

located at the two opposite pebble poles along sub- 

vertical to SSW-plunging lines. In one pebble, 

solution pits show different inclinations along a 

subvertical plane of N E - S W  orientation. These 

data point to the presence of a subvertical to 

steeply SSW-inclined compression. 

The different trends of striae observed on the 

same pebble surface indicate overprinted defor- 

mations with different palaeostress ellipsoids. This 

is confirmed in the palaeostress analysis carried 

out using the microfaults of each pebble 

(Table 1), which led us to obtain two or three differ- 

ent overprinted faulting stages. In interpreting the 

significance of palaeostress ellipsoids, the order of 

the ellipsoid determination is not significant 

because it depends only on the abundance of 

striae corresponding to each phase of faulting. It 

is necessary to select the odd axis of each ellipsoid, 

which represents the axis that is most different from 

the intermediate stress axis: o-~ in prolate ellipsoids 

and o3 in oblate ellipsoids (italic entries in Table 1 ). 

The odd axes allow us to compare the results of 

different pebbles. In fact, in pure prolate ellipsoids, 

0-2 has a value near 0-3 and there is a well-defined 

trend of compression and a poorly defined trend 

of extension. Likewise, in oblate ellipsoids 0-2 has 

a value near 0-1, and the trend of extension is well 

determined but the trend of compression is poorly 

constrained. In the cases of intermediate axial 

ratios, it is necessary to consider both 0-j and 0-3 

axis orientations. 

Axial ratios ((0" 2 --O"3)/(O"1- 0"3) ) of palaeo- 
stress ellipsoids of Jbel Trhat indicate the presence 

of both prolate and oblate shapes. All the significant 
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(c) 

PHASE Fit R C~ 

1 Fair 0,2 N217~ ~ 

2 Fair 0,06 N226~ ~ 

N: non-assigned data 

N318~ ~ 

N134~ ~ 

N48OE/10 o 

N43~ ~ 

Data 

(N) 

65 (23) 

37 (7) 

Total 

measured 

striae 

101 

Fig. 6. Example of palaeostress determination from a pebble (M4, Jbel Trhat). Solution pit axis (star) and tangent 
planes to pebble surface with striae are represented by displacement vectors (arrows): (a) great circle; (b) poles. Short 
lines are undetermined movements. (e) Stress ellipsoid axes determined on the studied pebble. Equal area projection, 
lower hemisphere. 

stress axes obtained from all the pebbles of Jbel 

Trhat may be represented together (Fig. 7), indicat- 

ing that, in general, prolate stress ellipsoids are 

more abundant than oblate ones. The o1 odd axes 

indicate a subvertical and southward-plunging 

trend of compression that is in agreement with the 

trends obtained from solution pits. The intermediate 

to oblate stress ellipsoids point, in general, to an 

ENE trend of extension, roughly similar to the 

trend of the fold axis. 

Jbel Zerhoun 

The conglomerates with striated pebbles located in 

the southern part of the mountain front represented 

by Jbel Zerhoun and in the northern side of the 

foreland Saiss Basin (Fig. 4) are found in a 

subhorizontal layer with scarce evidence of meso- 

scopic tectonic deformation, yet they are affected 

by consistent striations. As in Jbel Trhat, pebbles 

are mainly calcareous and are surrounded by a 

matrix including insoluble siliciclastic particles. 

The four pebbles selected from this layer show evi- 

dence of a polyphase deformation including two or 

three stress ellipsoids (Table 2). This outcrop has a 

general predominance of oblate to intermediate 

stress ellipsoids, indicating an eas t -wes t -o r i en ted  

extension (Fig. 8). There is also evidence of radial 

extension, with two ellipsoids characterized by sub- 

vertical o1 axes, and of intermediate stresses 

characterized by steeply plunging o'1 and a gently 

eastward-plunging o-3. In addition, one of the 

well-defined stress ellipsoids combines nor th-  

south compression with eas t -wes t  extension. 
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Table 1. Palaeostresses determined in pebbles of Jbel Trhat 

Number of 
measured 

Pebble striae Phase Fit 

0-1 0"2 0"3 

R Direction Dip (deg) Direction Dip (deg) Direction Dip (deg) 

F1 59 1 Fair 
2 Fair 
3 Good 

F2 68 1 Fair 
2 Fair 
3 Fair 

F3 79 1 Good 
2 Good 
3 Fair 

F4 42 1 Good 
2 Fair 

F6 107 1 Fair 
2 Fair 

F8 61 1 Fair 
2 Fair 

F9 43 1 Good 
2 Fair 

F11 63 1 Fair 
2 Fair 

M4 101 1 Fair 
2 Fair 

0.18 N192~ 30 N315~ 43 N81~ 32 
0.42 N210~ 30 N333~ 43 N99C'E 32 

0.35 N164~ 78 N344~ 12 N74~ 0 

0.65 N222~ 52 N33~ 38 N126~ 5 

0.17 N179~ 21 N327~ 65 N84~ 12 
0.28 N338~ 39 N134~ 49 N238~ 12 
0.56 N320~ 63 N214~ 8 N120~ 26 

0.25 NI31 ~ 87 N266~ 2 N356~ 2 
0.69 N143~ 54 N327~ 36 N236~ 2 

0.05 N170~ 82 N66~ 2 N336~ 8 
0.01 N86~ 58 N303C~E 27 N204~ 16 
0.87 N342~ 26 N224~ 44 N92~ 35 

0.70 N223~ 82 N35T~E 6 N888~ 6 

0.07 N257~ 64 N354~ 4 N86~ 26 
0.18 N289~ 70 N188~ 4 N97~ 20 
0.41 N186~ 37 N297~ 26 N53~ 42 

0.64 N160~ 25 N46~ 40 N273~ 39 

0.28 N183~ 33 N277~ 7 N17~ 56 
0.10 N254~ 61 N39~ 24 N135~ 15 
0.20 N217~ 80 N318~ 2 N48~ 10 
0.06 N226~ 56 N134~ 2 N43~ 34 

Entries in italics indicate the odd axes, which are significant for comparing results. 
R = (~r 2 - ~3)/(~1 - or3). Prolate: 0 < R < 0.33; oblate: 0.66 < R < 1. 

These complex overprinted stresses are supported 

by the overall compatibility of the theoretical and 

observed striae from pebble palaeostress calcu- 

lation (Table 2). 

Discussion 

The southern front of  the Rif Cordillera is character- 

ized by the presence of a typical fold-and-thrust belt. 

In this region south-vergent folds develop, as in Jbel 

Trhat, which may be affected by reverse faults as in 

Jbel Zerhoun (Figs 2 -4 ) ,  pointing to a roughly 

nor th-south  compressional stress (Bargach et al. 

2004). This stress field is in agreement with the 

trend of  compression determined in regional studies 

of the Rif Cordillera (Ahmamou & Chalouan 1988; 

Nit Brahim & Chotin 1989; Morel 1989). T h e s e  

deformations develop above a detachment level 

located at depth and are related to the propagation 

of the deformations of  the Eurasian-African plate 

convergence towards the Rif mountain front, separ- 

ating the sedimentary cover from a metamorphic 

basement formed by the Moroccan Meseta and the 

Middle Atlas. The presence of conglomerates with 

striated pebbles provides an excellent opportunity 

to advance our knowledge of  the stress features in a 

mountain front and in its foreland. 

In general studies, the analysis of striae is 

largely centred on homogeneous  rocks such as 

l imestones or sandstones. The fractures in con- 

glomerate layers, however, can be considered 

good markers for reconstructing the deformation 

history of sedimentary sequences, because in 

general they do not show great perturbations of  

stresses around each pebble (Petit et al. 1985). 

The trend of compression obtained from striae 

orientation and well-developed solution pits in 

pebbles of  Jbel Trhat are in agreement, supporting 

both approaches for palaeostress determination in 

pebbles. 

All the pebbles of the studied outcrops show evi- 

dence of  polyphase deformations, pointing to a 

complex overprinting of palaeostresses. However, 

when the odd axes of  all the palaeostress ellipsoids 

of the bulk of pebbles from each outcrop are con- 

sidered, predominant  stresses that are representative 

of  the tectonic evolution can be inferred. 

The two analysed outcrops are located in the 

same general tectonic setting, but in different 

parts of  the structure. The Plio-Quaternary con- 

glomerates of the southern limb of Jbel Trhat lie 

vertically (Oued Fez), or may be reversed (Ain 

Lahjel, Sidi Banour). Considering the present-day 

position of the pebbles in subvertical E N E -  

WSW-oriented layers, palaeostress determinations 
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Fig. 7. Palaeostress determinations from striated and pitted pebbles of Jbel Trhat. Lower hemisphere, equal area 
projection. (a) Odd axes of stress ellipsoids. The lines join o-a and o'3 axes of intermediate stress ellipsoids. (b) Poles of 
o'| odd axes in prolate and intermediate stress ellipsoids and solution pits orientations. (e) Density contour diagram of 
o'1 odd axes in (b). (d) Poles of o-3 odd axes of oblate and intermediate stress ellipsoids. 

(Table 1) indicate the presence of a progressive 

deformation simultaneous to tilting (Fig. 9). The 

subvertical compression axes of the prolate stress 

ellipsoids may be restored to the horizontal, indicat- 

ing a N N W - S S E  compression. The prolate to inter- 

mediate palaeostresses with compressional stress 

axes plunging south may represent the palaeos- 

tresses developed during tilting of the layers 

(Fig. 9). All these palaeostresses indicate a well- 

defined initial N N W - S S E  trend of compression 

that is recorded during different stages of tilting, 

and is in agreement with the development of 

ENE-WSW-or ien ted  folds. Palaeostress ellipsoids 

corresponding to the last stages of tilting are less 

abundant, however. Oblate stress ellipsoids are 

scarce, and when considered in conjunction with 

the intermediate ones, indicate a trend of 

minimum stress axes roughly subparallel to the 

fold axes (Figs 3 and 7). No clear chronology can 

be established between the two types of stresses. 

At any rate, during the compression, when the 

N N W - S S E  stresses increase, the vertical stresses 

may approach the horizontal ones and the 

minimum stress axis may become subparallel to 

the fold axes, and probably in this case the oblate 

ellipsoids are more recent. 

Petit et al. (1985) studied the brittle deformation 

of conglomerate layers of the High Atlas and under- 

lined evidence of the different stages of fold devel- 

opment. The striated pebbles of Jbel Trhat outcrop, 

as analysed here, would likewise indicate that 

during fold development a well-directed prolate 

stress ellipsoid was active, in addition to subordi- 

nate extension subparallel to the fold axis. 

Jbel Zerhoun outcrop, with subhorizontal con- 

glomerate layers located south of the mountain 

front, provides evidence for the palaeostresses of 

the foreland basin. The analysis of conglomerate 

pebbles (Table 2) shows a stress field more vari- 

able than in Jbel Trhat, with predominant oblate 

to intermediate ellipsoids generally characterized 

by eas t -wes t  trends of minimum stresses. One 
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Table  2. Palaeostresses determined in pebbles of Jbel Zerhoun 

Number of 

measured 
Pebble striae Phase Fit 

0-1 0"2 0"3 

R Direction Dip (deg) Direction Dip (deg) Direction Dip (deg) 

G1 60 1 Good 0.14 

2 Good 0.67 
3 Fair 0.83 

G3 30 1 Fair 0.95 

2 Fair 0.59 

G5 51 1 Fair 0.34 
2 Fair 0.34 

3 Fair 0.70 
G6 32 1 Fair 0.66 

2 Fair 0.12 

N64~ 72 N211~ 15 N304~ 9 

N170~ 80 N350~ 10 N80~ 0 

N238~ 8 N339~ 53 N142~ 36 

N197~ 18 N334~ 66 NIO2~ 15 

N321 ~ 46 N179~ 37 N73~ 37 

N186~ 11 N55~ 74 N279~ 12 

N220~ 60 N16~ 28 N l l l ~  11 

N274~ 83 N150~ 4 N60~ 6 

N348~ 14 N205~ 73 N80~ 10 

N39~ 72 N221 ~ 18 N 130~ 1 

Entries in italics indicate the odd axes, which are significant for comparing results. 
R = (~2 - cr3)/(~rl - or3). Prolate: 0 < R < 0.33; oblate: 0.66 < R < 1. 

el l ipsoid of  intermediate shape combines  n o r t h -  

south compress ion  and e a s t - w e s t  extension 

(Fig. 8). Furthermore,  the prolate stress ell ipsoids 

indicate radial extension. Hence ,  the foreland 

basin may  be general ly subject  to extension in a 

low stress field as a consequence  of  the arching 

of  the basement  be low the load of  the Ri f  Cordil- 

lera. The propagat ion of  the mountain front would  

therefore produce n o r t h - s o u t h  compress ion  result- 

ing in an oblate stress ell ipsoid with a minimum 

stress roughly parallel to the mountain front 

(Fig. 9). 

Fig. 8. Palaeostress determinations from striated and pitted pebbles south of Jbel Zerhoun. Lower hemisphere, equal 
area projection. (a) Odd axes of stress ellipsoids. The lines join ~l and or3 axes of intermediate stress ellipsoids. (b) 

Poles of or1 odd axes in prolate and intermediate stress ellipsoids. (e) Density contour diagram of ~j odd axes in (b). (d) 

Poles of ~r3 odd axes of oblate and intermediate stress ellipsoids. (e) Density contour diagram of or3 odd axes in (d). 
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Fig. 9. Sketch of fold development and stresses in the mountain front. 

The present-day deformations related to the 

Eurasian-African plate boundary are identified 

better in the mountain front because it forms a 

border of the deformation area, and they affect 

rocks that were not largely deformed previously 

and that show less heterogeneity. A deformed 

sedimentary sequence extending to the Plio- 

Quaternary further supports the recent age of the 

tectonic structures. Although the main aim of 

this study is to determinate palaeostresses in 

relation to fold development and only two out- 

crops are shown in detail, the north-south to 

NNW-SSE compressional stresses that develop 

the south-vergent folds are in agreement with the 

NW-SE present-day convergence between the 

Eurasian and African plates; yet the trend of com- 

pression shows a slight deviation to north-south 

with respect to the trend of plate convergence. 

This fact may indicate a possible interaction 

with the local thrusts and fault in the region. 

Conclusions 

Striated and pitted pebbles, although very scarce in 

nature, give more reliable insights into palaeos- 

tresses than other brittle structures of larger sizes, 

because they provide two independent data from 

within a very small rock volume and the results 

can be confirmed by the study of different pebbles 

of the same outcrop. The methods for determining 

palaeostresses from fault striae (e.g. the search 

grid method) have been proven to be adequate for 

the analysis of the striated surfaces of pebbles. 

Moreover, striated and pitted pebbles allow us to 

record small deformation intensities at shallow 

crustal levels, as is shown in this study. 

The Prerif Ridges represent a fold-and-thrust 

belt characterized by south-vergent folds with 

reverse limbs (e.g. Jbel Trhat), in some cases 

affected by reverse faults (Jbel Zerhoun), 

bounded to the south by the Sa'iss foreland basin. 

Analysis of the striations on pebbles of conglomer- 

ates belonging to the frontal part of the Prerif 

Ridges in Jbel Trhat outcrop shows that, in the 

present position, the main deformation is related 

to prolate stress ellipsoids, with subvertical or 

southward-inclined compression axes. The devel- 

opment of the pebble striations may be related to 

the same deformation that produced ENE-WSW- 

oriented folds. Therefore, if the folds are restored, 

the pebble data suggest that after Pliocene time the 

area was subject to a prolate, constant and well- 

defined NNW-SSE-directed horizontal com- 

pression that produced folds with southward ver- 

gences and progressively tilted the conglomerate 

layers. 

Comparing the results of the two outcrops, the 

mountain front appears as a boundary from which 

horizontal compression decreases progressively 

towards the foreland, and prolate NNW-SSE hori- 

zontal compressional stresses orthogonal to the 

mountain front decrease and occur in transition to 
oblate stresses with a minimum stress axis subparal- 

lel to the front. Meanwhile, the foreland basin is 

under the influence of variable stresses ranging 

from more intense NNW-SSE compression to 

radial extension. 
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The study of  tectonic deformations in this region 

indicates N N W - S S E  trends of recent shortening 

and compression in the Rif mountain front that 

are directly related to the present-day and recent 

N W - S E  convergence of  the European and 

African plates, probably modified by a late ten- 

dency of  westward motion of  the Alboran Domain. 

The comments of C. Hoepffner and F. Medina have 
improved the quality of this paper. Research has been 
financed by collaborative Spanish-Moroccan projects of 
the Junta de Andalucfa, the AECI and CICYT project 
BTE2003-01699. 
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Abstract: The Rif Cordillera is a part of the Alpine orogenic arc in the Western Mediterranean, 
which was developed by the interaction of the westward motion of the Alboran Domain between 
the converging Eurasian and African plates. The Prerif Ridges, located along the southwestern 
front of the Rif, are south-vergent folds that are in places associated with faults affecting Jurassic 
to Quaternary sedimentary rocks and slope breccias that evidence the deformations that were 
active over the Neogene-Quaternary period. The different southward or southwestward displace- 
ment of each Prerif Ridge is related to the development of frontal and lateral ramps, which may or 
may not reach the surface. Oblique shortening may be explained by southwestward escape of large 
tectonic wedges, bounded by large strike-slip faults: the North-Middle Atlas fault which extends 
northward into the Alboran Sea, the Fez-Tissa-Ta/neste fault, the Bou Draa-Sidi Fili fault, the 
Jebha fault and the Fables fault. The relative displacement of these tectonic wedges toward the SW 
may explain the NNE-SSW to ENE-WSW compression observed in the Rif front and in the 
northern part of its Meseta-Atlas foreland. 

The Be t i c -Ri f  Cordilleras developed in the 

Western Mediterranean as a consequence of the 

relative motion of the African and Eurasian plates, 

with a recent N W - S E  convergence of 4 mm a -1 

(De Mets et al. 1990). The western part of these cor- 

dilleras forms an arc produced by the westward 

motion of the relatively rigid Alboran Domain, 

located in the internal part of the tectonic arc, 

between the two plates (Fig. 1). The Alboran 

Domain (Garcia-Duefias & Balanyfi 1986) is an 

independent tectonic element formely known as 

the 'Alboran microplate' (Andrieux et al. 1971), 

which at present is undergoing internal defor- 

mation. Changes of the relative motion of the 

three main tectonic plates are reflected by over- 

printed deformations, well recorded in the Rif 

Cordillera, and in particular in its frontal part 

(Frizon de Lamotte et al. 2000; Chalouan et aI. 
2001) and by the development of the arcuate belt 

(Platt et al. 2003). 

The front of the Rif Cordillera includes the Exter- 

nal Prerif (the 'Nappe Pr6rifaine') and the overthrust- 

ing Rif thrust sheets, which crop out towards the 

inner part of the Cordillera (Fig. 2). The age of the 

main deformations responsible for the thrust sheet 

emplacement in this region is younger towards the 

front, starting from the Late Miocene (Tortonian- 

Messinian), with the displacement of the Rif over 

its Meseta-Atlas  foreland, and the development of 

thrusts in the frontal part of the Prefif Ridges. In 

addition, the Prerif Ridges have undergone a late 

deformation (Miocene-present) that affected the 

sediments of the Neogene-Quaternary basins, 

between the Rif and the foreland (Feinberg 1986; 

From: MORATTI, G. & CHALOUAN, A. (eds) 2006. Tectonics of the Western Mediterranean and North Africa. 
Geological Society, London, Special Publications, 262, 101-118. 
0305-8719/06/$15.00 �9 The Geological Society of London 2006. 
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Fig. 1. Main tectonic elements in the Western 
Mediterranean since the Early Miocene. Dark grey, 
Alkapeca derived terranes: A1, Alboran; Ka, Kabylias; 
Pe, Peloritani; Ca, Calabria. Light grey, deep basins. 

Samaka et al. 1997). These regional deformations 

are associated with an anticlockwise rotation of the 

trend of compression (Morel 1988; Ait Brahim 

1991). Whereas the Tortonian deformations are 

related to a NE-SW-oriented compression, the 

Messinian ones are related to a north-south-trending 

compression, which, during the Pliocene and the 

Quaternary, rotated to NNW-SSE, in agreement 

with the trend of the recent convergence between 

the African and Eurasian plates. 

In this framework, the lateral escape tectonics 

may be a process of great importance during the 
development of the cordillera. According to 

Royden (1993), escape tectonics may occur in a 

direction oblique or orthogonal to the plate conver- 

gence in zones of relatively thin continental crust. 

In this framework, escape tectonics may develop 

from an initial stage involving subduction with 

trench retreat (rollback subduction). 

The aim of this paper is to analyse the compres- 

sional and extensional deformations of the south- 

western part of the Rif mountain front (External 

Prerif) represented by the Prerif Ridges' folds and 

thrusts, the Plio-Quaternary sediments deposited in 

the foreland basin (Sa'iss Basin) and the foreland base- 

ment formed by the northern Meseta and Middle 

Atlas. The recent tectonic structures that affect 

rocks of Pliocene to Quaternary age show evidence 

of variable trends of compression (NNW-SSE, 

north-south and NE-SW) related to the activity of 

major crustal faults. These data lead us to propose 

the southwestward lateral escape of tectonic wedges 

bounded by crustal transcurrent and thrust faults 

in the Rif Cordillera. The deformation of its frontal 

part in a skin tectonic model is a consequence 
of the interaction of the minor blocks located 

between the Eurasian and African plates. 

Geological and tectonic setting 

The development of the Rif Cordillera is the 

consequence of the overprinting of several Alpine 

deformations, sometimes on Variscan structures, 

affecting its Internal and external zones to a differ- 

ent extent. Whereas the internal zone of the Rif 

Cordillera is formed by Palaeozoic and Mesozoic 

sequences that are partially affected by Alpine 

metamorphism, the external zone is made up of 

Mesozoic and Cenozoic sedimentary rocks includ- 

ing calcareous and marly series. From the inner to 

the outer parts of the External Rif, three tectonic 

areas are differentiated: the Intrarif, the Mesorif 

and the Prerif zones (Fig. 2). Between the internal 

and external zones, flysch nappes overthrusting 

the Neogene metamorphic rocks of the Ketama 

unit crop out. 

The internal zone, comprising the Sebtide and 

Ghomaride metamorphic complexes, underwent 

the main Alpine deformation during the Eocene- 

Late Oligocene (Kornprobst 1974; Chalouan et al. 

2000, 2001, 2003; Chalouan & Michard 2004). 

The ductile and brittle deformations that developed 

during this stage mainly consist of folds and thrusts, 

with main north-south to NNW-SSE trends and a 

west to SW vergence. In the Sebtide units, the meta- 

morphism related to these deformations reaches 

blueschist and eclogite facies (Goff6 et  al. 1997; 

Bouybaouene et al. 1998), confirming that HP/LT 

metamorphic conditions were attained in a subduc- 

tion zone (Chalouan et  al. 2001, 2003). 

The external zone, located south of the 

Jebha fault zone (Fig. 2), underwent main Alpine 

deformations mostly during the Late Tortonian. 

These deformations developed east-west-oriented 

structures including folds, thrusts and foliation. 

However, these structures locally show a north- 

south preferred orientation: (1) along the western 

Mesorif, where Ben Ya'fch (1991) described west- 

vergent folds and thrusts that deform the Mesorif 

and Intrarif units of Loukkos and external 

Tangier; (2) in the Ouezzane thrust sheets, located 

north, west and south of Ouezzane (Fig. 2), where 

Tejera de Le6n (1993, 1997) described thrusts and 

folds that deform Eocene to middle Miocene 

rocks; (3) along the Habt thrust sheet and the 

Intrarif in the region of Ksar El Kebir-Arbaoua; 

this region was studied by Zakir (2004) and Zakir 

et  al. (2004), who noted the presence of ramps 

and accommodation folds. 

The foreland cover involved in the Rif frontal 

thrust deformations, and that constitutes the 

Prerif Ridges, is affected by thrusts and fold- 

related faults of east-west (Zarhoun, Trhatt and 

Zalagh), NW-SE (Kefs and Kannoufa), north- 

south (Tselfat and Outita) and NE-SW (Bou 

Draa) orientations, forming two large arched struc- 

tures (Fig. 3). 
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Fig. 2. Main Alpine structures of the Rif Cordillera. 1, Sa'iss-Gharb-Maamoura Neogene foreland basins; 2, Prerif 
Ridges; 3, External Prerif (Prerif Nappe and Rifian Ouezzane thrust sheets); 4, Internal Prerif; 5, Mesorif; 6, 
Intrarif (Ketama metamorphic unit and Tangiers-Loukkos unit); 7, Rifian thrust sheets; 8, internal zones; 9, flysch 
nappes; 10, Middle Atlas; I l, Meseta; 12, thrust; 13, strike-slip fault; 14, supposed fault; 15, large antiform; 16, fold 
trace orientation. 

Fig. 3. Geological sketch of the southwestern Rif front and its Meseta-Atlas foreland, l, Quaternary sediments; 2, 
Pliocene marine and lacustrine sediments of Saiss Basin; 3, Upper Miocene rocks; 4, External Prerif (Prerif Nappe and 
Rifian Ouezzane thrust sheets); 5, Prerif ridges; 6, Meseta foreland; 7, Middle Atlas foreland. BD, Bou Draa ridge; 
BQ, Brahma quarry; DM, Draa el Merga; FB, Fert el Bir ridge; KA, Kannoufa ridge; KE, Kefs ridge; MQ, Mjeddba 
quarry; NS, Dehar en Nsour ridge; OS, Oued Sebou; OT, Outita ridge; TR, Trhatt ridge; TS, Tselfat ridge; ZAL, Zalagh 
ridge; ZAR, Zarhoun ridge. 
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Recent compressional deformations in the 

Rif front and in its Meseta-Middle  Atlas 

foreland 

The analysed sectors are located along: the front of 

the Prerif (External Prerif or Prerif Nappe) (Figs 2 

and 3); the Prerif Ridges, and particularly their 

southern and western fronts; the northern border of 

the South Rif gateway, in particular the Sai'ss 

Basin; the Atlas foreland in the Sefrou region; and 

the Mesetian foreland in the Casablanca region 

(Fig. 3). The determination of palaeostresses has 

been done taking into account the major and minor 

faults measured along large distances. Detailed ana- 

lyses were possible only in some selected outcrops, 

such as the Jbel Trhatt or the Plio-Quaternary quar- 

ries between Casablanca and Rabat. 

Rif front and Prerif Ridges 

Jbel Zalagh, located NE of Fez (Fig. 4), is an ENE-  

WSW-trending narrow elongated Prerif ridge, 

formed by Jurassic and Tertiary rocks cropping 

out along an antiform. The Jurassic formations 

consist, from bottom to top, of 200-300 m of 

Lower Liassic crystalline, massive dolostones 

(Faug~res 1978), Middle Liassic well-stratified 

limestones (60-100 m) overlain by marly lime- 

stones with chert (15 m), and finally marls with 

intercalations of limestone (60m) of Late 

Liassic-Dogger age. The Tertiary formations are, 

from bottom to top, molasse formed by marly 

sands and conglomerate, white marls unconform- 

ably overlying the molasse and locally lying on 

the Jurassic rocks, the complex Prerif Nappe, Mes- 

sinian marls that appear locally on the southern side 

close to Ai'n Laaleg (Wernli 1988), and finally a 

Plio-Quaternary conglomeratic formation on top 

that is sometimes unconformable on the Jurassic 

Zalagh limestones. 

Faugbres (1978) considered Jbel Zalagh to be a 

southward very steeply dipping monoclinal struc- 

ture, bounded to the south and to the north by two 

almost vertical N70~ faults. The northern 

Fig. 4. Jbel Zalagh. Geological map (a) and cross-section (b). 1, Triassic rocks; 2, lower Liassic dolostones; 3, middle 
Liassic limestones; 4, upper Liassic-Bajocian marls and limestones; 5, upper Miocene molasse; 6, upper Miocene 
marls; 7, upper Miocene Prerif Nappe; 8, Quaternary slope breccias; 9, Quaternary sediments; 10, fault; 11, thrust; 
12, anticline. (c) View of fault scarp in the northern limb of Zalagh ridge. (d) Stresses and measured microfaults, equal 
area projection, lower hemisphere. Black arrows, oldest stresses; white arrows, youngest stresses. 
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fault has been considered by Moratti et  al. (2003) as 

an active fault related to a N N E - S S W  compression 

that produced a sharp scarp (Fig. 4c), affecting 

recent deposits, and responsible for the seismic 

activity of the region. Structural analysis of this 

sector shows that Jbel Zalagh is, rather, a close to 

tight and faulted fold (Fig. 4). The southern limb 

of the fold occupies the whole southern side of 

the crest, and partially its summit. The hinge of 

the fold appears only toward the summit. The north- 

ern limb of the fold appears in the central and 

eastern part of the northern side of the crest. On 

the other hand, this limb is partially absent in the 

western region as a result of the N70~ 

located along the fold (Fig. 4). In addition, the 

Jbel Zalagh anticline is affected by E N E - W S W  

south-verging reverse faults and by N W - S E  

dextral faults, mainly in the eastern extremity. 

The reverse faults could be interpreted as frontal 

ramps that formed simultaneously with the main 

fold in a N N W - S S E  compressional deformation. 

The two main fault sets recognized in the region 

show evidence of recent activity. The N70~ fault 

of the northern side has a high dip (700-80 ~ north 

or south) and a main horizontal sinistral slip with 

a minor vertical component that downthrows the 

northern block. This fault is of Quaternary age 

(Moratti et  al. 2003), and has been active after the 

development of the fold. The N170~176  

sinistral and N135~176 dextral faults are 

even more recent, as they affect the N70~ fault 

and show Quaternary slope deposits on the southern 

side of Jbel Zalagh. Microtectonic analysis of these 

faults suggests that the trend of the maximum com- 

pressional axis (o1) responsible for the oldest 

N70~ fault was N N E - S S W ,  whereas the second 

stage, responsible for the strike-slip transversal 

faults, was a NW-SE-or ien ted  compression 

(Fig. 4). 

Jbel Trhatt, located west of Fez, is an eas t -west-  

trending anticline resulting from a recent nor th-  

south shortening, affecting Jurassic and Miocene 

series (Fig. 5). Its structure has similarities to that 

of Jbel Zalagh, but without outcrops of the 

lower -Midd le  Liassic series, which are known 

only from boreholes (Faug~res 1978). In the 

Fig. 5. Jbel Trhatt. Geological map (a) and cross-section (b). (c) Field view of striated pebbles. (d) Palaeostress 
determination from striated pebbles. (e) Palaeostress determination from microfaults, lower hemisphere, equal area 
projection, n, number of data; R (axial ratio) = [(0"2 - 0-3)/(0-1 - 0-3)]. 



106 A. CHALOUAN ET AL. 

southern limb of this south-verging anticline, 

almost vertical or overturned Plio-Quaternary con- 

glomerates, marls and limestones overlie the 

previous series with a low-angle unconformity. 

The conglomerate mainly consists of rounded 

calcareous pebbles. Analysis of striations and sol- 

ution pits in pebbles from the southern part of 

Jbel Trhatt reveals, for each studied pebble, two 

or three palaeo-states of stress, with a main subver- 

tical compressional axis (Fig. 5) (Bargach et al. 

2004; Ruano et  al. 2006), or northward-inclined 

axes, which, when folding is restored, point to a 

north-south-trending shortening. The Jbel Trhatt 

anticline is bounded to the west by a N W - S E  

dextral fault, and, to the east, by a N N E - S S W  sinis- 

tral fault (Fig. 5). This pattern indicates a Quatern- 

ary push of this hill southward. The N30~ sinistral 

fault displaces Jbel Trhatt from Jbel Zalagh by 

5 km. These faults also appear to be related to a 

north-south compression. 

Jbel Kannoufa is formed by a monocline of 

Jurassic rocks gently dipping northward (Fig. 6a). 

However, it shows locally, in its southern front, 

parts of an anticlinal hinge and its steeply dipping 

southern limb. The Jurassic series of Jbel Kannoufa 

consists of thick Lower Liassic massive dolostones 

and limestones, and middle Liassic bioclastic and 

oolitic limestones (Faugbres 1978; Bargach et al. 

2004). Jbel Kannoufa is an inclined anticline 

clearly associated with longitudinal reverse faults 

(Bargach et  al. 2004). This ridge has an east-west  

to E S E - W N W  elongation and shows very high 

asymmetry, with a southward vergence. The 

southern limb is cut by W N W - E S E  reverse faults 

(Fig. 6c) and longitudinal sinistral strike-slip 

faults (Fig. 6d) that affect the Miocene marls and 

Fig. 6. Jbel Kannoufa. Geological map (a), stresses and measured microfaults (b), equal area projection, lower 
hemisphere. Black arrows, probable oldest compression; white arrows, probable youngest compression. (e) Field view 
of the frontal thrust. (d) Detailed view of a sinistral fault observed in the frontal part of the ridge. 
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molasse, the SaYss Plio-Quaternary lacustrine for- 

mations and, locally, even late Quaternary terraces. 

The microstructures show north-south as well as 

eas t -west  to ENE-WSW-oriented  main com- 

pressions (Fig. 6b). 

Jbel Zarhoun forms an important east-west-  

oriented relief dominating the Meknes flat region. 

It is a faulted eas t -west  elongated anticline, with 

a large northern low-dipping limb and a reduced 

southern flank, where frontal longitudinal faults 

are well developed (Fig. 7a). The Jurassic series 

consist of Lower and Middle Liassic limestones 

and dolostones, Toarcian-Aalenian marls and 

limestones, and Bajocian grey marls and coarse 

sandstones. The Jurassic series is covered by 

middle Miocene molasses and Upper Miocene 

white marls. Jbel Zarhoun is overthrust to the 

north by the thrust sheets forming the Jbels Dhar 

Nsour and Fert Et Bir, which are also formed by 

Jurassic to Miocene Prerif Ridge rocks. 

Longitudinal frontal faults from the southern 

boundary of the Jbel Zarhoun Ridge, and displace 

the Jurassic formations onto the Upper Miocene 

marls and the lacustrine Plio-Quaternary rocks of 

the Sa'/ss Basin. The eas t -west  longitudinal faults 

are south-verging reverse faults, sometimes cross- 

cut by high-angle sinistral strike-slip faults 

(Fig. 7). The main compressional stresses deduced 

from sinistral motions have an E N E - W S W  trend. 

The Bou Draa and Outita ridges are situated SE of 

Sidi Kacem, in the northwestern extremity of the 

Prerif Ridges, delimited by N50-70~ 

faults from the Neogene Gharb basin (Fig. 3). They 

are N E - S W  NW-verging anticlines. The Jurassic 

series cropping out in these ridges consists of Toar- 

cian-Aalenian marls, limestones and sands, overlain 

by Bajocian sandstones, clays and dolostones. This 

series is unconformably covered by Upper Miocene 

molasse and white marls (Faug~res 1978). The 

NS0-70~ faults that form the northwestern 

Fig. 7. Jbel Zarhoun. (a) Geological map. 1, Quaternary sediments; 2, Plio-Quatenaary lacustrine sediments; 3, upper 
Miocene marls and conglomerates; 4, middle Miocene molasse; 5, Eocene marls; 6, Cretaceous marls; 7, Bajocian 
Zarhoun sandstones; 8, upper Liassic marls and limestones; 9, lower and middle Liassic limestones. (b) Stresses and 
measured microfaults, equal area projection, lower hemisphere. (c) Field view of the frontal thrust. (d) Detailed view of 
a sinistral fault observed in the frontal part of the ridge. 
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boundary of the ridges affect the Jurassic and 

Miocene rocks, and locally the Plio-Quaternary 

lacustrine formations (conglomerates and lime- 

stones) of the Sa'iss Basin. These are dextral strike- 

slip faults with a normal component when dipping 

NW, and a reverse component when dipping SE. 

This zone of shearing could be responsible for the 

rise and southward emplacement of the Prerif 

Ridges and for the 2000 m downthrow of the Gharb 

Basin. In seismic sections (Zizi 1996; Kenafi 2002), 

the fault zone of Bou Draa clearly appears as a 

system of very steep faults, Which first created a 

graben in which the Jurassic sediments deposited, 

and then underwent a tectonic inversion that pro- 

duced the ridges. The Gharb Basin appears as a col- 

lapsed zone, its rear being compressed near the 

contact with the ridges of Bou Draa-Outita, and its 

centre and frontal part in extension (Flinch 1993; 

Flinch 1996). The microtectonic measurements 

taken along this zone point to two deformation 

stages: an ENE-WSW-oriented compression and a 

NNW-SSE-oriented extension (Fig. 8), which 

could be contemporaneous. 
Along the South Rif gateway (Fig. 2), and 

especially in the northern border of the Saiss 

Basin, two outcrops have been studied: the Tensif- 

tian conglomerates of Oued Sebou, and the lacus- 

trine limestones of Draft El Merga, respectively 

located 12 km to the ESE and 20 km WSW of Fez 

(Fig. 3). On the southern side of Oued Sebou 

(UTM, x = 555.3 km; y = 381.6 km) a fluvial con- 

glomeratic formation of Quaternary (Tensiftian) 

age crops out (Gourari 2001), overthrust by 

~. N 

Fig. 8. Measured microfaults and stresses in Bou Draft- 
Outita ridges, equal area projection, lower hemisphere. 
Black and white arrows indicate two stress phases, 

middle Miocene grey marls of the Sa'/ss Basin. 

The reverse fault shows an east-west-oriented 

surface of several hundreds of metres, dipping 50 ~ 

north, and yielding striae oriented N150-160~ 

with a dextral component. The vertical displace- 

ment of this fault cannot be determined precisely, 

as the base of the Quaternary formation is not 

visible, but it is at least 20 m. This reverse fault 

indicates a NNW-SSE shortening. 

The region of Draft El Merga is characterized 

by N70-90~ areas of high relief where 

the Plio-Quaternary limestones of the Sa'iss lacus- 

trine formation crop out. Ahmamou & Chalouan 

(1988) described N120-150~ kilometre sized 

en echelon folds, which are located in a N70- 

90~ narrow strip associated with sinistral faults 

and were reactivated during the Quaternary by a 

NNE-SSW regional shortening. This fault zone 

is also indicated by the seismic profiles (Fig. 9) 

that cross this region (Zizi 1996), which show 

two subparallel fault planes delimiting a shear 

zone in which the shallowest formations (Plio- 

Quaternary lacustrine rocks) appear in a very 

open anticline. In its NE extremity, this fault 

seems to affect shallower levels up to the Tertiary 

cover. 

M e s e t a - M i d d l e  Atlas fore land  

The recent Plio-Quaternary compressive defor- 

mations have also been studied in the foreland, 

along the Middle Atlas and the Meseta. Sefrou 

(Fig. 3) is located in the northern extremity of the 

tabular Middle Atlas, where the subhorizontal 

Lower Liassic dolostones and limestones are 

covered by unconformable Plio-Quaternary lacus- 

trine formations of the Saiss Basin or by the 

Quaternary fluvial or travertine formations 

(Charri6re 1990; Gourari 2001; Ahmamou 2002; 

Hinaje 2004). The conglomerates and the lacustrine 

limestones of the Sa'iss Basin that crop out north of 

Sefrou, along the main road to Fez, are affected by 

east-west to NW-SE very open folds, indicating a 

north-south to NE-SW regional shortening. 

In the Moroccan Meseta, near Casablanca, the 

Palaeozoic series is covered by Quaternary marine 

terraces and aeolian deposits. Six Quaternary 

marine terraces (Akil 1990; Chabli et al. 2003) and 

several aeolain deposits crop out in the quarries 

of Brahma and Mjeddba (Figs 3 and 10). These 

deposits, of early Quaternary (Messaoudien) and 

mid-Quaternary (Maarifien and Anfatien) ages, are 

affected by N90- l l0~ sinistral and north-south 

dextral strike-slip faults. The states of stress calcu- 

lated from these faults indicate NNE-SSW, 

NE-SW and east-west compressive deformations 

(Fig. 10). 
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(c) 

Fig. 10. Recent deformations in the Casablanca region. (a) Field view of the Quaternary marine and aeolian deposits 
affected by brittle deformations. (b) Detailed view of a sinistral fault, (c) Stresses and measured microfaults, equal area 
projection, lower hemisphere in different sectors of the Brahma and Mjeddba quarries in the lower and middle 
Quaternary sediments. 

Main faults in the Rif Cordillera 

The Rif mountain front can be regarded as a key area 

for understanding the evolution of  the recent defor- 

mations related to the relative motion of the Eurasian, 

African and Alboran Domains. The results of our 

study indicate that this boundary zone, formed by 

the External Rif, the Prerif Ridges and the northern 

part of Meseta and Middle Atlas forelands, has under- 

gone either simultaneous or successive north-south;  

N E - S W -  and even east-west-trending shortenings 

(Fig. 11 ). The deformations of this boundary zone cer- 

tainly resulted from a push of the Rif not only towards 

the south, but also towards the SW or even the west. 

These data cannot be considered in a single regional 

stress field, and for their adequate interpretation it 

Fig. 11. Orientation of compressional stresses determined from the study of Quaternary structures in the Rif front and 
its Meseta-Middle Atlas foreland. 
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Fig. 12. Tectonic model of wedge escape in the Rif Cordillera. 1, Neogene and Quaternary basins; 2, Neogene 
volcanic rocks; 3, internal zones. 4, flysch nappes and External Rif; 5, Prerif ridges; 6, Meseta and Tabular Middle 
Atlas; 7, folded Middle Atlas. BD, Bou Draa fault; CF, Carboneras fault; FF, Fahies fault; FTT, Fez-Tissa-Taineste 
fault; JF, Jebha fault; NMAF, North-Middle Atlas fault; PF, Palomares fault; SFF, Sidi Fili-Bou Draa fault. 

is necessary to take into account the features of the 

main crustal faults: those crossing the Rif chain and 

the Meseta-Middle Atlas Forelands (Fig. 12). 

The N o r t h - M i d d l e  At las  f a u l t  zone  

The NE-SW-oriented North-Middle Atlas fault 

(NMAF) was defined by Colt  (1961) as a major 

fault zone separating two different palaeogeographi- 

cal domains: the tabular and the folded Middle 

Atlas (Figs 2 and 12). This fault zone, about 

200 km long, develops between Taza to the north 

and the High Moulouya to the south. It is an old 

fault, which was active during the Liassic Atlas 

tiffing and inherited from Variscan N E - S W  struc- 

tures (Laville & Piqu6 1991). This fault shows a sinis- 

tral transpressional activity during the pre-Miocene 

structuring of the Middle Atlas (Robillard 1978, 

1979; Charri~re 1990). It was also active up to the 

Plio-Quaternary, as it deforms and tilts the Pliocene 

and Villafranchian formations (Martin 1981) and 

determines and deforms the volcanic Quaternary 

lava flows (Thomas & Fedan 1988), as also shown 

by palaeomagnetic studies (El Azzab & E1 Wartiti 

1988). Harmand & Moukadiri (1986) suggested a 

model involving a sinistral motion of the NMAF 

during the Quaternary, related to the volcanic 

eruptions that exploited N170 ~ E-oriented tension 

cracks. This fault has been described by some 

workers as a very important basement fault, continu- 

ing to Agadir in the south (Jacobshagen 1992), and it 

could be the source of the geothermal anomaly 

observed along this direction (Bahi et al. 1983). 

Bernini et al. (2000) associated this fault with a linea- 

ment that bounds and advances the Prerif with respect 

to the Middle Atlas in the Guercif Neogene basin and, 

according to Piqu~ et al. (1998), this fault zone 

behaved during the Neogene-Pleistocene period 

like a lithospheric mega-shear zone. In the Rif 

1:500 000 geological map, the eastern boundary of 

the Rif, north of Taza, seems to coincide perfectly 

with the prolongation of the NMAF, which would 

therefore represent a sinistral lateral ramp of the 

Rif. The sinistral shift of the Rif front may be a con- 

sequence of the activity of this fault. Moreover, in the 

Terni-Mazgout area, the continuation of the Middle 

Atlas to the north of the Guercif Basin, as well as in 

the Gareb Massif, situated south of Nador, Hervoufit 

(1985) pointed out north-south (N170-20~ - and 

N E - S W  (N40~ sinistral faults that affect 

the Plio-Quaternary lacustrine formations (Hamel 

1971) and the Quaternary basalts aged 1.7-1.5 Ma, 

according to Cantagrel & Harmand (1984) and 

Harmand & Cantagrel (1984). The continuation 
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of this fault into the Alboran Sea north of Melilla is 

not well constrained, although Andeweg & Cloetingh 

(2001) proposed that it continues towards the 

Carboneras and Palomares faults in the east of the 

Betic Cordilleras, and forms the trans-Alboran 

Fault. However, the Alboran and Yussuf ridges, 

oriented N60~ and N100~ interrupt its continuity 

(Fig. 12). This fault zone may also be considered as 

an active fault, as recent earthquakes in Nador in 

November and December 2004 reached magnitudes 

near five. 

The F e z -  T i s s a -  Taineste f a u l t  zone 

The Fez-Tissa-Taineste fault zone (FTT) crops 

out between Fez and Taineste, along the Fez-  

Tissa-Taounate road, and may extend as far as 

the Nekkor fault. This fault is emphasized by 

slices and tectonic horses of Triassic salts and 

gypsum, develops steep N50-70~ fault 

planes, and shows sinistral and dip-slip kinematic 

indicators. Fault planes are observed in Late 
Miocene formations (Tortonian marls of the Prerif 

Nappe and the middle Pliocene sands of Redom). 

The fault could be responsible for the 15 km sinis- 

tral displacement of the Prerif front west of Fez, 

of the overlying Ouezzane thrust sheet, and of the 

northern limit of the south Rif corridor (Fig. 12). 

This fault is offset by about 5 km in the northern 

prolongation of the N20-40~ probable sinistral 

fault zone that displaces Jbel Zalagh and Jbel 

Trhatt (Fig. 3). The ~TT fault could be relayed 

southward by other sinistral faults of parallel direc- 

tion, which appear in the Sa'iss Basin or are hidden 

under the lacustrine formations. Among these, the 

Draa E1 Marga fault, oriented N70~ (Fig. 9), 

which passes between Jbel Trhatt and Moulay 

Yakoub, has been described by Ahmamou & 

Chalouan (1988). 

Morel (1988) extended this fault zone toward the 

SW as far as Meknes and toward the NE to the Oued 

Kert (the Mekn~s-Fez-Kert  fault), with its end 

located west of Nador. According to Morel, the 

fault bounds the eastern metamorphic Mesorif 

(Temsamane unit) to the east. 

The Bou  D r a a - S i d i  Fili f a u l t  zone 

The Sidi Fili fault is buried under the Neogene and 

Quaternary sediments of the SaYss-Gharb Basins, 

but can be observed on the seismic sections or 

inferred from boreholes (Feinberg 1986). This 

fault zone is oriented NE-SW, with a SE dip, 

and was active as a normal fault during the Trias- 

sic-Jurassic rifting. During the Tertiary com- 

pression, it was reactivated as a reverse fault, 

contributing to the development of the Prerif 

Ridges, mainly the western ridges of Bou Draa- 

Outita (Zizi 1996; Kenafi 2002). 

The NE-SW dextral Bou Draa fault zone (BD), 

located a few kilometres east of Sidi Kacem and 

delimiting the western border of the Bou Draa 

ridge, is in continuity with the Sidi Fili fault zone 

(Fig. 12), which has led some researchers to relate 

them. These faults were active together, as 

a dextral lateral ramp, during the Tortonian- 

Messinian southwestward emplacement of the 

western Prerif Ridges. The most recent rocks 

affected by these faults are of Messinian age, but 
a dextral Plio-Quaternary reactivation is feasible, 

as the Plio-Quaternary lacustrine formations are 

tilted or overthrust at the front of the western 

ridges (Kefs, Kannoufa and Zarhoun jbels). 

The Jebha f a u l t  zone 

The N70~ Jebha fault zone (JF) forms the 

southern border of the northwestern internal Rifian 

Domain (Figs 2 and 12). It has a sinistral component 

and may represent a lateral ramp during the west- 

ward progression of the internal domain after the 

early Burdigalian (Olivier 1981). The structures of 

the Internal Rif (Ghomarides, Sebtides and Dorsal 

complexes) are interrupted and deformed along 

this fault zone. The minimum sinistral displacement 

of the fault zone is estimated at 50 km, taking into 

account the displacement of the Bokoya massif 

(Fig. 12). Seismic reflection profiles indicate an 

eastern continuation of this fault zone in the 

Alboran Sea, with the same orientation. It bounds 

the ridges of Xauen and Alboran, was reactivated 

as reverse (Bourgois et al. 1992; Comas et al. 

1992, 1999) and sinistral faults with reverse 

vertical components (Chalouan et al. 1997), and 

affects Pliocene and even Quaternary formations 

(Chalouan et al. 1997). 

The continuation of the Jebha fault toward the 

west is not very obvious. Several workers have 

assigned an important palaeogeographical role to 

this fault in the External Rif (Morley 1987, 1992; 

Tejera de Ledn 1993, 1997), whereas others have 

pointed out deformations of the Tertiary outcrops 

of the External Rif (Morel 1988; Ben YaYch 1991; 

Zakir 2004). Morel (1988) mapped east-west 

folds affecting the Early Pliocene formations in 

the westernmost prolongation of this fault, in the 

area of Moulay Bousselham (Fig. 12). On the 

other hand, in the region of Arbaoua, we observed 

N110-160~ reverse faults affecting the Villafran- 

chian continental conglomerates that may be related 

to the prologation of the Jebha fault (Figs 2 and 12). 

The gravimetric map likewise suggests the continu- 

ity of this fault in the External Rif (Morley 1987). 

This fault zone was probably active as sinistral, 
but the Palaeozoic, Mesozoic and Cenozoic 
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(Eocene to early Miocene) formations of the Gho- 

marides-Sebtides are also affected by N70-90~ 

dextral wrench faults (Benmakhlouf et al. 2005). 

The F a h i b s  f a u l t  z o n e  

This fault zone, first described by Kornprobst 

(1974), is a NE-SW to ENE-WSW fault that 

extends 15 kin, bounding the Internal Rif to the 

north (Fig. 12). It has a main dextral displacement 

and crosscuts the north-south-oriented structures 

of the Internal Rif, producing their clockwise 

rotation from N170~ to N20-30~ The Predorsa- 

lian thrust sheet and the other flysch deposits 

(Tisir6ne and Beni Ider) are also truncated by this 

fault. According to Ben Ya'ich (1981), the dextral 

slip of this fault zone was active after the flysch 

emplacement. In the Internal Rif, Kornprobst 

(1974) and Zaghloul (1994) have indicated that 

this dextral fault affected the already emplaced 

Ghomarides and Dorsal complexes, and the 

Sebtide units, which show an Aquitanian-Burdiga- 

lian (19-25 Ma) metamorphism. 

Discussion 

The new data presented in this paper mainly con- 

tribute to highlight the Plio-Quaternary evolution 

of the frontal part of the Rif and its foreland. 

These data are integrated into the evolution of the 

whole Rif Cordillera (Chalouan et al. 2001, 2003; 

Michard et al. 2002; Chalouan & Michard 2004). 

East-west to NE-SW major sinistral fault 

zones, well developed in the central and eastern 

regions, deform the Rif Cordillera, and in some 

cases reach the frontal part. These faults have 

been active at least from the Early Miocene 

(Jebha fault) to the Messinian-Pliocene (Olivier 

1981; Ahmamou & Chalouan i987; Morel 1988; 

Bargach et al. 2004). Moderate activity of several 

faults has continued to the Plio-Quaternary (Jebha 

fault, Morel 1988; Chalouan et al. 1997), and 

other new fault zones have developed, such as the 

Fez-Tissa-Ta'ineste and Sidi Fili-Bou Draft fault 

zones. Seismic data indicate that the latter two 

also affect the basement (Fig. 9; Zizi 1996). These 

crustal faults determined the southwestward 

displacement of the Prerif Ridges. The Fez-  

Tissa-Ta'ineste fault could also be a crustal fault, 

characterized by horses and thrust sheets of 

deformed Triassic marly and evaporitic rocks. Its 

southwestern part is recognized in seismic profiles 

(Benmakhlouf 2001). This fault may be responsible 

for the development of the N120~ en echelon folds 

observed in the sedimentary cover in the Draft E1 

Merga area (Fig. 3, Ahmamou & Chalouan 1988). 

The major fault zones affecting the Rif Cordillera 

have orientations between N45~ and N70~ The 

NE-SW fault zones are located in the eastern Rif, 

whereas the ENE-WSW ones are mainly located 

in the northern and western regions, with a pro- 

gressive change in trend between these two 

extreme orientations. The fault zones recognized 

in the Rif Cordillera (e.g. Sidi Fili fault, Morel 

1988; Zizi 1996) extend southwestward beneath 

the Sa~ss Basin and the western Meseta. Other par- 

allel faults can be interpreted from the seismic 

reflection profiles in the northern front of the 

Prerif Ridges and in the Gharb Basin (Flinch 

1993; Zouhri et al. 2002), possibly representing 

deep faults formed during the Variscan orogenesis. 

The eastern boundary of the Rif Cordillera is a 

N40~ contact with the foreland (rep- 

resented by the Neogene Guercif Basin, and the 

front of Jurassic and Palaeozoic rocks of 

BouYahi-Terni-Mazgout and Gareb massif; 

Fig. 12). This limit is located in the continuation 

of the North-Middle Atlas fault zone. The mainly 

sinistral transcurrent regime of these major fault 

zones during the Quaternary is supported by 

several studies (Charri6re 1990; Charroud 1990; 

Andeweg & Cloetingh 2001); Andeweg & 

Cloetingh proposed that the North-Middle Atlas 

fault zone extends into the Rif foreland Bou Yahi 

fault zone and to the sinistral faults in the Betic 
Cordillera. Those workers indicated that during 

the Plio-Quaternary, the central and western Betic 

Cordilleras, the Alboran Sea, the Rif (Fig. 1), the 

Moroccan Meseta and the Middle Atlas (Fig. 2) 

were all displaced southwestward with respect to 
the surrounding Atlas, high plateaux, eastern 

Alboran Sea and eastern Betic Cordilleras (Sanz 

de Galdeano 1990a,b; Jacobshagen 1992). 

Taking into account the field data presented in 

this paper and the previous studies on the region, 

it is considered that the transcurrent and thrust- 

related displacements along large fault zones deter- 

mined the tectonic evolution of the Rif Cordillera 

during the Miocene and the Quaternary. The main 

fault zones, oriented ENE-WSW (e.g. Jebha) in 

the northwestern Rif, and NE-SW in the SE (e.g. 

Fez-Tissa-Ta'ineste, and North-Middle Atlas), 

generally have a sinistral strike-slip motion, 

leading to the southwestward displacement of the 

tectonic units. Whereas towards the internal zone, 

in the northern part of the Rif, these major faults 

probably affect the whole crust, towards the moun- 

tain fi'ont, most of the faults affect only the detached 

cover on a Variscan basement and are related to a 

thin-skin tectonics. In most cases, there are not 

enough geophysical data to study in detail the pro- 

longation at depth of the faults. 

However, some of the main fault zones may 

affect the whole Rif Cordillera and foreland crust. 
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The Jebha fault has been interpreted as a lateral 

ramp (Andrieux et  al. 1971) of the Internal Rif, 

but geological and gravimetric (Morley 1987) 

studies suggest that this fault continues towards 

the WSW into the External Rif and the foreland, 

and may be considered a Variscan-Atlas crustal 

fault (Menvielle & Le Mou61 1985). This fault sep- 

arates a northern block with a relatively thin conti- 

nental crust from the continental crust with normal 
thickness of the African margin (Van Den Bosch 

1981; Morley 1987; Tejera de Le6n 1997; Chalouan 

et  al. 2001). On the Atlantic margin, this fault 

coincides with a zone of transition between 

oceanic crust to the north and continental crust to 

the south. Several workers (Morley 1987; Ben 

Yai'ch 1991; Tejera de Ledn 1997; Zakir et  al. 

2004) have suggested that this fault affects the 

crust and would have both influenced sedimentation 

and provoked deformations from the late Mesozoic 

to the Miocene, or even later, during the Alpine 

deformations of the Rif. Morel (1988) related the 

Plio-Quaternary deformations affecting the region 

of Moulay Bousselham and Arbaoua (Fig. 12) to 

this fault. The North-Middle Atlas fault extends 

southward to the Moroccan Atlantic coast and is 

considered to be a Variscan crustal fault (Bahi 

et  al. 1983; Charribre 1990; Jacobshagen 1992; 

Bernini et  al. 2000) reactivated during the Mesozoic 

rifting and the Tertiary-Quaternary north-south 

compressions. These two trans-Rif crustal faults 

extend also northeastward to the Alboran Sea and 

are associated with the main deformations in the 

Alboran Ridge, where Plio-Quaternary sediments 

are affected by folds and east-west thrust faults 

(Tesson et  al. 1987; Maldonado et al. 1992; 

Chalouan et  al. 1997, 2001; Comas et  al. 1999). 

The shortening caused by the Eurasia-Africa 

convergence was accommodated by deformation 

in the Alboran Sea and in the External Rif, rep- 

resented by transfer and reverse faults in the Meso- 

zoic and Cenozoic cover detached along the 

Triassic evaporite and clay levels (Zizi 1996; 

Samaka et al. 1997), and by the southwestward dis- 

placement of thick crustal wedges along deep faults 

(such as the Jebha fault and NMAF) affecting the 

central-eastern Rif and Moroccan Meseta. 

According to Platt et  al. (2003), the Alpine late 

Miocene folds and thrusts of the External Rif 

were initially N150~ in the central and 

eastern Rif, and became east-west-oriented after 

undergoing an anti-clockwise rotation of up to 

55 ~ which is more intense near the Jebha fault. 

This could be due to the southwestward displace- 

ment of the thick crustal wedge bounded by the 

Jebha fault and NMAF. 

The first stages of wedge escape probably 

occurred in the Rif Cordillera between the early 
Miocene and the Pliocene, as a result of the activity 

of the Jebha and Nekor faults. The activity of these 

structures allowed the development of the central 

Rif arc, located in the Mesorif and also in the 

post-thrust basins of Taounate, with a preferred 

NW-SE orientation, but with curved fold axes 

(Morel 1988; Samaka et  al. 1997; Samaka 1999). 

During the final stages of this southwestward 

escape, the sinistral faults of Sidi Fili-Bou Draft, 

Fez-Tissa-Tai'neste, and probably the North- 

Middle Atlas-Melilla fault zone (Jacobshagen 

1992; Bernini et  al. 2000; Sani et  al. 2000; 

Andeweg & Cloetingh 2001), would have been 

the most active ones, relaying the previous faults. 

This period produced the southwestward expulsion 

of the Prerif Ridges, related to the development of 

the two tectonic arcs, the displacement of the 

Prerif Nappe and its emplacement in the Gharb- 

Maamoura Basin. The southwestward expulsion of 

the Rif is partially accommodated by the thrusts 

located at the front of several Prerif Ridges (Jbels 

Kannoufa and Zarhoun), or by blind thrusts 

related to south-vergent folds (e.g. Jbel Trhatt). In 

front of these ridges, north-south, NE-SW and 

even ENE-WSW compressional stresses have 

been determined from mesostructural sites of 

measurement. 

The few N70-90~ dextral fault planes observed 

along the Jebha fault zone are an indication support- 

ing that this large fault zone was not only active 

with a sinistral regime, as a result of the fault pos- 

ition in the centre of the Rif. As a sinistral fault, it 

allows the escape of the northern Rif (north of the 

fault trace), and as a dextral fault it permits the 

escape of the central-eastern Rif (the zone located 

between the Jebha fault and the North-Middle 

Atlas fault). 

These deformations affect recent sedimentary 

rocks (of early to mid-Quaternary age: Tansiftian 

to Maarifian), located mainly in the Rif front and 

in its western part, indicating that these areas con- 

tinue to be tectonically active. In addition, this 

region shows seismic activity, with earthquake 

focal mechanisms showing variable trends (NW- 

SE, north-south and even NE-SW) of the horizon- 

tal pressure axes (Medina & Cherkaoui 1992; 

Medina 1995). 

This region also shows a positive heat flow 

anomaly, mainly along the Prerif Ridges (Rimi 

et  al. 1998), which is most intense along the 

Nekor fault zone and the Prerif front. An alignment 

of thermal sources (Benmakhlouf 2001; Winckel 

2002; Winckel et al. 2002) is observed along the 

Bou Draa fault. This setting is typical of regions 

with deep evaporitic diapirs or Variscan granite 

basement (Rimi et al. 1998), or with recent tectonic 

activity that has resulted in brecciated fault zones 

(Bahi et  al. 1983; Ahmamou & Chalouan 1988; 

Benmakhlouf 2001 ; Winckel et  al. 2002). 
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The development of the Rif mountain front is 

probably a consequence of the interaction of two 

distinct main tectonic processes: (1) the opening 

of the Algerian-Provenqal basin in the Western 

Mediterranean, which contributed to the westward 

motion of the Alboran Domain (e.g. Boillot et al. 

1984; Sanz de Galdeano 1990a,b) between the 

Eurasian and African plates; (2) the development 

of the first stages of the Betic-Rif Cordilleras tec- 

tonic arc. In addition, the recent NW-SE conver- 

gence between the Eurasian and African plates 

(De Mets et al. 1990) allows the southwestward 

escape of the Rif-Meseta tectonic wedge located 

between major crustal fault zones of the Rif Cordil- 

lera: the Jebha fault (N70~ and the Fez-Tissa-  

Ta~neste (N50~ and North-Middle Atlas fault 

zones (N50~ Along with the major blocks, 

other tectonic wedges of smaller size were expelled 

southwestward in the same way. In the frontal part 

of the Rif Cordillera, this expulsion is favoured by 

the presence of the subsiding Gharb Basin, open 

towards the Atlantic, which continues to undergo 

compressional deformations in its eastern sector 

(Flinch 1993; Litto et al. 2001) and extension in 

the western areas. 

This changing tectonic scenario supports an 

anticlockwise rotation of the trend of maximum 

compression. Whereas the development of the first 

structures related to the southwestward tectonic 

wedge expulsion is in agreement with the NE-  

SW trend of maximum compression, a progressive 

transition has finally allowed the predominance of 

the NNW-SSE compression related to the 

present-day plate convergence. 

zones with trends of N70~ (in the NW) and 

N40~ (in the SE) have resulted in a large wedge- 

shaped block in the southwestern Rif Cordillera 

that may have escaped southwestward. This displa- 

cement of tectonic blocks rflay be the consequence 

of the combined activity of the NW-SE conver- 

gence of the Eurasian and African plates, and 

oceanic expansion in the Western Mediterranean 

during the development of the Algerian-Provenqal 

Basin. 

The lateral southwestward escape of the orogenic 

wedges bounded by transcurrent and thrust faults 

along the Rif front involved thin-skin tectonics, 

also indicated by the deformation in the borders 

of the Sa'iss and Gharb-Maamoura Basins sur- 

rounding the Rif front, the latter being open to the 

Atlantic. The westward motion continued to 

recent times, favoured by the activity of the 

crustal fault zone located between the Rif and the 

Atlas, and emphasized by the presence of thermal 

sources, high heat flow and seismic activity. 

Although in some areas the NE-SW compres- 

sional palaeostresses related to the southwestward 

tectonic wedge expulsion predominate, in other 

regions (and in a transitional way) where the 

activity of this tectonic process is more moderate, 

the NNW-SSE compression related to the conver- 

gence of the Eurasian and African plates predomi- 

nates. The frontal part of the Rif Cordillera is a 

key area for studying the variability of the defor- 

mations related to the NW-SE convergent 

Eurasian-African plate boundary, modified by the 

interaction of a complex set of tectonic elements 

between the major plates. 

Conclusions 

The Rif mountain front, and in particular the Prerif 

Ridges front, is characterized by recent and active 

south-vergent tectonic structures such as thrusts, 

reverse and strike-slip faults, and folds, which 

produce tilting and even overturning of the sedi- 

mentary sequences, sometimes to those of Pliocene 

and Quaternaryage. These structures allow us to 

determine NW-SE and north-south main trends, 

and local NE-SW and even east-west trends of 

compression. The compressional structures 

deform, locally, sequences up to the Middle Atlas 

and Quaternary sedimentary rocks of the Moroccan 

coastal Meseta. 
In addition, the Rif Cordillera and the Sa'iss and 

Gharb Basins are deformed by N40~176 

transcurrent crustal fault zones that deform the 

basement. These major faults, which have been 

identified in outcrops and on seismic profiles, 

bound large crustal blocks and generally have a 

sinistral strike-slip component. Two major fault 

The comments of A. Michard and F. Medina have greatly 
improved the quality of this contribution. The research has 
been financed by collaborative Spanish-Moroccan pro- 
jects of the Junta de Andalucfa, the AECI and CICYT 
project BTE2003-01699. 

References 

AHMAMOU, A. 2002. Evolution et dynamique sddimen- 

taire des carbonates fluvio-lacustres plio-quater- 
naires dans le Sai'ss de F~s (Maroc). Th~se 
d'Etat, Universit~ Mohammed V, Rabat. 

AHMAMOU, A. • CHALOUAN, A. 1988. Distension 
syns6dimentaire plio-quaternaire et rotation anti- 
horaire des contraintes au Quaternaire ancien sur 
la bordure nord du bassin du Sa'iss (Maroc). Bulle- 

tin de l'Institut Scientifique, Rabat, 12, 19-26. 
AiT BRAHIM, L. 1991. Tectonique cassante et dtats de 

contraintes rdcents au Nord du Maroc. Contri- 
bution gt l'dtude du risque sismotectonique. Th~se 
Doctorat d'Etat, Universitd Mohammed V, Rabat. 

AKIL, M. 1990. Les dip3ts quaternaires littoraux entre 

Casablanca et Cap Beddouza (Meseta c3tikre 

marocaine): dtudes gdomorphologiques et 



116 A. CHALOUAN ET AL. 

sddimentologiques. Th~se Doctorat d'Etat, Univer- 
sit6 Mohammed V, Rabat. 

ANDEWEG, B. & CLOETINGH, S. 2001. Evidence for an 
active sinistral shear zone in the western Alboran 
region. Terra Nova, 13, 44-50.  

ANDRIEUX, J ,  FONTBOTI~, J. M. & MATTAUER, 
M. 1971. Sur un module explicatif de l'Arc de 
Gibraltar. Earth and Planetary Science Letters, 

12, 191-198. 
BAHI, L., EL YAMINE, N. & RISLER, J. J. 1983. Linea- 

ments g~othermiques au Maroc. Comptes Rendus 
de l'Acaddmie des Sciences, Sdrie II, 296, 1087- 
1092. 

BARGACH, K., RUANO, P., CHABLI, A., ET AL. 2004. 
Recent tectonic deformations and stresses in the 
frontal part of the Rif Cordillera and the Sa'iss 
Basin (Fez and Rabat regions, Morocco). Pure 
and Applied Geophysics, 161, 521-540. 

BENMAKHLOUF, M. 2001. Les sources thermales du 
Maroc septentrional: relation entre le thermalisme 

et la tectonique. Thbse Doctorat d'Etat, Universit6 
Mohammed V, Rabat. 

BENMAKHLOUF, M., GALINDO-ZALDIVAR, J., 
CHALOUAN, A., SANZ DE GALDEANO, C., 
AHMAMOU, M. & L()PEZ-GARRIDO, A. C. 2005. 
Cinem~itica y paleoesfuerzos en la zona de falla 
transcurrente de Jebha-Chrafate (Rif septentrio- 
nal, Marruecos). Geogaceta, 38, 71-74.  

BEN YA~CH, A. 1981. Etude gdologique de la Dorsale 
calcaire entre Tlata Taghrarnt et Ben Youens 

(Haouz Rif Maroc). Dipl6me Etudes Sup~rieures 
Th~se, Universit6 Mohammed V, Rabat. 

BEN YAiCH, A. 1991. Evolution tectono-sddimentaire 

du Rif externe centro-occidental (rdgion de 
M'Sila et Ouezzane, Maroc): la marge africaine 
du jurassique au Crdtacd; les bassins ndogbnes 
d'avant fosse. Th~se d'Etat, Universit6 de Pau et 
des Pays de l'Adour. 

BERNINI, M., BOCCALETT], M., MORATTI, G. & 
PAPANI, G. 2000. Structural development of the 
Taza-Guercif  Basin as a constraint for the 
Middle Atlas Shear Zone tectonic evolution. 
Marine and Petroleum Geology, 18, 391-408. 

BOILLOT, G., MONTADERT, L., LEMOINE, M. & 
Buu-DUVAL, B. 1984. Les Marges continenmles 
actuelles et fossiles autour de la France. Masson, 
Paris. 

BOURGOIS, J., MAUFFRET, A., AMMAR, A. & 
DEMNATI, A. 1992. Multichannel seismic data 
imaging of inversion tectonics of the Alboran 
ridge (Western Mediterranean Sea). Geo-Marine 
Letters, 12, 165-172. 

BOUYBAOUENE, M. L., GOFFI~, B. & MICHARD, 
A. 1998. High-pressure granulites on top of the 
Beni Bousera Peridotite, Rif Belt Morocco: a 
record of an ancient thickened crust in the 
Alboran domain. Bulletin de la Socidtd Gdologique 
de France, 169, 153-162. 

CANTAGREL, J. M. & HARMAND, C. 1984. Le volca- 
nisme r6cent du Moyen-Atlas (Maroc): chronolo- 
gie K/Ar  et cadre g6odynamique, lObme Rdunion 

Annuelle des Sciences de la Terre, Bordeaux, 115. 
CHABLI, A., GALINDO-ZALDIVAR, J., AKIL, M., ETAL. 

2003. Nouvelles observations sddimentologiques, 

stratigraphiques et ndotectoniques sur les for- 
mations plio-quaternaires de la rdgion de 

Tdmara. Notes et M6moires du Service G6ologique 
du Maroc, 452, 293-300.  

CHALOUAN, A. & MICHARD, A. 2004. The Alpine Rif 
Belt (Morocco): a case of mountain building in a 
subduction-subduction-transform fault triple 
junction. Pure and Applied Geophysics, 161, 
489-519.  

CHALOUAN, A., SAJI, R., MICHARD, A. & BALLY, 
A.W. 1997. Neogene tectonic evolution of the 
southwestern Alboran basin as inferred from 
seismic data of Morocco. AAPG Bulletin, 81, 
1161-1184. 

CHALOUAN, A., GALINDO-ZALDIVAR, J., BARGACH, 
K., ET AL. 2000. Deformaciones recientes en el 
frente de la Cordillera Rifefia (Prerif, Marruecos). 
Geogaceta, 29, 43-46.  

CHALOUAN, A., MICHARD, A., FEINBERG, H., 
MONTIGNY, R. & SADDIQI, 0.  2001. The Rif moun- 
tains building (Morocco): a new tectonic scenario. 
Bulletin de la socidtd Geologique de France, 

172(5), 603-616. 
CHALOUAN, A., MICHARD, A., FEINBERG, H., 

MONTIGNY, R. & SADDIQI, 0. 2003. L'ddification 
de la cha~ne du Rif (Maroc) dans le cadre tectoni- 
que mdditerranden. Notes et M6moires du Service 
g6ologique du Maroc, 447, 69-98.  

CHARRIERE, A. 1990. Hdritage hercynien et dvolution 

gdodynamique alpine d'une chagne intracontinen- 
tale: le Moyen-Atlas au SE de Fks (Maroc). 
Th~se Doctorat d'Etat, Universit6 de Toulouse. 

CHARROUD, M. 1990. Ew~lution gdodynamique de la 

partie sud-ouest du Moyen-Atlas durant le 

passage Jurassique-Crdtacd, le Crdtacd et le 

Paldogbne: un exemple d'dvolution intraplaque. 

Dipl6me Etudes Sup6rieures Th6se, Universit6 
Mohammed V, Rabat. 

COLO, G. 1961. Contribution ~ I'dtude du Jurassique 

du Moyen Atlas septentrional (Maroc). Notes et 
M6moires du Service G6ologique du Maroc, 139. 

COMAS, M. C., GARCIA-DUE[qAS, V & JURADO, 
J. 1992. Neogene tectonic evolution of the 
Alboran Sea from MCS data. Geo-Marine 

Letters, 12, 157-164. 

COMAS, M. C., PLATT, J. P., SOTO, J. I. & WATTS, 
A. B. 1999. The origin and tectonic history of the 
Alboran basin: insights from ODP leg 161 results. 
hi: ZAHN, R., COMAS, M. C. & KLAUS, A. (eds) 
Proceeding of the Ocean Drilling Program, Scien- 

tific Results, 161. Ocean Drilling Program, College 
station, TX, 555-580. 

DE METS, C., GORDON, G. G., ARGUS, D. F. & STHN, 
S. 1990. Current plate motions. Geophysical 
Journal hlternational, 101, 425-478.  

EL AZZAB, D. & EL WARTITI, M. 1988. Paleomagnet- 
ism of Middle Atlas lavas (Morocco): recent 
rotations. Comptes Rendus de l'Acaddmie des 

Sciences, Sdrie IIA, 327(8), 509-512. 
FAUGERES, J. C. 1978. Les Rides sud ri3'aines; dvol- 

ution sddimentaire et structurale d'un bassin atlan- 

tico-mdsogkne de la marge africaine. Thbse 
Doctorat d'Etat, Universit6 de Bordeaux I. 



TECTONIC WEDGE ESCAPE IN THE RIF CHAIN, MOROCCO 117 

FEINBERG, H. 1986. Les sdries tertiaires des zones 
externes du rif (Maroc); biostratigraphie, paldo~- 
cologie et aperfue tectonique. Notes et M6moires 
du Service G~ologique du Maroc, 315. 

FLINCH, F. J. 1993. Tectonic evolution of the Gibraltar 
arc. PhD thesis, Rice University, Houston, TX. 

FLINCH, F. J. 1996. Accretion and extensional collapse 
of the external western Rif (Northern Morocco). 
Mdmoires du Musdum National de l' Histoire Nat- 
urelle de Paris, 170, 61-85. 

FRIZON DE LAMOTTE, D., SAINT BEZAR, B., BRACt~NE, 
R. & MERCIER, E. 2000. The two main steps of the 
Atlas building and geodynamics of the western 
Mediterranean. Tectonics, 19, 740-761. 

GARC[A-DUEIqAS, V. 8,; BALANYA, J. C. 1986. Estruc- 
tura y naturaleza del Arco de Gibraltar. Maleo 
Boletim lnformativo da Sociedade Geol6gica de 
Portugal, 2, 23. 

GOFFI~, B., AZANON, J. M., BOUYBAOUEN, M. L. & 
JULLIEN, M. 1997. M&amorphic cookeite in 
Alpine metapilites from Rif (northern Morocco) 
and Betic Chains (southern Spain). European 
Journal of Mineralogy, 6, 897-911. 

GOURARI, L. 2001. Etude hydrochimique, morphologi- 
que, lithostrati graphique, sddimentologique et pdtro- 
graphique des d6pOts travertino-ddtritiques actuels 
et plio-quaternaires du bassin karstique de l'Oued 
Aggay (Causse de Sefrou, Maroc). Th6se Doctorat 
d'Etat, Universit6 de F~s. 

HAMEL, CH. 1971. Carte gdologique au 1/100 000 de 
Tistoutine. Notes et M6moires du Service G6ologi- 
que du Maroc, 167. 

HARMAND, C. 8L CANTAGREL, J. M. 1984. Le volca- 
nisme alcalin tertiaire et quaternaire du Moyen- 
Atlas (Maroc): chronologie K/Ar et cadre 
g6odynamique. Journal of African Earth Sciences, 
2(1), 51-55. 

HARMAND, C. & MOUKADIRh A. 1986. Synchronisme 
entre tectonique compressive et volcanisme 
alcalin: exemple de la province quaternaire du 
Moyen-Atlas (Maroc). Bulletin de la Socidtd Gdo- 
logique de France, Sdrie II, 8(4), 595-603. 

HERVOUET, Y. 1985. Gdodynamique alpine (Trias- 
actuel) de la marge septentrional de l'Afrique du 
Nord du bassin de Guercif (Maroc oriental). 
Th~se d'Etat, Universit~ de Pau et des Pays de 
l'Adour. 

HINAJE, S. 2004. Tectonique cassante et pal~ochamps 
de contraintes dans le Moyen Atlas et le Haut Atlas 
central (Midelt-Errachidia) depuis le Trias jusqu'it 
l'Actuel. Th~se Doctorat d'Etat, Universit6 
Mohammed V, Rabat. 

JACOBSHAGEN, V. 1992. Major fracture zones of 
Morocco: the South Atlas and the Transalboran 
fault systems. Geologische Rundschau, 81, 
185-197. 

KENAFI, J. 2002. Evolution structurale mdso-cdnozo~- 
que des Rides pdrifaines (Maroc): halocinkse, gdo- 
mdtrie et reconstitution gdodynamique. Apport de 
donndes de sismique rdflexion et de forages pdtro- 
liers. Th~se de Doctorat, Universit6 de K6nitra. 

KORNPROBST, J. 1974. Contribution it l'dtude pdtro- 
graphique et structurale de la zone interne du Rif 

(Maroc septentrional). Notes et M6moires du 
Service G6ologique du Maroc, 251. 

LAVILLE, E. & PIQUE, A. 1991. La distension crustale 
atlantique et atlasique du Maroc au d6but du M6so- 
zoi'que: le rejeu des structures hercyniennes. Bulle- 
tin de la Socidt~ Gdologique de France. 162, 
1161-1171. 

LITTO, W., JAAiDI, E., MEDINA, F. & DAKKI, M. 2001. 
Seismic study of the structure of the northern 
margin of the Gharb basin (Morocco)--evidence 
for a late Miocene distension. Eclogae Geologicae 
Helvetica, 94, 63-74. 

MALDONADO, A., CAMPILLO, A. C., MAUFFRET, A., 
ALONSO, B., WOODSIDE, J. & CAMPOS, J. 1992. 
Alboran Sea late Cenozoic tectonic and 
stratigraphic evolution. Geo-Marine Letters, 12, 
179-186. 

MARTIN, J. 1981. Le Moyen Atlas central, dtude g~o- 
morphologique. Notes et M6moires du Service 
G6ologique du Maroc, Rabat, 258 and 258bis. 

MEDINA, F. 1995. Present-day state of stress in North- 
ern Morocco from focal mechanism analysis. 
Journal of Structural Geology, 17(7), 1035-1046. 

MEDINA, F. & CHERKAOUI, T. E. 1992. M6canismes 
au foyer des s6ismes du Maroc et des r6gions voi- 
sines (1959-1986). Journal of Structural 
Geology, 17, 1035-1046. 

MENV1ELLE, M. & LE MOUSE, J.-L. 1985. Existence 
d'une anomalie de conductivit6 dans le Haut- 
Atlas marocain et concentration des courants tellur- 
iques ~t l'6chelle r6gionale. Bulletin de la Socidtd 
Gedologique de France, 8(1), 553-558. 

MICHARD, A., CHALOt:AN, A., FEINBERG, H., GOFFE, 
B. & MONT1GNY, R. 2002. How does the Alpine 
belt end between Spain and Morocco? Bulletin de 
la Socidtd Gdologique de France, 173, 3-15. 

MORATTI, G., PICCARDI, L., VANNUCCI, G., 
BELARDINELLI, M. E., DAHMANI, M., BENDKIK, 
A. & CHENAKEB, M. 2003. The 1755 'Meknes' 
earthquake (Morocco): field data and geodynamic 
implications. Journal of Geodynamics, 36, 305-322. 

MOREL, J. L. 1988. Evolution r6cente de l'orog~ne 
rifain et de son avant-pays depuis la fin de la 
raise en place des nappes (Rif-Maroc). Geodiffu- 
sion Memoire, 4, Paris. 

MORLEY, K. 1987. Origin of major cross element zone: 
Morocco Rif. Geology, 15, 761-764. 

MORLEY, C. K. 1992. Notes on Neogene basin history 
of the Western Alboran Sea and its implications for 
the tectonic evolution of the Rif-Betic orogenic 
belt. Journal of African Earth Sciences, 14, 57-65. 

OLIWER, PH. 1981. L'Accident de Jebha-Chrafate 
(Rif, Maroc). Revue de G~ologie Dynamique et 
G~ographie Physique, 22, 201-212. 

PIQUE, A., AIT BRAH1M, L., EL AzzouzI, E., MAURY, 
R. C., BELLON, H., SEMROUD, B. & LAVILLE, 
E. 1998. Le poinqon maghr~bin: contraintes struc- 
turales et gOochimiques. Comptes Rendus de 1 'Aca- 
ddmie des Sciences, 326, 575-581. 

PLATT, J. P., ALLERTON, S., KIRKER, A., 
MANDEV1LLE, C., MAYFIELD, A., PLATZMAN, 
E. S. & RIMI, A. 2003. The ultimate arc: differen- 
tial displacement, oroclinal bending, and vertical 



118 A. CHALOUAN ET AL. 

axis rotation in the External Bet ic-Rif  arc. 
Tectonics, 22, 1017, doi: 10.1029/2001TC001321. 

RIMI, A, CHALOUAN, A. & BAHI, L. 1998. Heat flow in 
the westernmost part of the Alpine Mediterranean 
system (the Rif, Morocco). Tectonophysics, 285, 
135-146. 

ROBILLARD, D. 1978. Etude structurale du Moyen 
Atlas septentrional au sud de Taza (Maroc). 
Thbse Doctorat 3~me cycle, Universit6 de Lille. 

ROBILLARD, D. 1979. Tectonique syns6dimentaire du 
Moyen Atlas septentrional au sud de Taza 
(Maroc). Bulletin de la Socidtd G~ologique de 
France, 7(4), 441-447. 

ROYDEN, L. H. 1993. Evolution of retreating subduc- 
tion boundaries formed during continental col- 
lision. Tectonics, 12, 629-638. 

RUANO, P., BARGACH, K., GALINDO-ZALD[VAR, J., 
CHALOUAN, A. & AHMAMOU, M. 2006. Recent 
palaeostresses from striated pebbles related to 
fold development in a mountain front: the Prerif 
Ridges (Rif Cordillera, Morocco). In: MORATTI, 
G. & CHALOUAN, A. (eds) Tectonics of the 
Western Mediterranean and North Africa. Geologi- 
cal Society, London, Special Publications, 262, 
87-99. 

SAMAKA, F. 1999. Apport de la g~ophysique (sismique 
r~flexion) g~ l'dtude de l'~volution s~dimentologi- 
que, structurale et paldogiographique des bassins 
supra-nappes du Rif central. Th~se de Doctorat, 
Universit6 Mohammed V, Rabat. 

SAMAKA, F., BENYAICH, A., DAKKI, M., H~AINE, 
M. & BALLY, A. W. 1997. Origine et inversion 
des bassins mioc~nes supra-nappes du Rif central 
(Maroc). Etude de surfaces et de subsurface. 
Exemple des bassins de Taounate et de Tafrant. 
Geodinamica Acta, 10, 30-40. 

SANI, F., ZlzI, M. & BALLY, A. W. 2000. The 
Neogene-Quaternary evolution of the Guercif 
Basin (Morocco) reconstructed from seismic line 
interpretation. Marine and Petroleum Geology, 
17, 343-357. 

SANZ DE GALDEANO, C. 1990a. Geologic evolution of 
the Betic Cordilleras in the Western Mediterra- 
nean, Miocene to the present. Tectonophysics, 
172, 107-119. 

SANZ DE GALDEANO, C. 1990b. La prolongaci6n hacia 
el sur de las fosas y desgarres del Norte y Centro de 
Europa: una propuesta de interpretacidn. Revista de 
la Sociedad Geologica de Espaga, 3, 231-241. 

TEJERA DE LEON, J. 1993. Les bassins ndog~nes 

d'avant-pays du Rif externe occidental lids gt la 
transformante Jebha-Arbaoua (Maroc). Th~se 
Doctorat d'Etat, Universit6 de Pau et des Pays de 
l'Adour. 

TEJERA DE LEON, J. 1997. Signification de la limite 
Jebha-Arbaoua (Maroc nord-occidental): une 

rampe lat6rale au dessus d'une discontinuit6 crus- 
tale h6rit~e de la p6riode de rifting. Journal of 
African Earth Sciences, 24, 455-472. 

TESSON, M., GENSOUS, B. & LABRA~MI, M. 1987. 
Seismic analysis of the southern margin of the 
Alboran Sea. Journal of African Earth Sciences, 
6, 813-821. 

THOMAS, G. • FEDAN, B. 1988. Activit6 de l'accident 
nord-moyen-atlasique au nord de Boulemane 
(Maroc). Au cours du Mio-Plioc6ne. 12kme 
Rdunion Annuelle des Sciences de la Terre, 
Lille, 125. 

VAN DEN BOSCH, J. W. H. 1981. Mimoire explicatif 
de la carte gravim~trique du Maroc (provinces du 
Nord) au 1/500000. Notes et M~moires du 
Service G6ologique, no. 234, 219. 

WERNLI, R. 1988. Micropaldontologie du Niogkne 
post nappes du Maroc septentrional et description 

syst~matique des foraminif~res planctoniques. 
Notes et M~moires du Service G~ologique du 
Maroc, 331. 

WlNCKEL, A. 2002. Essai d'dtablissement d'une typo- 
logie de sources thermales par une approche 
hydrochimique, isotopique et tectonique. Exemple 
du Maroc. Th~se de Doctorat, Universit6 Paris XI 
d'Orsay. 

WINCKEL, A., MARLIN, C., DEVER, L., MOREL, J. L., 
EL MORABITI, K., BEN MAKHLOUF, M. & 
CHALOUAN, A. 2002. Apport des isotopes stables 
dans l'estimation des altitudes de recharge de 
sources thermales du Maroc septentrional et orien- 
tal. Comptes Rendus Geosciences, 334, 469-474. 

ZAGHLOUL, M. N. 1994. Les unit~s Federico septen- 
trionales (Rif interne, Maroc) inventaire des ddfor- 
mations et contexte gdodynamique. Th~se, Dipl6me 
Etudes Sup&ieures, Universit~ Mohammed V, 
Rabat. 

ZAKm, A. 2004. Les bassins tertiaires d'avant-fosse du 
Rif externe nord-occidental: approche s~dimento- 
logique et structurale des siries turbiditiques de 
la r@ion d'El Ksar El Kebir. Th6se de Doctorat, 
Universit6 Mohammed V, Rabat. 

ZAKIR, A. CHALOUAN, A. d~; FEINBERG, H. 2004. Plis 
de propagation et cons6quences de leur rupture en 
domaine d'avant-cha]'ne, Rif nord-occidental, 
Maroc. Bulletin de la Soci~td Gdologique de 
France, 173, 3-15. 

ZIzl, M. 1996. Triassic-Jurassic extensional systems 
and their Neogene reactivation in northeastern 

Morocco (the Prerifaines Ridges and Guercif 
basin). PhD thesis, Rice University, Houston, TX. 

ZOUHR[, L., LAMOUROUX, C. & BURET, C. 2002. La 
Mamora, charni6re entre la Meseta et le Rif: son 
importance dans l'~volution g6odynamique post- 
paldozoique du Maroc. Geodinamica Acta, 14, 
361-372. 
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Abstract: Surface geology, gravimetric, and heat flow data are used to explain discrepancies 
between MD site residuals, using the average magnitude site residuals (AMSRi) which are opposite 
of the station corrections (cStaj) calculated for the 25 selected short-period seismic stations of the 
Moroccan seismological network. MD site residuals range from -0.29 to +0.32, and appear to 
be the result of the complex interaction of the predominant near-station geophysical and geologi- 
cal parameters. With this simple qualitative approach, we found that high negative residuals are 
obtained for older well-consolidated Precambrian crystalline rocks with low surface heat flow, 
and high positive residuals are attributed to recent unconsolidated sediments with high heat 
flow. The explanation for the intermediate residual values remains more complex and requires 
more accuracy and better quality data, and may not be fully justified in this study. 

Calibration of the northern Morocco seismic stations 

(newly installed, from 1989 to 1994) allowed us to 

set a relationship for duration magnitude in the form 

Moq = -0 .14  + 1.63 log10 ('rid) 

+ 0.03 I(Aij + cStaj) 

where "rij and A 0 represent respectively the duration 

and epicentral distance for the ith event at the j th  

station, cStaj is the station correction term derived 

from the MD formula given by Mouayn et al. 
(2004). Previously, duration magnitude formulae 

were determined in Morocco by Frogneux (1980) 

and Cherkaoui (1991) for stations installed from 
1937 to 1989 (portable instruments were also used). 

In the present study, cStaj is introduced to reduce 

the tendency of stations to either overestimate or 

underestimate calculated magnitudes. This ten- 

dency may be caused conjointly by instrument 

and site conditions. Therefore, separating instru- 

ment mad site effects requires a delicate approach, 

which involves the installation of all the seism- 

ometers at the same site and the recording of suffi- 

cient data to calibrate the stations. The instrument 

corrections can then easily be deduced and sub- 

tracted from the original cStaj to obtain the best 

site correction. Thus, only instruments with 

similar response curves were selected (1Hz  

natural frequency, vertical-component SS-1 Kine- 

metriks Ranger seismometers). Sensitivity 

(36 q-6  dB) and class component consequently 

did not introduce significant errors in cStaj. 

Amplification or attenuation is practically constant 

for the stations of this study. We attribute cStaj 
entirely to compensate the effect of the station site 

quantified by the scalar; - cS ta j  is assumed to rep- 

resent the site residual in the following. 

cStaj is introduced to reduce the particular effect 

of geological and geophysical heterogeneity at the 

station sites, and therefore can be viewed as the 

resulting error in the prediction of the coda length 

assuming a simple quantification of the physical 
parameters of a seismic event. Here, site corrections 

(station corrections) cStaj are those obtained by 

Mouayn et al. (2004) in the range - 0 . 2 9  to 0.32 

magnitude unit (see Table 1). 

In an attempt to check for the eventual corre- 

lation between these corrections and the geological 

and geophysical properties in the vicinity of the 

stations, we prefer to use the site residual, which 

is the average magnitude site residual (AMSRj), 

the opposite of the cStaj algebraic value (Table 1). 

In this simple qualitative approach, we shall not 

attempt to isolate effects of the seismic wave propa- 

gation from those resulting from the station site's 

geological and geophysical conditions. We 

assume that physical attenuation properties in the 

immediate vicinity of the stations exert a significant 

influence on the seismic wave. Characteristics of 

recorded signals (amplitude, duration and frequen- 

cies) appear to be a direct consequence of the 

impact of geological and geophysical factors such 

as structural domain, local tectonics, age and 

degree of consolidation of rocks, and local surface 

heat flow density. 

From: MORATTI, G. & CHALOUAN, A. (eds) 2006. Tectonics of the Western Mediterranean and North Africa. 
Geological Society, London, Special Publications, 262, 119-129. 
0305-8719/06/$15.00 ~_) The Geological Society of London 2006. 
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Table 1. Station corrections (cStaj) 

L. AIT BRAHIM ET AL. 

No. Code Name Sub-network Coordinates cStaj AMSRi Data 

Lat. (N) Long. (W) 

1 TIO Tiouine 

2 OUK Oukaimden 
3 TZK Tazeka 
4 TAF Tafouralt 
5 MIF Mishlifen 
6 ZAI Zaio 
7 ZFT Ezzeft 
8 KIB E1 Ksiba 
9 IFR Ifrane 

10 CZD Col deZad 
11 TNF Tounfite 
12 TZC Tazercounte 
13 PAL Palemas 
14 JBB Jbel Babet 
15 DKH Dar Kharkour 
16 TOU Touzarine 
17 CPS Cap Spartel 
18 TGT Taghat 
19 RSA Sarsar 
20 BIT Ibn Batouta 
21 TSY Inine Sidi l'Yamani 
22 JHA Jbel Lahdid 
23 CIA Chichaoua 
24 RTC Rabat Centre 

25 AVE Averoes 

Non-Telemetered 30.550 -7 .150 0.29 -0 .29 77 
Chichaoua 31.209 - 7.868 0.24 - 0.24 24 
Ifrane 34.089 -4 .184 0.17 -0 .17  151 
Non-Telemetered 34.480 - 2.240 0.16 -0 .16  101 
Ifrane 33.409 -5.229 0.16 -0 .16  48 
Zaio 34.803 -2 .746 0.15 -0 .15 114 
Midelt 32.034 -4.352 0.15 -0 .15 29 
Beni Mellal 32.576 -6.039 0.13 -0 .13 81 
Non-Telemetered 33.310 -5 .070 0.12 -0 .12  125 
Midelt 33.033 - 5.043 0.08 - 0.08 127 
Midelt 32.530 -5.319 0.07 -0 .07  26 
Beni Mellal 32.148 -6 .490 0.06 -0 .06  50 
Zaio 35.225 -3 .942 -0 .04  0.04 109 
Zaio 35.013 -4.198 -0 .06  0.06 49 
Tanger 35.490 - 5.360 - 0.08 0.08 51 
Zaio 34.962 -3.754 -0 .08 0.08 122 
Tanger 35.791 -5 .910 -0.11 0.11 87 

Ifrane 34.070 -5.055 -0.11 0.11 95 
Tanger 34.877 -5.828 -0 .12 0.12 74 
Tanger 35.648 -5.729 -0.13 0.13 63 
Tanger 35.373 -5 .970 -0 .14  0.14 97 
Chichaoua 31.736 - 9.454 - 0.23 0.23 23 
Chichaoua 31.565 - 8.759 - 0.25 0.25 58 
Centre 33.990 - 6.858 - 0.32 0.32 44 
Non-Telemetered 33.170 -7 .240 -0 .32  0.32 109 

Magnitude formula used: Moo = -0.14 + 1.63 Iogl~ ~ ('r,j) + 0.031(Aij) + cStaj. 
AMSRj = average magnitude station residual = - cStaj. 

Geological setting 

Morocco has a wide range of structural units as 

a result of the major geological events that occurred 

principally during the Mesozoic and the Cenozoic 

(Fig. 1). The Anti-Atlas is the southernmost domain. 

It is composed of Precambrian formations of the 

West African basement, which were deformed and 

granitized at the time of the Ebumean and Pan- 

African events (Leblanc & Lancelot 1980; Piqu6 

1994). The Mesetas (Western and Eastern) are two 

Palaeozoic folded formations (Lagarde 1985; Piqu6 

& Michard 1989), with a Meso-Cenozoic tabular 

cover. The Middle and the High Atlas are two intra- 

continental belts principally composed of Mesozoic 

formations that are slightly deformed, with bound- 

aries marked by fault zones (Laville 1985; Fedan 

1988). The general trend of the chain is E N E -  

WSW, but becomes east -west  for the eastern High 

Atlas. The Rif Domain in the north is characterized 

by complex Alpine thrusting tectonics. In its internal 

zone, Palaeozoic nappes with a Mesozoic cover pre- 

dominate (Chalouan et al. 2001). In the external 

zone we note the presence of Mesozoic and Cenozoic 

nappes. The major tectonic features in the Rif are two 

left-lateral faults (Leblanc & Olivier 1984): the Jebha 

(ENE-WSW) and Nekor (NE-SW) faults. 

Methods 

Deriva t ion  o f  the MD equat ion 

To adjust MD against our data (independent set; 

Mouayn et al. 2004), we use a two-stage iterative 

procedure. In the first stage we solve for the constants 

Col, Cll and c21 by regressing initially ~-and A against 

mb IGN with the station corrections cStaj being reset to 

zero. The quantities coj, c~j and c21 are the resultant 

coefficients of the first iteration of the regression. In 

the second stage the Cil were substituted into the 

equation obtained and cStaj~ was estimated. The first 

station corrections cSta/~ are included in the next iter- 

ation of the regression, and the process is repeated 

until the variance and standard errors converge to a 

stable minimum, with station corrections being 

updated between iterations. The adopted coefficients 

Co, Cl and c2 are those obtained from the last iteration 

of the regression as Co~ = Co, c~k = cj and c2~ = c2, 

and cStaj = ~,cStajk, where k is the number of iter- 

ations. The resultant magnitude estimate formulation is 

MDij = --0.14 + 1.63 lOgl0 ('rii) + 0.031 (Aij) + cStaj 

where Co = -0 .14 ,  Cl = 1.63 and c 2 = 0.031. The 

values of cStaj are listed in Table 1. The magnitude 
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Fig. 1. Structural sketch of northern Morocco. 1, African Domain; 2, Anti-Atlas Domain; 3, Hercynian Meseta 
Domain; 4, Atlas Domain; 5, Rif Domain; 6, Neogene and Quaternary basins; 7, average station magnitude residual 
(sample); 8, short-period seismic station; 9, fault. 

of the ith event is the mean of individual station 

estimates MDij, and AID uncertainty is the standard 

deviation of the mean. 

Surface geology, geophysical factors and 

their influence on site residuals 

To understand the influence of the interaction of geo- 

logical and geophysical factors (such as surface 

geology and heat flow) on durations recorded at the 

25 stations of this study, and consequently their 

influence on the site residuals obtained (Table 1), 

we have plotted contour lines corresponding to 

these residuals at the station locations (Fig. 1), and 

superimposed the isolines on a simplified geological 

map of Morocco. Our stations fall into six distinct 

groups of residual values. 

Results  

Station Group 1 (SG-1) 

This group includes stations TIO and OUK, with the 

highest site residual values of - 0 . 2 9  and -0 .24 ,  

respectively. TIO is situated on Precambrian for- 

mations of the Anti-Atlas chain, which is composed 

of West African basement rocks, deformed and 

granitized at the time of the Eburnean and Panafri- 

can events and stable since then (Piqu6 1994). 

Station OUK is located in the Precambrian massif 

of Marrakech (High Atlas chain). Both stations 

are sited on similar rocks (Fig. 2). The negative 

values of the residuals show clearly that the essen- 

tially crystalline and metamorphic sites have a ten- 

dency to shorten considerably the durations of 

recorded signals. Moreover, this domain is charac- 

terized by a low surface heat flow density ranging 

between 40 and 65 mW m -2 (Fig. 3). 

Station Group 2 (SG-2) 

This second group consists of seven stations: ZAI 

( -0 .15) ,  TAF ( -0 .16) ,  TZK ( -0 .17) ,  MIF 

( -0 .16) ,  IFR ( -0 .12) ,  KIB ( -0 .13 )  and ZFT 

( -0 .15) .  For these stations the residuals have inter- 

mediate negative values. Excepting ZFT, which 

does not have any evident geographical or geologi- 

cal link with the other stations, the majority of these 
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Fig. 2. Geological sketch of northern Morocco with isolines delimiting six groups of residual site values (GI, G2, G3, 
G4, G5 and G6). 1, Short period seismic station; 2, MD site residual per station (sample). 

stations are located in the Middle Atlas Domain, 
characterized by emergence of reduced Palaeozoic 
formations, and by a Meso-Cenozoic, Neogene 

and Quaternary cover (folded or tabular). These 
stations are arranged within a NE-SW band, from 

Zaio-Oujda to Kh~nifra-Ksiba. This corridor is 
also characterized by important Quaternary volca- 
nic rocks (Michard 1976; Piqu6 1994; El Azouzi 
2000). This NE-SW direction corresponds to 

regions of lithospheric discontinuity that controlled 
the emplacement of the late Palaeozoic granitic 

bodies (Piqu~ 1994) (Fig. 2). Surface heat flow 
density for the region ranges between 70 and 
100 mW m -2 (Rimi 1999) (Fig. 3). Residuals for 

this group are also negative. Therefore these sites 
tend to shorten significantly recorded signals. 

Stations Group 3 (SG-3) 

In this group, stations CZD (-0.08),  TNF (-0.07) 

and TZC (-0.06)  have slight negative residuals. 

They are situated in the southern part of the 
Middle Atlas, particularly along the major fault 
zones that mark the transition between the Middle 

Atlas and neighbouring structural domains (SW 
extremity of the Eastern Meseta, formed by the 

Mideh Palaeozoic formation, and the High Atlas): 

the Ait Oufela fault zone, and the High Atlas north- 
ern limit faults (Fig. 2). Moreover, this geographical 

domain is characterized by the lowest heat flow 
density (Rimi 1999) (Fig. 3) and has a deep 

crustal root (Seber 1995). 

Station Groups 4 and 5 (SG-4 and SG-5) 

Generally, stations of these groups belong to the Rif 

Domain (Fig. 1). For this reason we will describe 
their common properties before discussing their 

individual characteristics. Overall, the Rif Domain 
is characterized by its complex geology, intense 
fracturing (Chalouan et al. 1997; Ait Brahim et al. 

2002; Ait Brahim 2003), the presence of small 
Neogene coastal basins and a relatively high 

geothermal gradient (Rimi 2001). The dense frac- 
ture network favours fluid circulation that generates 
convection (Rimi 2001). A decrease in recorded 

signal amplitude is noted. Moreover, the stations 

of SG-4 (except for DKH) are located in the zone 
of the Rif characterized by a minimum heat flow 

density (Fig. 3), whereas SG-5 is situated in the 

western part of the Rif Domain, with high heat 
flow (Fig. 3). 
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Fig. 3. Location and distribution of the six groups of stations with values of site residuals; their location and 
distribution is according to the substratum. 1, Neogene and Quaternary cover; 2, Neogene and Quaternary volcanism; 3, 
undifferentiated Meso-Cenozoic cover; 4, Triassic-Jurassic cover; 5, Palaeozoic emergence; 6, Precambrian 
formations. 

Station Group 4 (SG-4) 

The stations of this group are DKH (0.08), JBB 

(0.06), TOU (0.08) and PAL (0.04). They belong 

to the Internal Rif Domain (Fig. 2), which was 

deformed and metamorphosed as result of the 

Africa-Iberia collision (Michard et al. 2002). 

This domain involves Palaeozoic rigid formations, 

volcanic masses (Chalouan et al. 2001), and small 

Neogene coastal sedimentary basins. The positive 

residuals of this group are very small. 

Station Group 5 (SG-5) 

Stations CPS (0.11), BIT (0.13), TSY (0.14), RSA 

(0.12) and TGT (0.11 ), make up the group, located 

in the External Rif Domain (Fig. 2), which is com- 

posed of Mesozoic and Cenozoic formations of the 

folded and transported African margin. The sites of 

these stations, which have intermediate positive 

residuals, are characterized by their high surface 

heat flow density (Fig. 3), caused by hot fluid circu- 

lations that follow the fracture network in the region 

(Rimi 1999). This region coincides also with a low 

gravity anomaly ( -150 mGal) (Fig. 4). This 

important anomaly is related to a deep crustal root, 

resulting in the replacement of lithospheric material 

by asthenospheric material in the External Rif (Seber 

et al. 1996; Vidal 1977). 

Station Group 6 (SG-6) 

The stations of this group are RTC (0.32), AVE 

(0.32), CIA (0.25) and JHA (0.23). They belong 

to the Western Meseta Domain, characterized by 

widely exposed Palaeozoic formations (Fig. 2). In 

the western part of this domain, we note the pre- 

sence of Neogene coastal basins. These stations 

have the highest positive residuals. A considerable 

lengthening of recorded duration is expected here. 

Discussion 

In this section we shall attempt to give an expla- 

nation for the differences observed in the values 

obtained for each group of stations in terms of 

surface geology and geothermal structure at sites 

of stations. 



124 L. AIT BRAHIM ET AL. 

Fig. 4. Site residual values superimposed on a simplified map of surface heat flow density in northern Morocco. 

SG-1, with the highest negative residuals, is situ- 

ated on an old crystalline basement, which forms, 

from a geophysical point of view, a medium with 

'simple' geology. Such rocks present few scat- 

terers of seismic waves and consequently, may gen- 

erate short signals (Guttenberg & Richter 1956; 

Borcherdt & Glassmoyer 1992; Eaton 1992; Su 

et al. 1992). Compaction of such old rocks contrib- 

utes significantly to the normal transmission of 

seismic energy between the rock particles. The high 

impedance of these media seems to dissipate a great 

part of the seismic energy. Moreover, this domain is 

characterized by a low surface heat flow density 
ranging between 40 and 65 mW m -2 (Rimi 1999) 

(Fig. 3). It is known that there is a dependence 

between surface heat flow and the velocity of high- 

frequency compressional waves, especially the P 

phase (Kubik 1988; Sharma et al. 1991; Rimi 

1999). This relationship indicates that Vp increases 

significantly in areas with low heat flow. For instance, 

in the Rif area (Fig. 1), low-density shallow astheno- 

spheric material (Seber 1996), coincides with very 

low Pn velocity group (Hatzfeld & Bensari 1977). 

To summarize the results for SG-l, we can con- 

sider that the high negative residual values 

(average: -0.26)  may be attributed to the combi- 

nation of at least two factors: the geological 

nature of the old compact crystalline formations, 

and the low surface heat flow in the region. 

SG-2 is located on (or in the immediate vicinity 

of) Palaeozoic rigid formations, which generally 

favour attenuation of seismic waves (Guttenberg 

& Richter 1956; Borcherdt & Glassmoyer 1992; 

Eaton 1992; Sue t  al. 1992). In contrast, the high 

heat flow density in the area is responsible for per- 

turbations that generate long signals (low crustal 

wave velocities) (Kubic 1988; Sharma et al. 1991; 

Rimi 1999). In this case, values for these residuals 

(average: -0.15)  may be considered as the com- 

bined result of: (1) their location on rigid and 

relatively old rocks characterized by high impe- 

dance; (2) the high heat flow as a consequence of 

recent volcanism in the region, which may exert 

an opposite influence. 

Geographically, SG-3 is situated between SG-1 

and SG-2, which are both considered as sited on 
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attenuating media. Relatively short durations were 

expected here. We assume that the major fault 

zones in this area contribute to the lengthening of 

durations because of belated arrivals of trapped 

phases. These major fault zones form a guide sup- 

porting the waves and the complicated sequence 

of their internal reverberations, which progressively 

inject energy into the neighbouring rocks (Kang & 

McMechan 1993). The attenuating effect of this 

medium (rigid and competent rock), which shortens 

durations, is compensated by the late liberation of 

the energy trapped in the fault zones, which 

lengthens durations, resulting finally in near-zero 

residuals values (about -0.07). 

For SG-4, geophysical and geological conditions 

can be summarized as follows: metamorphosed 

compacted rocks and Palaeozoic rigid formations 

imply systematic shortening of recorded durations 

and consequently negative residuals (Guttenberg 

& Richter 1956; Borcherdt & Glassmoyer 1992; 

Eaton 1992; Su et  al. 1992). On the other hand, 

the intensely fractured medium favours longer 

durations (Kang & McMechan 1993), and the influ- 

ence of recent sedimentary basins is also known to 

generate longer durations for the P and S phases 

(Guttenberg & Richter 1956; Borcherdt & Glass- 

moyer 1992; Eaton 1992; Su et al. 1992; Kang & 

McMechan 1993). Positive residuals are expected 

in this case. The complex geophysical and geologi- 

cal conditions in this domain seem to have opposing 

effects on wave propagation, resulting in very small 

residual values for the group (average 0.07). 

In SG-5, the greater heat flow (Rimi 1999) and the 

existence of asthenospheric material may be corre- 

lated with the increase in V v. These two parameters 

(high surface heat flow density and high negative 

gravity anomaly) can explain the values of the 

residuals obtained in an attenuating domain (Seber 

et al. 1996). The example of a digital seismogram 

(vertical-component, pass band 2 -10Hz)  for a 

seismic event occurring in the Rif tectonic boundary 

(Fig. 5a) shows significant attenuation of the shear 

waves (S phase). Stations BIT and MIF are 

located at equal distances from the epicentre, but 

with opposite azimuths. Seismic waves crossing 

the Rif lose their entire shear wave energy. No Sg 

arrival was identified on the BIT record. In contrast, 

waves propagating towards the south (MIF) clearly 

show the arrival of high-frequency S phase. As 

the distance covered is short (126 kin), this indicates 

that the energy loss that seismic waves undergo 

while crossing the Rif Domain is caused by geo- 

metrical attenuation. Thus, we attribute it to fre- 

quency-dependent anelastic attenuation. 

A second seismogram example also shows the 

absence of an S phase (Fig. 5b). This event 

was located in the eastern part of the Rif (Seber 

1995). Both epicentres selected to show this attenu- 

ation effect are situated in the Rif Domain. A third 

example, for an epicentre outside the Rif, clearly 

shows the recording of this shear-wave S phase 

by stations RSA and CPS (Fig. 5c). Attenuation 

is accentuated significantly when both station and 

epicentre are in the Rif. 

For this group of stations we take into account the 

existence of a major morphological structure along 

the continental margin to the Gibraltar Strait. This 

structure is responsible for focusing seismic waves 

towards these stations (Seber et  al. 1993). The influ- 

ence of this structure is reflected in a notable 

increase in recorded durations, and consequently 

may justify the positive values of residuals 

of these stations (average 0.12). Residuals obtained 

for stations of SG-4 and SG-5 located in the 

Rif Domain may not be accurately explained 

without considering the simultaneous interaction 

of several geological and geophysical factors. 

To explain residual values for SG-6, we note the 

following: (1) the location of these stations on 

Neogene basins or in their immediate vicinity; (2) 

the existence of zones with a focusing effect, 

which can influence seismic signals before they 

reach these stations (Seber 1995); (3) a high 

surface heat flow density ranging between 100 
and 130 mW m -2 (Rimi 1999) (Fig. 3). 

(1) in younger unconsolidated sediments, rever- 

berations in the surface layers lead to lengthening 

of the signal duration. Moreover, low impedance of 

these formations is responsible for tile amplification 

(by resonance) observed in such conditions. High- 

frequency phases respond well to the theoretical ray 

law for a given heterogeneity. According to this 

law, and from Suet al. (1992), the site amplification 

factor (and consequently, the site residual, as they 

are linearly correlated) is proportional to the square 

root of the impedance. Site residual has its highest 

positive value for younger, less consolidated sedi- 

ments (Guttenberg & Richter 1956; Borcherdt & 

Glassmoyer 1992; Eaton 1992; Su et al. 1992). This 

value decreases with the age and state of consolida- 

tion of the geological formation for all frequencies 

ranging between 1.5 and 12 Hz. Furthermore, Mener- 

ould & Bard (1987) have shown that the seismic 

signal is significantly modified in step with the mech- 

anical behaviour of rocks. 

(2) In a study of the propagation of high- 

frequency waves generated by Atlantic seismic 

events recorded by Moroccan stations, Seber et al. 

(1993) noted a common characteristic in the 

records; an S phase arrival with a large amplitude is 

obtained on the majority of the records, but its vel- 

ocity is too slow for it to be considered as a 'simple' 

Sn phase. Another late seismic wave phase recorded 

is also observed, and the travel time duration of this 
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Fig. 5. Site residual values superimposed on a Bouguer gravity anomaly map of northern Morocco. 

phase corresponds to the travel time of the Sn phase. 
The large-amplitude, low-velocity, S phase is inter- 
preted as the result of the Sn to Sg conversion 

(Seber et  al. 1993). This conversion is attributed to 

the thickness of the crust along the continental 
margin and the coastal zones (Seber et al. 1993). 
Two conversion zones are thus observed, and are con- 

sidered as a caustic zone, because a sudden increase of 
the Moho discontinuity depth is noted. This focusing 
effect is responsible for the recorded large amplitudes 

for the converted S phases (Seber et al. 1993). 
(3) The high surface heat flow density 

( 1 0 0 - 1 3 0 m W m  -2) in the northern part of the 

Western Meseta (Fig. 3) becomes suddenly less 
important towards the south (70-90mW m-Z). 

This observation provides an additional expla- 
nation for the relative decrease of the residuals 
from the north (0.32 at AVE and 0.32 at RTC) 

to the south (0.25 at CIA and 0.23 at JHA). This 
is because of the relationship between heat flow 

and high-frequency phase velocities (Kubic 1988; 

Sharma et  al. 1991; Rimi 1999). 

Conclusion 

A simple qualitative method to explain the discrepan- 
cies of the site residual values of 25 seismic stations 

consists in the use of all the available geological and 

geophysical data, integrated and combined according 
to their prevalence in a given region. 

Six groups of residual values are thus differen- 

tiated. SG-1 (TIO and OUK) is characterized by 
high negative residuals ( -0 .29  and -0.24), which 

indicate the tendency of these stations to record 
considerably shortened durations. The residual 
values are attributed to the combined effect of at 
least three parameters: ( 1 ) the nature of the geologi- 

cal formations, which are old, well compacted and 
crystallized; (2) the low surface heat flow in the 

region; (3) the attenuation caused by the geometri- 
cal propagation resulting from the long distances 
from the source to the station. SG-2 group, 

ZAI (-0.15),  TAF (-0.16), TZK (-0.17), MIF 
(-0.16),  IFR (-0.12),  KIB (-0.13)  and ZFT 

(-0.15),  with intermediate negative residuals, 
records relatively short durations. These residuals 
seem to be the combined effect of: (1) the location 
of the stations on rigid geological formations 

characterized by their high impedance, which 

results in the loss of a great part of the seismic 
signal; (2) the high heat flow in the region, which 
may exert an opposed influence by lengthening dur- 

ations. SG-3, consisting of CZD (-0.08), TNF 
(-0.07)  and TZC (-0.06),  has slight negative 
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Fig. 6. (a, b) Examples of seismograms showing the high attenuation of shear waves for stations located in the Rif in 
the case of seismic events occurring in the Rif (modified from Seber 1995). (e) Examples of seismograms showing the 
efficiency of shear waves for the Rif stations in the case of a seismic event occuring outside the Rif (modified from 
Calvert et al. 2000). 

residuals, resulting from the following effects: (1) 

the stations are situated in the zone between two 

attenuating regions (SG-1 and SG-2); (2) the 

major faults marking this zone significantly 

increase the recorded durations as a result of the 

energy of the late phase arrivals being trapped in 

faulted areas; (3) in contrast to SG-2, a low heat 

flow density is observed here, and therefore we 

can exclude perturbations that can generate an 

increase recorded durations. The attenuating effect 

of the rigid geological formations is compensated 

by the late liberation of the seismic wave energy 

trapped in the faulted zones. SG-4, consisting of 

DKH (0.08), JBB ( -0 .06) ,  TOU ( -0 .08 )  and 

PAL ( -0 .04) ,  is located in the metamorphosed 

and deformed (by Afr ican-Iber ian collision) 

Internal Rif Domain. Residuals here are the result 

of the following factors: (1) the rocks of this 

region are compact Palaeozoic geological for- 

mations, which are considered as an attenuating 

medium (Seber et  al. 1996); (2) the intense faulting 

in the region (Ait Brahim 2003), and the short 

source-stat ion distances in this zone result in 

lengthened durations, and consequently, 
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compensate for the attenuation expected in this 

zone, resulting in very small residual values. SG- 

5, consisting of CPS (0.11), BIT (0.13), TSY 

(0.14), RSA (0.12) and TGT (0.11), is composed 

of stations also belonging to the Rif Domain in a 

zone characterized by: (1) the presence of a deep 

crustal root responsible for the replacement of litho- 

spheric by asthenospheric low-velocity material in 

the External Rif (with a low Bougeur anomaly of 

- 1 5 0  reGal); (2) the high heat flow density in 

this zone. These two parameters may cause a con- 

siderable increase in recorded durations in a 

domain known for its attenuation (Seber et al. 

1996). SG-6, consisting of RTC (0.32), AVE 

(0.32), CIA (0.25) and JHA (0.23), shows high posi- 

tive residuals. These sites record considerably 

increased durations. We attribute this to at least 

three principal factors: (1) the stations are located 

on recent unconsolidated Neogene and Quaternary 

sediments of the coastal Meseta Domain, which is 

known for its amplification (as a result of low impe- 

dance) ( S u e t  al. 1992); (2) the high heat flow 

density recorded in this area may lengthen dur- 

ations; (3) the existence of focusing zones along 

the continental Moroccan margin is also responsible 

for increasing the recorded signals' durations, and 

for the considerable amplification of recorded 

Atlantic seismic events. 

This work was carried out within the framework of 
UNESCO-IUGS-IGCP project 457 'Natural Environ- 
mental and Technological Disasters', Seismic Hazard 
and Risk Assessment in North Africa, and project Ictp- 
n et.40, of the North African Seismological Group 
(NASG). 
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Abstract: This paper presents the results of an extensive chemical and isotopic investigation on 
natural thermal and cold fluids (spring waters and associated gases) discharging throughout the 
main geological domains of Morocco. The chemical features of the thermal springs are mainly 
dependent on rock dissolution involving Triassic evaporite formations, producing either Na-C1 
or Ca-SO4 composition, although mixing with shallower connate high-saline waters in 
Neogene post-orogenic sedimentary layers cannot be ruled out. Only in the Moroccan Meseta 
and Anti-Atlas domains have spring discharges probably undergone equilibration as a result of 
water-rock interaction in granites. Of the chemical and isotopic features of the gas seeps, 
3He/~He ratios and 813C-CO2 values indicate the occurrence of a significant contribution of 
mantle-derived gas, especially at Oulm~s (Moroccan Meseta) and Tinejdad-Erfoud (Anti- 
Atlas), where associated waters are found to equilibrate at relatively high temperatures 
(c. 130 ~ These areas are also characterized by the presence of Pliocene to Quaternary basaltic 
volcanic rocks. Thermal discharges located along the Rif front and related to the NE-SW-oriented 
main strike-slip faults are associated with a CH4- and/or N2-rich gas phase, derived respectively 
from a crustal or an atmospheric source. Some of them have significant contents of 3He that could 
indicate the rising of mantle fluids. Such a striking isotopic signature, which is not related to any 
recent volcanism visible at surface, is likely to be associated with cooling magma at depth related 
to transpressive fault systems. Similarly, in the northeastern area, the small, although significant, 
enrichment of 3He in the gas discharges seeping out along the Nekor seismic active fault and 
related to Pliocene-Quaternary basalts also suggests a deep-seated (magmatic) contribution. 
The distribution of thermal discharges is strongly related to the main active tectonic structures 
of Morocco. Moreover, this study indicates the presence of deep active tectonic structures in 
areas until now considered as stable. In particular, the NE-SW-trending Nekor fault may be 
part of a major system that extends to the Moroccan Meseta and into the Smaala-Oulmbs fault 
system, thus emerging as a deep structure with crustal significance. 

The geochemical features of  natural fluid discharges, 

such as cold and thermal springs and associated gas 

phases, have an important role in comprehending 

physico-chemical processes acting at depth (i.e. 

wa te r - rock  interaction, mixing) and in retrieving 

clues of deep-seated inputs (hydrothennal, meta- 

morphic and magmatic). Fluid circulation in the 

shallow crust is particularly active at plate boundaries 

as a result of: (1) rugged morphology; (2) pertur- 

bations of the thermal vertical profiles induced by 

subduction slabs and the rise of  mantle material, 

which favour convection of  fluids (e.g. 0 l iver  1986, 

1992; Sverjensky & Garven 1992); (3) active tec- 

tonics. Active faults provide open pathways for the 

circulation of  such fluids (Barnes et al. 1978). 

When  deep-sourced fluids pass through the shallow 

From: MORATTI, G. & CHALOUAN, A. (eds) 2006. Tectonics of the Western Mediterranean and North Africa. 
Geological Society, London, Special Publications, 262, 131-145. 
0305-8719/06/$15.00 (~) The Geological Society of London 2006. 
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crest, they may undergo, while rising to the surface, 

phase separation, mixing with meteoric-dominated 

aquifers and chemical re-equilibration. As a conse- 

quence, on a regional scale, their resulting chemical 

and isotopic composition at the surface is highly vari- 

able (e.g. Vaselli e t  al. 2002; Minissale 2004). 

A detailed study of the chemical characteristics of 

fluid discharges is worth while in Morocco, 

whose tectonic setting reflects a long-lived and 

complex evolution. Three Alpine chains (the 

Rif, the NE-SW-trending Middle Atlas and the 

east-west-oriented High Atlas) develop north of 

the Anti-Atlas Domain, which represents the north- 

ern limit of the African Shield, and are superimposed 

on the Hercynian belt, which largely crops out in the 

Moroccan Meseta (Fig. 1). The entire orogenic 

system is strongly affected by inherited structures, 

some of which are still active. In particular, field evi- 

dence supports the fact that the Middle Atlas Shear 

Zone is a complex active boundary (Bernini e t  al. 

2000), as is also suggested by the many Pliocene- 

Quaternary basaltic outcrops, scattered from the 

Anti-Atlas to the Mediterranean coast (e.g. Maury 

e t  aL 2000). 

Fig. 1. Schematic geological map of Morocco (data from Carte G6ologique du Maroc 1975, 1985, 1988, 1991; Suter 
1980a,b; Baudin et aI. 2001 b; Bendkik 2004; Chenakeb 2004) and location of the water and gas sampling sites. In the 
inset, dotted isolines suggest the rough trend of heat flow density (Rimi & Lucazeau 1987). 
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In this paper we try to: (1) use the composition and 

location of natural thermal and gas discharges 
throughout the main domains to relate the present 
deep fluid circulation to the most relevant tectonic 

structures; (2) detect connections with active tec- 
tonics; (3) eventually, recognize the presence of 
shallow active hydrothermal systems. 

Geological setting 

From a geological point of view, Morocco is one of 
the most fascinating regions in the Mediterranean 
area, reflecting a long-lived history that started in 

the Precambrian and is still active. As a conse- 
quence of this evolution, in central-northern 

Morocco several structural domains (Fig. 1) can 

be distinguished, as follows. 

(1) The Anti-Atlas, to the south, consists of Pre- 

cambrian rocks of the Pan-African Belt, overlain by 
a gently folded Palaeozoic cover (e.g. Choubert 

1963; Michard 1976). 
(2) The Mesetas, in Central and Eastern 

Morocco, are composed of metamorphic and grani- 

tic Palaeozoic rocks of the Hercynian Belt, covered 
by a tabular Mesozoic-Cenozoic succession (e.g. 

Piqu~ 2001); the Palaeozoic rocks mostly crop out 

in the Moroccan Meseta, to the west, where Hercy- 
nian granitic bodies are present, whereas in the 
Oran Meseta large Pliocene-Quaternary continen- 
tal basins developed (e.g. Carte G6ologique du 

Maroc 1985; Baudin et al. 2001a,b). 
(3) The Middle and High Atlas are relatively 

narrow mountain belts mainly consisting of Meso- 
zoic carbonates and terfigenous Cenozoic succes- 

sions (e.g. Choubert & Faure-Muret 1960-1962; du 
Dresnay 1988). This realm developed on a series of 
pre-existing structural weak zones that dissected the 

Hercynian Belt and controlled the Permian-Triassic 
opening of the Atlas basins. During the Alpine 
orogeny, inversion of these structures led to the 

closure of the basins and the formation of the 
intracontinental Atlas chains (e.g. Michard 1976; 
Mattauer et al. 1977; Laville & Piqu6 1991). 

(4) The Rif, to the north, is a thrust-and-fold belt 
belonging to the Mediterranean Alpine chains that 
underwent polyphase deformation from Late 

Eocene to Quaternary time, with the deformational 
front migrating southwards, towards the external 

zones (e.g. Wildi 1983; Chalouan et al. 2001). 

The frontal thrust of the Rif bounds to the south 
the onshore southern branch of the Gibraltar Arc, 
creating a large foreland basin, which is dissected 
along roughly NE-SW-trending faults into the 

Gharb, Meknes and Guercif Basins (Fig. 1). 

All the structural domains of Morocco are strongly 
affected by inherited structures that were reactivated 

during the Hercynian and Alpine orogeneses (e.g. 
Piqu~ et aL 1987). These structures, marking 

the limits of the Permian-Triassic basins at the 
onset of the Alpine cycle, controlled the distribution 
of sedimentation, in particular of the Triassic-early 

Jurassic evaporites that can be found widely dis- 
tributed in both the Rif and Atlas domains and, 

subordinately, in the Mesetas (Salvan 1974). 
The three Alpine belts, superimposed and 

accreted onto the older chains, are limited by 

east-west- and NE-SW-trending main structures, 
whose present-day activity as a result of the 
roughly north-south-directed Africa-Eurasia con- 

vergence is demonstrated by a diffuse seismicity 
(Hatzfeld & Frogneux 1981; Medina & Cherkaoui 
1992; Hatzfeld et al. 1993). Both the northern and 

southern borders of the High Atlas are east-west- 
trending active thrusts (Dutour & Ferrandini 1985; 

Froitzheim et al. 1988; Jacobshagen et al. 1988; 
Zouine et al. 1996; Piccardi et al. 2001). Also 
active are the east-west-trending "Rides Pr~ri- 
faines', which are the expression of the frontal 

thrust of the Rif in the Meknes-Fez area (Moratti 

et al. 2003; Piccardi et  al. 2004). The NE-SW- 
trending faults, limiting the Middle Atlas, under- 
went, and still are subject to, sinistral transpression 
under the same compression (e.g. Jacobshagen et al. 

1988; Fedan et al. 1989; Boccaletti et  al. 1990; 

Bernini et al. 1996, 1999, 2000; Gomez e ta l .  1996). 
Inherited structures with the same orientation are 

also developed within the main structural domains. 
Major sinistral transpressive faults, the Jebha and 

Nekor faults, and the northern extension of the 
Middle Atlas Shear Zone affect the Rif and consti- 
tute lateral ramps of the major thrust fronts (Olivier 

1981-1982; Leblanc & Olivier 1984; Hernandez 
et al. 1987; Bernini et al. 1996, 1999, 2000; 
Tejera de Leon 1997). The Nekor fault, in particu- 
lar, is one of the most important seismic structures 

of Morocco (Medina 1995; Calvert et al. 1997). 

The Nekor fault is usually indicated only as the 
lateral ramp of one of the main internal thrusts of 
the Rif (Fig. 1). Segments prolonging this structure 
to the south under the thick Rifian cover and joining 

with the frontal thrust of the Rif have been 
suggested by Meghraoui et al. (1996). The entire 

Middle and High Atlas are internally affected by 
NE-SW- and ENE-WSW-oriented mainly sinis- 
tral transpressive faults. NE-SW- and east-west- 

trending fault systems are also developed in the 
Mesetas and in the Anti-Atlas domains, respectively 

(Fig. 1). 

Sampling procedures and analytical 

methods 

Water and associated gases from most thermal 

springs of Morocco and from some cold springs and 
rivers for reference were collected during three 
sampling campaigns, carried out in October 2002, 

September 2003 and July 2004 in the framework 
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of the scientific co-operation between Morocco 
and Italy. 

Thermal spring water discharges are distributed 

over a wide area, from the Alboran Sea coast to 
the north towards the Anti-Atlas Domain (samples 

32, 33 and 34) to the south, and from the Oran 
Meseta (samples 24, 25 and 26) to the Moroccan 

Meseta (samples 13, 17 and 18) in the east-west 

direction, including the Rif, Middle Atlas and 
High Atlas domains (Fig. 1). 

Temperature and pH of water discharges were 

measured in the field. Alkalinity (titration with 
0.01 N HCI), B (Azometina-H method; Bencini 
1985), NH4 (molecular spectrophotometry), the 

main anions (SO4, C1, Br, F and NO3 with a 
Dionex DX100 ionic chromatograph) and cations 

(Ca, Mg, Na, K and Li with a Perkin-Elmer AAna- 
lyst 100) were determined in the Geochemistry 
Laboratories of CNR-IGG and the Department of 

Earth Sciences of Florence. 
180/160 and 2H/H isotopic ratios (expressed as 

glSo and gD %oV-SMOW) in water samples 

were determined using a Finnigan Delta Plus XL 
mass spectrometer at CSIC Laboratories in 
Granada. Oxygen isotopes were analysed using the 
COz-H20 equilibration method of Epstein & 

Mayeda (1953). The hydrogen isotopic measure- 
ments were carried out on H2 obtained after the reac- 
tion of 10 Ixl of water with metallic zinc at 500 ~ 
according to the analytical procedure described by 

Coleman et al. (1982). The experimental error 
was _+0.1%o and _+ 1%o for glSO and gD values, 

respectively, using EEZ-3 and EEZ-4 as internal 

standards, which were previously calibrated 
against V-SMOW and SLAP reference standards. 

Gases were collected by using a plastic funnel posi- 

tioned upside-down in the bubbling gas, to which pre- 
weighed and pre-evacuated 50 ml Thorion-tapped 

glass tubes, partially filled with 20ml of a 0.15M 
Cd(OH)2 and 4M NaOH solution, were connected. 
Gas sampling lasted until the vacuum head-space 
pressure reached that of the discharging vent. Acidic 

gases (CO2 and H2S) were trapped in the alkaline sol- 

ution, and residual non-condensable gases (N2, 02, 
CO, H2, He, Ar, Ne, CH4 and light hydrocarbons) 
accumulated in the head-space. During sampling, 
H2S reacts with Cd 2+ in solution to form poorly 

soluble CdS (Montegrossi et al. 2001). 
In the laboratory, inorganic gas compounds (N2, 

H2, He, O2, Ar and Ne) were analysed using a gas 
chromatograph (Shimadzu 15a) equipped with a 
thermal conductivity detector (TCD), by using a 
long molecular sieve column (9 m at a temperature 

of 30 ~ to obtain a satisfactory separation 
between H2, He and Ne peaks. To split Ar 

from O2 the temperature was lowered to 0 ~ by 
using cryogenic equipment (Shimadzu CRG-15) 

fed by liquid CO2. Light hydrocarbons (C2-C6 
compounds) were analysed by gas chromatography 

using a flame ionization detector (FID) and by using 
a column packed with Chromosorb 80/100 mesh 
coated with 23% SP 1700 (Tassi et al. 2004). 

After the chromatographic analysis, the solution 

and the solid precipitates were centrifuged to separ- 
ate the two phases. CdS in the solid phase was dis- 
solved and oxidized with H202 and then analysed 
for HzS by ion chromatography as SO 2-, whereas 

CO2 in the caustic solution was analysed by titration 
with 0.5N HC1 (Montegrossi et al. 2001). Precision 
is generally <1% for major gas components and 

< 5% for minor and trace compounds. 
The 13C/12C isotopic ratio of CO 2 (expressed as 

g~3C %0 V-PDB) was determined with a Finnigan 

Delta S mass spectrometer in Florence after extrac- 
tion and purification of the gas mixture by standard 

procedures (Evans et al. 1998). Internal (Carrara and 
San Vincenzo marbles) and international (NBS18 

and NBS19) standards were used for estimation of 
external precision. Analytical error is _+0.05%0. 
The reproducibility of g values for C is _+0.1%o. 

3He/aHe and 4~ ratios were determined 

using a noble gas mass spectrometer (VG5400) at 
the Department of Earth and Environmental 
Sciences, University of Rochester (NY). The mass 
spectrometer adequately measures 3He without 

interference from HD and H3. The gas samples 
were processed on a stainless steel and Corning- 

1724 glass high-vacuum line. Water vapour and 
CO2 were removed at - 9 0 ~  and -195  ~ 

respectively, and N2 and 02 reacted with Zr-AI 
alloy (SAES-ST707). Ar and Ne were adsorbed 
on activated charcoal at - 195 K and at - 230  K, 

respectively. SAES-ST-101 getters (one in the 
inlet line and two in the mass spectrometer) 
reduce the HD + background to c. 1000 ions/s 1. 
3He/4He ratios were analysed by a Faraday cup 

(resolution of 200) and a Johnston electron multi- 

plier (resolution of 600) for sequential analyses of 
the 4He (Faraday cup) and 3He (multiplier) beams. 

On the axial collector (resolution of 600) 3He+ is 

completely separated from HD + with a baseline sep- 
aration of < 2% of the HD + peak. The contribution 
of HD + to the 3He peak is <0.1 ion/s -1 at 1000 

ions/s ~ of HD +. The analytical error for the 
3He/4He ratio estimation is about 0.3%. After com- 
pletion of the helium analysis, 4~ ratios are 

measured on a split of the purified argon. Sensitivity 
for argon is about 4 x 10 -4  AT -~ and precision is 

about 0.2%. 

Results and discussion 

Chemica l  compos i t ion  o f  waters  

Outlet temperatures, pH values, contents of maj or and 
minor components and total dissolved solids (TDS) 
values of water discharges are reported in Table 1. 
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Fig. 2. Langelier-Ludwig (Langelier & Ludwig 1942) 
diagram for the water samples from Morocco. 

The geochemical classification based on the dis- 

tribution of water samples on the Langelier- 
Ludwig diagram (Langelier & Ludwig 1942) 
(Fig. 2) shows that the cold (T <25 ~ waters are 
relatively diluted (TDS <1000 mg 1-1) and have 

a Ca-HCO3 composition (group i), typical of 
worldwide running water and groundwaters. 

Setting aside sample 30 (Fezouane), Ca-HCO3 

waters with > 25 ~ outlet temperatures are gener- 
ally characterized by a higher salinity (TDS up to 
2800mgl-~;  Table 1) (group II; Fig. 2). As 
shown in Figure 3, samples 17 (Haya-Oulm~s), 21 
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Fig. 3. Nav. HCO3 binary diagram for water samples 
from Morocco. 

(AI Hamra 2), 23 (Chifa), 32 (Tassamounte) and 

33 (Lalla Mimouna) show relatively high H C Q  
(up to 2300 mg 1-1) and, at a minor extent, Na 
(up to 699 mg 1-1) contents, probably related to 

both the presence of CO2 (all these thermal 
springs are associated with a CO2-rich gas phase) 

that changes to HCO3 at pH > 4.3, and Ca-Na  
ion-exchange between circulating water and clay- 

bearing sedimentary formations (Drever 1997). This 

is particularly true for samples 17 and 33, whose 
composition is characterized by a Na-HCO3 

facies (Fig. 2). 
The third group (group III; Fig. 2) includes the 

majority of the water discharges roughly aligned 
in an east-west direction between the Rif and the 

Middle Atlas domains (samples 1, 2, 4, 5, 7, 19, 
20, 22 and 28; Fig. 1), as well as those of the 

High Atlas Domain (samples 15 and 16; Fig. 1). 
They show a Na-C1 composition with a wide 
range of outlet temperatures (between 19 and 

53 ~ Table 1) and medium to high salinitj 
(some of them have TDS values up to 31 g 1-1: 

Moulay Yacoub de Bab Tiouka, sample 1 in 

Table 1). Such compositional characteristics may 
be ascribed to the interaction with NaCl-rich Trias- 

sic evaporitic formations, waters from which may 
mix, to differing degrees, with shallower and 

much less saline aquifers while rising to the 
surface. A fourth group (group IV; Fig. 2) can be 
distinguished and includes the thermal springs of 

the Oujda province (samples 25, 26, 29 and 31; 
Table 1), in the Oran Meseta, and Sidi Harazem 

water (sample 9) located close to the town of Fez 

(Fig. 1). This group has a Ca-SO4 composition, 
relatively low salinity (TDS is between 860 and 

1500mgl -I)  and outlet temperatures ranging 
between 25 and 36 ~ (Table 1 ). With the exception 

of sample 9, the high proportions of SO4 with 
respect to the other anions may reflect the oxidation 

of a HzS-rich gas phase, produced by either the 
decomposition of organic material at shallow 
depths in the Neogene sedimentary formations 
and/or the leaching of sulphates from evaporitic 

layers. 
The chemistry of water samples characterized by 

compositions intermediate between the four recog- 

nized groups (Fig. 2), such as Guercif, Oued Chareft 
(samples 8 and 24), Skounate, Imouzer des Mar- 

moucha and Lalla Mimouna Bir (samples 6, 14 
and 34), seems to be deriving by the mixing, to 
varying degrees, of the different compositional 

end-members described so far. 
The relative abundances of F, Br and Li provide 

further insights into the main processes controlling 
the chemistry of the Moroccan water discharges. As 

shown in Figure 4, all the (Na-Ca)-HCO3 
(samples 17, 21, 23, 32 and 33) and a few Na-C1 
(samples 2, 4, 5, 6 and 22) thermal waters have 
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Fig. 4. F-Li x 5-Br ternary diagram for water 
samples from Morocco. 

significant Li enrichment as a result of prolonged 
water-rock interaction in silicate formations and 

possibly favoured by the presence of a CO2-rich 

gas phase that characterizes the (Na-Ca)-HCO3 
waters. In contrast, the chemistry of thermal 

waters that are enriched in Br and have relatively 
high TDS values (samples 1, 7, 16, 19, 25, 28 and 

29) seems to be mainly related to the mixing to 
varying degrees with connate saline waters. 

Isotopic composition of waters 

Analytical data for gl 80 and gD values of water dis- 

charges range from -9 .1  to -0.02%0 and from 
-60.5  to -28.5%0 (V-SMOW), respectively 
(Table 1). The g180-gD diagram in Figure 5 

shows that the majority of cold waters and several 
thermal waters of the Rif, Middle and High Atlas 

domains (samples 2, 4, 7, 11, 14, 15 and 16) are 
aligned between the Global Meteoric Water Line 
(GMWL; Craig 1961) and the Mediterranean 

Meteoric Water Line (MMWL; Gatt & Carmi 
1970). In contrast, the remaining thermal waters 
and three cold springs (samples 8, 24 and 27), 

whose chemical composition is slightly different 
from that of the other cold discharges in their 

higher SO4 and Ca contents (Table 1), show a posi- 
tive 180 shift, which is possibly due to isotopic 

exchanges during water-rock interactions of 

meteoric water that permeated underground at 
different altitudes. Alternatively, the distribution 
of ~180 and gZH ratios in water samples may be 

explained in terms of the contribution of isotopi- 

cally heavy connate waters and/or the effect of 
evaporation (Fig. 5). 

Chemical composition of gases 

Chemical and isotopic (carbon in CO2, argon and 
helium) compositions of the 11 gas phases associ- 

ated with the thermal springs are listed in Table 2. 

On the basis of their main components four 

groups can be distinguished: (1) CO2-rich gases 
(samples 17, 21 32 and 33), associated with the 

Ca(Na)-HCO3 and Na-HCO3 water samples; 
(2) N2-rich gases (samples 2 and 15), related to 

Na-C1 waters of medium salinity (Table 1); (3) 
CH4-rich gases (samples 1 and 5), seeping out with 
high-saline Na-C1 waters discharging in the Rif 

Domain; (4) CO2-N2-rich gases (samples 19, 22 
and 23), related to medium to high-salinity Na-C1 

and Ca-HCO3 waters whose origin can be regarded 

as a mixing process between rising CO2-rich and des- 
cending Nz-rich meteoric-derived end-members. 

As shown in the O2-Ar-Ne ternary diagram 

(Fig. 6), Ar/Ne ratios in the Moroccan gases range 

between those of air-saturated water (ASW) at 
20 ~ (Ar/Ne = 1700) and 80 ~ (Ar/Ne = 940), 

for pure water, respectively. This indicates that 

argon and neon have mainly originated from the 
atmosphere and, at the same time, their ratios 
exclude any ah" contamination during sampling 

(Ar/Ne~ir ~ 525). Moreover, O2 appears to be 
strongly depleted, particularly for the N2-rich 

gases, possibly as a result of bacterial activity- 
induced oxidation processes, redox reactions 
among gas species and water-rock interaction. 

Fig. 5. glSo v. gD binary diagram for water samples 
from Morocco. GMWL, Global Meteoric Water Line; 
MMWL, Mediterranean Meteoric Water Line. 
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Fig. 6. Ar-O2/10-Ne x 1000 ternary diagram for gas 
samples from Morocco. Air and air-saturated water 
(ASW) compositions are reported. 

The N2/100 x H e - 1 0 - A r  diagram (Fig. 7), in 
which the compositions of potential sources of 
gases deriving from air, ASW, crust and mantle 
(Giggenbach et  al. 1983) are reported, shows that 
N2/Ar ratios (between 41 and 104) are slightly 
above those of ASW, suggesting a limited but 
detectable N2 input from non-atmospheric 
sources. Moreover, many gas samples are enriched 
in He with respect to air and ASW, because of the 
addition of radiogenic 4He from the crust (Xu et  al. 

1997). Concerning the organic gas fraction, the 
C2-C6 hydrocarbon gas compounds are generally 
below the analytical detection limit (0.00001 vol. 
%; Table 2), with the exception of the CO2-poor 
gases of the Rif and the High Atlas domains 
(samples 1,2, 5 and 15). The latter have significant 
amounts of ethane, propane and iso-butane (up to 
0.721, 0.324 and 0.00023 vol. %, respectively). 
Such a distribution of hydrocarbon compounds is 
commonly found to originate from bacterial 
activity at low temperature (e.g. Capaccioni et al. 

1993; Mango 2000), although the relatively low 
values of the CH4/(C2H6 + C3H8) ratio (ranging 
between 38 and 240) seem to suggest some contri- 
bution of thermogenic organic gas species pro- 
duced in a hydrothermal environment (Whiticar 
1990; Darling 1998). 

Isotopic composition of gases 

The B13C-CO2 values of the three mixed CO2-N2 
(samples 19, 22 and 23) and the A1 Hamra 
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Fig. 7. Ar-N2/100-He x 10 ternary diagram for gas 
samples from Morocco. Air and air-saturated water 
(ASW) compositions are reported. Crust and mantle 
fields are also reported (Giggenbach et  al. 1983). 

Fig. 8. R/Ra v. 813C binary diagram for gas samples 
from Morocco�9 

CO2-dominated (sample 21) gases vary between 
-9�9 and -19.3%o (V-PDB), the 12C enrichment 

probably being related to the degradation of 
organic matter (soil-COe) (Talma & Netterberg 

1983; Cerling 1984, 1991; Salomons & Mook 
1986; Reyes et al. 1998). It is noteworthy that the 
relatively low ~13C value of sample 19 ( -  19.3%o) 
can be ascribed to the fact that this gas was 

extracted in situ from the liquid phase by using a 

tested stripping method�9 This procedure would 
cause a carbon fractionation during sampling 

(Tassi et al. 2004). 
The 3He/4He ratios of these samples range from 

0.2 to 0.5 R/Ra, indicating a certain, but small 
(between 2.5 and 6%), contribution of mantle- 
derived 3He (Marty et al. 1992), whereas the 
4~ ratios are similar to that of air (298). In 
contrast, the high 4~ ratio (up to 506) 

measured in A1 Hamra gas sample (sample 21) indi- 
cates a significant enrichment in crustal 4~ Thus, 

the underground circulation of the fluids feeding 

these discharges seems to be mainly limited to rela- 
tively shallow systems, as is also supported by the 
low outlet temperatures (below 29 ~ Table 1). 

The Oulmrs, Lalla Mimouna and Tassamounte 

CO2-rich gases (samples 17, 32 and 33) are character- 
lzed b hi 13 �9 y "gher 8 C (between - 4.2 and - 5.0%~) and 
fall in the typical range of mantle-sourced CO2 (e.g. 
Hoefs 1973; Rollinson 1993). This is consistent 

with the R/Ra values (1.74 and 3.86), which indicate 
a significant (up to 48%) contribution of mantle 3He 

(Fig. 8). On the other hand, Ar seems to be completely 
40 36 atmospheric ( Ar/ Ar ratios for samples 17 and 32 

are 298 and 301, respectively). On this basis, the 

thermal springs discharging the CO2-rich gases are 
intimately related to the deep-seated systems, and 

are affected by the shallow environment only to a 
very limited extent. 

The 3He/4He ratio of the CH4-rich gases (1.25 

and 1.56 R/Ra for samples 1 and 5, respectively; 
Table 2) suggests a lower 3He mantle contribution, 
although it is relevant when compared with that of 

the CO2-rich gases�9 This finding is apparently in 

contrast to the compositional features of these 

gases, whose high CH4 and N2 contents (up to 
97.0 and 38.9 vol. %, respectively; Table 2) must 

be referred to a shallow source. This anomalous 
feature can be explained by considering the 

CO2/3He ratio, which can be regarded as a useful 
tracer to estimate the possible sources of the col- 
lected fluids. The low CO2/3He ratios of both the 
CO2-rich and the CH4-rich samples (107-108), 

even lower than those found in mid-ocean ridge 
basalt (MORB)-related gases (109), can only be pro- 

duced by a mixing between a deep (mantle) and a 
shallow CO2-poor gas component, a process that is 
not able to significantly affect the CO2/3He ratio. 

Geothermometry 

The distribution of heat flow in northern and central 
Morocco was evaluated by bottom-hole thermal gra- 

dient profiles carried out in a large number of deep oil 
exploration wells (e.g. Rimi & Lucazeau 1987; Rimi 
1999; Zarhoule 1999; Zarhoule et al. 2001). 

The thermal profiles show a general increase of 

heat flow rate from south to north. The Anti-Atlas 
shows the lowest subsurface temperatures (the 
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geothermal gradient is about 14 ~ km- 1), similar 

to that of the West African shield (Brigaud et  al. 

1985), whereas the Moroccan Meseta and the 
High Atlas are characterized by temperature- 
depth profiles typical of normal continental crust 
(about 30~ Conversely, the Rif, the 
Middle Atlas and the Oran Meseta, located 
between the High Atlas and the Alboran Sea, have 
the highest heat flow (Fig. 1). In these areas the 
geothermal gradient ranges from 40 to 62 ~ km- 1, 
possibly in relation to the presence of extensive 
Pliocene-Quaternary basaltic volcanism (Carte 
GEologique du Maroc 1985; Hernandez & Bellon 
1985; Hernandez et al. 1987; Rachdi 1995). 

The more interesting zone of Morocco for 
geothermal investigation seems to be located in its 
NE sector (Cermak 1982). The relatively high 
number of thermal discharges is probably caused 
by the higher thermal gradient, to which more 
than 100 thermal springs in the Rif region 
(Benmaldalouf 2001; Winckel 2002; Winckel 
et  al. 2002) are coupled. 

The analytical data for the fluid discharges pre- 
sented in this study may be used to acquire further 
insights into the temperature path with depth that 
may be expected in Morocco. Concerning the 
evaluation of deep temperature by some of the 
most common geothermometers, such as Na-K 
(Fournier 1979), N a - K - C a  (Fournier & Truesdell 
1973) and Na-Li  (Fouillac & Michard 1981), it 
should be noted that, in most cases, these techniques 
cannot be reliable. As previously mentioned, water 
samples belonging to group III (high-saline Na-C1) 
appear to be strongly affected by dilution with 
shallow aquifers waters, the latter being character- 
ized by a Ca-HCO3 (group I) composition. On 
the other hand, Ca(Na)-HCO3 and Ca-SO4 
thermal waters are generally too immature for the 
application of these geothermometric techniques. 

Both aspects can be observed in the K / 1 0 -  
Na/1000-Mg 1/2 ternary diagram of Figure 9 

(Giggenbach 1988) where most samples group 
close the 'low-temperature' Mg corner, or in the 
partial equilibrium-dilution sector. Furthermore, 
chalcedony and quartz geothermometers (Amos- 
son et  al. 1983) give low equilibrium temperatures 
(< 100 ~ often below the outlet temperatures, 
for most Moroccan thermal waters (data for SiO2 
contents are from Cidu & Bahaj (1998, 2000) 
and Mimi et  al. 1998), as a result of silica pre- 
cipitation during fluid rise and/or dilution 
with shallow aquifers. The only exception is rep- 
resented by sample 17 (Oulm~s), which has 
153 mg 1 ~ of SiO2, corresponding to an equili- 
brium temperature (chalcedony geothermometer) 
of about 135 ~ whereas N a - K  and N a - K -  
Ca geothermometers produce unusually high 
temperatures (> 150 ~ 

Fig. 9. Mg j/2-Na/400- K/10 ternary diagram for 
water samples from Morocco. 

Similarly to what is observed for the application 
of liquid-phase geothermometers, gas-based 
geothermometry does not produce satisfactory 
deep temperatures. The addition of biogenic CH4 
and/or of dissolved atmospheric phases (i.e. N2, 
Ar and Ne) to the thermal paths at shallow depth 
in the crust jeopardizes any geothermometric calcu- 
lation of the Moroccan gases. These secondary pro- 
cesses can produce gas compositions that lead to the 
estimation of unrealistic low equilibration tempera- 
tures (Giggenbach 1991). 

For the CO2-rich gases of Lalla Mimouna and 
Tassamounte, which are less diluted by organic 
and atmospheric components (Ar and CH4 are 
<0.05 and <0.005 vol. %, respectively), the appli- 
cation of gas geothermometry techniques seems to 
be more reliable. One of the most suitable gas 
geothermometers for the assessment of equilibrium 
temperatures in hydrothermal reservoirs is that 
based on the Hz/Ar ratio (Giggenbach 1991). By 
assuming that (1) the redox conditions are controlled 
by a generic FeO-FeO1.5 rock buffer system ('GT' 
system; Giggenbach 1987, 1993), regarded as the 
most appropriate one for <300 ~ hydrothermal 
fluids, and (2) Ar is constrained by air saturation in 
a saline brine (Chiodini et al. 2001), the Hz/Ar 
geothermometer provides equilibrium temperatures 
in the range of 120-130 ~ consistent with that cal- 
culated for the Oulm6s sample (number 17) by 
liquid-phase geothermometry. 

Conclusions 

Similarly to many countries located along the suture 
zone of the former Tethys Ocean (Italy, Greece, 
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Turkey, etc.), Morocco has a very complex circulation 

of fluids at depth. Meteoric-sourced waters are driven 

by rugged topography from high towards lower lands 

and mix with counter-flow thermal waters and associ- 

ated gas phase rising along the main fault systems. 

Thermal springs of Morocco show large compo- 

sitional and isotopic differences, ranging from 

typical groundwater and running water (group I) to 

more saline Ca(Na)-HCO3 (group II), Na-C1 

(group III) and Ca-SO4 (group IV) waters. These 

chemical features are mainly produced by water-  

rock interaction and rock dissolution processes, 

which mainly affect the Triassic evaporitic for- 

mations that are rich in high-soluble NaC1 and 

MgCI2 salts (Salvan 1974). Thermal waters in the 

Oujda area have a Ca-SO4 composition, indicating 

that gypsum is the main evaporitic phase. 

As shown in Figure 1, thermal discharges are 

clearly aligned along, or located close to, the main 

regional tectonic structures and active faults, allow- 

ing the rapid rise of the hot fluids circulating at 

depth. Helium isotopic ratios suggest that a signifi- 

cant mantle contribution occurs not only at the 

thermal discharges of the Moroccan Meseta and 

the Anti-Atlas domains, marked by a CO2-rich 

deep-sourced gas phase (samples 17, 32 and 33), 

but also at two springs (samples 1 and 5) emerging 

along the Rif thrust front (Fig. 1), associated with a 

CH4(N2)-rich gas phase that is clearly produced in a 

shallow environment. High contents of CH4-N2 

coupled with the presence of significant amounts 
of mantle 3He are typical of gases discharging in 

active transpressive structures, such as the San 

Andreas fault (Kennedy et al. 1997), without the 

presence of shallow active hydrothermal systems. 

In the Meknes area two main fault systems inter- 

sect: (1) the active east-west-trending thrusts of 

the Rides Pr~rifaines (Moratti et  al. 2003; Piccardi 

Fig. 10. Schematic structural map of Morocco indicating the NE-SW-trending continuous active crustal structure 
developing from Oulmbs to the Mediterranean coast (shaded with grey lines). Bold black numbers refer to samples 
located in the Moroccan Meseta and Anti-Atlas, characterized by high helium isotopic ratios and a CO2-rich deep- 
sourced gas phase. White numbers in black circles refer to samples located along the Rides Pr~rifaines, characterized 
by significant mantle 3He associated with CH4(N2)-rich gases. Numbers in squares refer to gas samples located in the 
Rif along the Nekor fault, characterized by a small mantle signature of helium isotopes. 
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et al. 2004) and (2) the NE-SW-t rending  mainly 

sinistral transpressive structures represented in 

outcrop by the Sidi Fill fault and the Agourai- 

Moulay Yacoub fault, along which Triassic evapor- 

ites crop out (Fig. 10). This surface pattern, together 

with the presence of many thermal sources and 

active travertine deposits, argues for a connection 

at depth between the NE-SW-t rending  fault 

system and the east-west-trending active thrusts 

of the Rides Pr6rifaines, and may account for the 

distribution of 3He anomalies over a wide area 

along the frontal thrust of the Rif in the Meknes 

area (Fig. 10). The contemporary presence of 3He 

anomalies and minor outcrops of active basaltic 

volcanism at Oulm~s, in the Moroccan Meseta 

Domain and at Lalla Mimouna and Tassamounte, 

in the Anti-Atlas Domain, could be explained by 

mantle-related magmas residing in the crust. The 

'magmatic '  carbon isotopic signature of these 

CO2-rich discharges, together with 3He anomalies, 

clearly indicates that CO2, probably from mantle 

degassing or deep hydrothermal systems, is able 

to rise through deep faults (Fig. 10). 

The only other area where the mantle signature of 

helium isotopes, although small, is detectable in the 

thermal discharges is the eastern Rif Domain, 

between Nador and Taza (samples 19, 21, 22 and 

23, labelled in Fig. 10), related to the main tectonic 

structures of Nekor and the eastern termination of 

the Rif thrust front. 

In conclusion, the geochemical and isotopic data 

indicate a contribution for a mantle source along a 

N E - S W  direction, corresponding to major surface 

transpressive structures (Nekor fault, Sidi Fili 

fault, Agoura i -Moulay  Yacoub fault system, 

Smaala-Oulmbs fault system, Fig. 10), which 

may point to the presence of an active continuous 

crustal structure at depth. 
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by the bilateral agreement between CNR (Italy) and 
CNRST (Morocco). We wish to express our thanks 
to R. Cidu and A. Michard for their useful suggestions 
and comments, which contributed to improve the 
manuscript. 
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Abstract: Factorial correspondence analysis proved to be a usethl statistical tool when comparing 
the clastic input of distinct deposits and searching for their source area. Here we analyse and 
compare the reworked carbonate clastic material in the late Cretaceous calciturbidites of the 
B6ni Ider area (Rifian External Domain) and the Internal Dorsale Calcaire (Internal Domain). 
The main result is that the source area for the B~ni Ider calciturbidites was a neighbouring, 
isolated, shallow carbonate platform, the basement of which consists of a Jurassic succession of 
the Internal Dorsale Calcaire type. However, statistical comparison with the coeval pelagic depos- 
its of to the latter domain leads us to exclude the Dorsale Calcaire as a possible origin of these B6ni 
Ider calciturbidites. The source area was probably a lost carbonate platform, which should be 
located in the open External Domain. This result appears to be consistent with the Tariquide 
Ridge hypothesis and gives new insights into the palaeogeographical scheme of the flysch trough. 

Along the Internide-Externide front of the 

Moroccan Rif mountains, two contrasting struc- 

tural domains are juxtaposed: (1) the Dorsale 

Calcaire, mainly composed of Jurassic-Cretaceous 

carbonate-dominated materials, indicating a car- 

bonate platform bordering westwards the Internal 

Zones (e.g. E1 Kadiri 1984, 1991; Olivier 1984; 

E1 Hatimi 1991); (2) the flysch domain, which has 

long been considered as deriving from a flysch 

trough lying between the Internal Zones-related 

palaeomargin and the African one (e.g. Bouillin 

et al. 1970, 1986; Durand-Delga 1972, 1980; 

Didon et al. 1973; Raoult 1974; Bourgois 1978). 

Based on late Jurassic and earliest Cretaceous 

pelagic successions (radiolarites and 'complexe 

Aptychus',  respectively), the Mauretanian series 

was located on the northern side of the flysch 

trough, i.e. close to the Dorsale Calcaire-related 

carbonate platform (Didon et al. 1973). However, 

these two facies were widespread over the Tethyan 

Realm and the extent to which the Dorsale Calcaire 

could have acted as the source area for the flysch 

trough during early Cretaceous-Miocene times 

remains an unsettled issue, especially for the case 

of the late Cre taceous-Eocene  calciturbidite 

successions. 

It may be possible to shed new light on this broad 

palaeogeographical scheme through a study based 

on the statistical analysis of the reworked carbonate 

clasts in the late Cretaceous calciturbidite succes- 

sions lying on both sides of the Externide-Internide 

front, i.e. the Dorsale Calcaire and the neighbouring 

Brni  Ider flysch successions. 

Successions studied and origin of the 

samples analysed 

The material studied was sampled from coeval, late 

Cretaceous strata belonging to the principal Internal 

Dorsale unit (Internal Domain) and the well- 

developed, late Cretaceous calciturbidites of the 

Brni  Ider flysch series (External Domain, Fig. 1). 

These two areas were selected because the reworked 

From: MORATTI, G. & CHALOUAN, A. (eds) 2006. Tectonics of the Western Mediterranean and North Africa. 
Geological Society, London, Special Publications, 262, 147-160. 
0305-8719/06/$15.00 (@ The Geological Society of London 2006. 
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Fig. 1. A. Simplified geological map of the northwestern Rif belt and location of the studied sections. 1,2, Internal Rif 
Domain; 3-10, external Rif Domain. 1, Palaeozoic nappes and metamorphic units; 2, Calcareous Chain (Dorsale 
Calcaire, mainly Triassic and Jurassic); 3, lntrarif zone with the Tangier-Ketama parautochthonous units (late 
Cretaceous); 4, Mesorif zone; 5, Prerif zone; 6, Massylian sandstone flysch (mainly Albian-Aptian); 7, Tisir~ne 
sandstone flysch (mainly Albian-Aptian); 8, B6ni Ider series (late Cretaceous-early Burdigalian); 9, Numidian 
sandstone flysch (mainly Aquitanian); 10, Post-nappe Miocene and Quaternary. 

carbonate clastic material proved to be, in thin sec- 

tions, of the same nature. This material strongly 

recalls the Liassic and Tithonian-Berriasian 

facies that is well known in the Hafat Ferkenich 

and Hafat Uestia units of the Internal Dorsale 

(e.g. E1 Kadiri et al. 1989). From the base 

upwards these facies are: dolomite breccias (of 

Triassic age); white, massive limestones (of earliest 

Het tangian-  Sinemurian age); Posidonia-rich 

mudstones (the so-called 'calcaires h filaments'; 

Toarcian); Saccocoma-rich mudstones (latest Kim- 

mer idgian-ear ly  Tithonian); Calpionella-rich 

mudstones (late Ti thonian-  Berriasian). 

In the Hafat Ferkenich and Hafat Uestia units, 

coarse-grained breccias and calciturbidites trans- 

gressively rest upon a conspicuous, polyphase 

palaeokarst surface that developed independently 

on these five facies (El Kadiri et al. 1989, 1992), 

and from which they logically sourced their carbon- 

ate elastic material. However, the presence of the 

same clastic material also in the palaeogeographi- 

tally distant B6ni Ider area, in a proximal turbidite 

facies, remains hard to understand, especially if we 

consider that the large external Dorsale units lie 

between these areas. 

The statistical analysis, presented below, was 

undertaken because these five facies proved to be 

ubiquitous in all the late Cretaceous B6ni lder turbi- 

dites we have analysed in the northwestern External 

Rif. 

Table 1 gives the percentage values resulting 

from the systematic counting of the reworked litho- 

clasts, bioclasts and quartz grains in 76 selected 

samples. These values are obtained through point 

counting of several hundreds (300-1000) of clasts 

per sample. The majority of the samples come from 

distinct stratigraphic levels (of late Cretaceous age) 

throughout the Rar Aghroud section (B~ni Ider area, 

Fig. 1 ). The counting also included coeval calciturbi- 

dite levels from the Oued El K6bir section (located 

near Rar Aghroud locality) as well as from the 

Internal Dorsale: the Hafat Ferkenich and Kobat 

Sidi Kmim sections, both located 3 km south of the 

city of Tetuan. 

Conceptual framework and method 

Two facts make the statistical assessment signifi- 

cant: (1) the base-of-slope gravity-flow discharges 
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commonly carry great volumes of clastic material 
so that the latter should be satisfactorily representa- 
tive of the material produced in the source area; 
(2) the mixing processes within turbulent flows 

may be high enough to homogenize their clastic 
content. In addition, clean calciturbidite flows 
generally stop via frictional freezing, so the clast 

content at the sample scale may reflect the initial 
composition of their parent flows (in the sense of 

Mutti (1992) and E1 Kadiri et al. (2006)). 
The statistical method used here is factorial cor- 

respondence analysis (FCA, Benzecri 1973; Diday 
et al. 1983; Saporta 1990), which has proved to 
be useful in many sedimentological and biostrati- 
graphical studies (Rey et al. 1994; Bonnet et al. 

1999; Lezin et al. 2000). From a pure statistical 
point of view, this method provides a comprehen- 

sive view for a set I of elements described by a 
set J of properties. FCA generally results in a geo- 
metrical 2D scheme displaying the main relation- 

ships between the components of sets ! and J, 
taken together or separately, or even between the 

elements of a specified set I or J considered inde- 
pendently. Numerical data form the primary basis 
of this analysis in a rectangular I - J  crossing- 

table, or in a square ! x I or J x J table. Treating 
these (by means of computer software: Statistica 

VF5, in the present study) consists in projecting 
all the elements of a set I in the space IR J, which 
results in a cloud of points, whose dispersal 
pattern reveals the relationships between them. 

Such a visual-based assessment may best be accom- 
plished through repeating and comparing the 

projection in distinct planes. In these, each of the 
two axes is defined by an outlying element (i.e. 
the element showing the highest value on the con- 

sidered axes). Usually, the main axes D1 and D2 
often provide at least 50% of the whole statistical 

information. 
Geologically, elements of set ! correspond to 

samples, which are collected from distinct strati- 

graphic intervals and outcrops, so this set may in 
turn be subdivided into distinct sample sets (i.e. 
facies sequence). Comparison of these is possible 

when projecting the samples in the factorial plane. 
Properties of set J correspond to the various com- 
ponents of a given sample, namely the lithoclasts, 

bioclasts and quartz. Factorial behaviour of these 

in a given projection plane may be interpreted sep- 
arately or in conjunction with that of samples in the 
same plane. 

It is noteworthy that the main plane D1 -D2 does 
not necessarily provide the most important result, 

because the axes D1 and D2 are generally defined 

by the ubiquitous and most abundant clasts. 
Indeed, some key clasts of great significance may 
be represented by the axis D3 or D4 if they are 
confined to specific levels and/or are poorly 

represented in the treated samples because of their 
original scarcity in the source area. Then, a wide 

spectrum of plane projections (for axis pairs 
D1-D2,  D1-D3,  DI -D4 ,  D2-D3, D2-D4,  

D3-D4) is needed to compare and select the most 
significant results. 

The application of factorial correspondence 
analysis to Table 1 consists of three steps that 

complement each other. 

Stage I: clasts taken as variables. Their distri- 
bution over the factorial space reflects their relative 
proportions and abundance throughout the samples 
treated. The grouping of some of the clasts as small 

cloud(s) means that they have similar behaviour 
relative to the remaining clasts, especially relative 

to the two distinct clasts whose highest values 
define the two factorial-space axes. It is possible 
to see them separated by changing the projection 

factorial-plane (there are six possible planes 
defined by the four axes D1-D4,  see above). 

Stage II: samples taken as variables. The samples 
display behaviour over the factorial space depend- 
ing upon their relative clast input. It is noteworthy 

that the grouping of many samples as dense 

cloud(s) may be interpreted not only as the clasts 
having similar behaviour relative to the remaining 
samples, but also as a consequence of one or more 

ubiquitous clasts, which quantitatively dominate 
the reworked material. For example the CB-type 
clasts (derived from the regionally well-known 

white massive limestones, i.e. the so-called 
'Calcaires Blancs', CB) may be represented by as 

many as 1000 elements within a single sample, 
whereas CALP-type clasts (derived from the 
reduced Calpionella-rich mudstones) may be 

scarce or represented by < 100 elements. Such rela- 
tive proportions are pre-determined by the overall 

composition of the source materials and not by 
selective transportation processes. Significant, stat- 
istical sample behaviour would be brought out 

by changing the projection-plane axes, or by the 
elimination of the most ubiquitous clast(s) from 
the statistical analysis. In contrast, an isolated 

sample, clearly separated from the principal 
sample cloud, indicates a clast or several clasts 
whose occurrence is exceptional in the overall suc- 

cession (e.g. bioclasts SPE corresponding to the 
sponge spicules and fragments). Unfortunately, it 

is such a clast type that determines certain factorial 
axes. Additional projections are then tentatively 
obtained by removing these exceptional clasts. 

Stage III: sections taken together or separately in 

the statistical analysis. Both clast- and sample- 

type projections should not be carried out in treating 
the studied samples together, regardless of their 
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Table 2. Factorial planes selected (A 1 -H2) for the factorial correspondence analysis 

Variables The six All the RA 4- EK 4- ID RA 4- EK RA 4- ID 
planes variables 

CB Lithoclasts All data 
excepted only 

RA 

SPE Lithoclasts Lithoclasts SPE 
excepted 4- Qz only excepted 

D1-D2 
D1 -D3 

Clasts D1 -D4  

D2-D3 
D2-D4 
D3-D4 

[ D I  -D2  
| D 1  -D3 

Samples ~ DI -D4  
| D 2 - D 3  
] D 2 - D 4  
~ D 3 - D 4  

F1 
A1 C1 HI 

E1 
B1 D1 G1 

F2 
A2 C2 H2 

E2 
B2 D2 G2 

The planes selected do not necessarily correspond to the main axes D1 and D2 because the information given by these mainly concerns 
variables displaying extreme behaviours (i.e. very abundant and ubiquitous clasts, such as variable CB) or that are strictly confined to 
some stratigraphic levels (e.g. variable SPE). It was necessary to remove them from some projections to show the relative behaviour 
of the remaining clasts. This operation is tentatively repeated for the studied sections taken together or separately. 

origin. Significant difference in behaviour of vari- 

ables may hypothetically be possible between dis- 

tinct sections. Thus, for the Rar Aghroud facies 

sequences, the best results are obtained below in 

eliminating the samples coming from other 

sections. 

Altogether, 96 distinct planes have been analysed 

(Table 2), among which 16 are selected (Fig. 2 

planes A1 and A2 to H1 and H2) to provide better 

evidence of the statistical behaviour of the 

reworked carbonate material. The selected planes 

do not necessarily correspond to those defined by 

the major axes D1 and D2. This graphical result 

provides a valuable basis for comparison of the ver- 

tically stacked facies sequences of the studied B6ni 

Ider succession, and the regionally patched, late 

Cretaceous calciturbidites (e.g. internal Dorsale). 

Statistical analysis of  the reworked 

carbonate clasts in the B6ni Ider and 

'Dorsale calcaire' calciturbidites 

The results we obtained are presented according to 

the diagrams shown in Figure 2. The information 

they provide often outpaces our interpretative capa- 

bilities, although it has clear sedimentological sig- 

nificance, such as to oppose the bioclast to the 

lithoclasts in the factorial space, or the pedological 

quartz (QE, 'quartz en 6charde', Meyer 1987) to the 

metamorphic rock-derived quartz (QF, the so-called 

'quartz filonien'). 

We will emphasize, below, the cases in which the 

dispersal pattern of variables allows us to distinguish 

the previously defined facies sequences from each 

other (FS. 1-FS.6),  on one hand, and the B6ni Ider 

calciturbidites from the Internal Dorsale ones, on 

the other. 

Diagrams A1 and A2: all the samples and 

clasts are treated in factorial 

correspondence analysis 

Diagram A1 shows planktonic Foraminifera (FP) 

and sponge spicules (SPE) clearly separated from 

the major cloud, because these variables are 

occasionally present in some levels within the 

Rar Aghroud and Oued E1 K~bir sections. The 

major clast cloud is split into three clusters 

depending upon the relative abundance of the 

clasts within the following facies sequences: FS.5 

(cluster with QF, FB, COR), FS.3 (cluster with 

FB, QE) and F S . I - F S . 3 - F S . 6 ,  which are taken 

together with the internal Dorsale (the remainder 

clasts). At the same time, the FCA clearly 

separated the clasts reworked from the material 

produced by the platform itself (by both its inun- 

dated and emerged parts: mixture of bioclasts 

plus quartz) from that derived from its Triassic- 

Jurassic substratum. 

Diagram A2 brings out the main samples respon- 

sible for the preceding clast distribution. Nearly all 

the samples from FS.4 and FS.5, as well as some 

samples from FS.1 and the Oued E1 K6bir section 

(EK, which is the lateral equivalent of FS.1 of Rar 

Aghroud section) diverge from the major cloud 

according to a pattern with three trends. 
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Fig. 2. The planes in which the clasts are taken as variables (A1 and A2 to H1 and H2) clearly show differentiation into 
two groups depending on the clast origin; namely, from the platform substratum or from the material of the inundated 
platform itself. Within each of these groups, when taken separately, the distinction is clearly made between clasts 
supplied from the massive carbonate formations (Triassic-early Jurassic in age) and those supplied from the 'condensed 
series'-type (late Liassic and latest Jurassic), or those derived from a terrigenous source (see text for details). 

Diagrams B1 and B2: all data are 

treated, except the variable CB 

(clasts derived from the white massive 

limestones) 

Diagram B1 is obtained by excluding the over- 

abundant  variable CB from the statistical analysis, 

which allows the clast c loud to be dissociated into 

a l i thoclasts-dominated group (positive values 

along the axis 3) and a group dominated  by the 

e lements  characterizing FS.5 (namely,  COR,  QF 

and FB). Variables QE, FP and RAD (radiolarite- 

der ived clasts) are clearly separated f rom these 

clouds and show extreme values as a result of  

their abundance in specific levels. It is noteworthy 

that the variables RCL ( rus t -ye l low clasts that 

have undergone  rubefaction) and DOL show 

near-identical  behaviour,  which agrees with the 

c o m m o n  observation in thin section that the 

majori ty  of  the RCL clasts correspond to altered 

dolomites .  
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Fig. 2. (Continued) 

In diagram B2, this clast behaviour results in the 

samples of the Internal Dorsale and almost all those 

of FS.3 being separated from other clouds, which 

consist of a mixture of samples pertaining to the 

remaining facies sequences. The axis 3 puts the two 

sections selected in the Internal Dorsale, 

Hafat Ferkenich and Kobat Sidi Kmim sections, 

against the other, as a result of the presence of radi- 

olarite clasts (RAD) in the former and the QE in the 

second. Equivalent contrary behaviour is shown by 

FS.3 and FS.1 + EK because of the presence of 

bioclasts (BEN) together with the QE in the former 

and the predominance of the lithoclasts derived 

from dolomites (DOL + RCL) and from the older 

basement (SOUB) in the second group. 

Diagrams C1 and C2: lithoclasts only 

In diagram C 1 the axis D3 separates the variables CF 

and CALP derived from the reduced series (the late 

Liassic filament-rich and Titbonian-Berriasian Cal- 
pionella-rich mudstones, respectively) from those 

derived from the massive carbonate formations 

(Triassic-earliest Jurassic, DOL, RCL and CB). 

The clasts RAD derived from radiolarites are separ- 

ated from these clouds because of their occasional 
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presence in the Hafat Ferkenich section. A note- 

worthy feature is the factorial position of the clasts 

CALP and CF relative to the clasts SOUB derived 

from the older basement of the platform (mainly 

schist and gneiss clasts). If we take into account 

that the erosion of an undeformed series acts 

through time per descensum, and results in succes- 

sive exhumation of the vertically stacked strata, it 

should be expected, instead, that these clasts 

derived from Jurassic pelagic strata would have a 

closer relationship with the clasts sourced from the 

immediately underlying late Triassic-early Liassic 

massive carbonate formations (CB and DOL, 

mainly). The factorial affinity of the variables 

CALP and CF with the variable SOUB may indicate 

that the 'condensed series' were, in the source area, 

deposited discordantly on the older basement. 

This fact has never been observed in the Internal 

Dorsale successions. 

In diagram C2, the majority of the samples show 

low values with respect to the axis D3, as a result of 

the overabundance of the clasts CB, DOL and RCL, 

whereas many samples from ID and FS.1 present 

the highest values because of the abundance, at 

the same time, of the clasts CALP and CF (this 

result may be obtained through comparison with 

diagram C1). The samples from the Internal 

Dorsale calciturbidites may be arranged in a distinct 

cloud because of the presence of clasts RAD 

sourced from the radiolarites. This criterion allows 

them to be fundamentally distinguished from the 

Btni Ider samples. 

Diagrams D1 and D2: Bdni Ider 

calciturbidites only 

In diagram D1, the lithoclasts derived from the 

older basement and the Jurassic substratum of the 

source platform (SOUB, DOL, RCL, CB, CF and 

CALP) are clearly separated from the benthic 

material of the latter (FB, benthic Foraminifera; 

COR, reef debris; BEN, diverse benthos including 

bivalves, gastropods, algae, echinoid spines and 

rudist fragments), and from the quartz grains (QE, 

QF) that typically invade shallow bioclastic sands. 

Such a fundamental discrimination, although hard 

to determine without the statistical analysis, shows 

that the supplying parent flows may originate inde- 

pendently from the platform material or from its 

basement. We will suggest below a possible 

interpretation for this based on a newly defined 

concept: 'transgressive washing'. It should be 

noted how both the planktonic Foraminifera (FP) 

and the sponge spicules (SPE) are clearly separated 

from the bioclast cloud, which is consistent with the 

difference between the palaeoenvironmental con- 

ditions, that are favourable to them. 

Diagram D2 shows which facies-sequence distri- 

bution results from the preceding discrimination. 

The group FS.1 + FS.2 + FS.3 + FS.6 consists of 

high lithoclast proportions, with its facies sequences 

being distinguished based upon the dominant litho- 

clasts, whereas the group FS.4+FS.5 + E K  

primarily consists of bioclasts, with its facies 

sequences being separated depending upon the 

planktonic or benthic signature. 

Diagrams E1 and E2: comparison between 

the sections from Rar Aghroud and from 

the Internal Dorsale, based upon the 

main elements 

Variable SPE is excluded here because its occur- 

rence characterizes only some levels within the 

Cenomanian-Turonian interval (FS. 1). 

In diagram E1 we can recognize the preceding 

discrimination between the lithoclasts and the bio- 

clasts, with their respective values being opposed 

along the axis D2. The variables DOL and RAD 

are drawn apart from the lithoclast cloud and are 

opposed along the axis D4. Variables RAD and 

COR display the highest values along this axis, 

but are opposed along the axis D2. The variable 

FP is drawn apart from the main cloud formed by 

the bioclasts and their associated quartz, and 

displays the highest value along the axis D2. 

Considered together, these clast behaviours allow, 

in diagram E2, a better discrimination to be made 

between the two sections from the Internal Dorsale, 

on one hand, and between the Rat Aghroud facies 

sequences, on the other. 

Diagrams F1 and F2: comparison 

Internal Dorsale-BFni Ider, based upon the 

lithoclasts and quartz 

Diagram F1 clearly separates the two types of 

quartz (QF: 'filonien' quartz, derived from quartzite 

and metamorphic rocks; QE: 'quartz en ~charde' of 

pedological origin) from each other and from the 

lithoclast cloud, derived from the massive carbon- 

ate formations and the older basement of the 

source platform. This behaviour may easily be 

explained for QE, which is of pedological origin 

(Meyer 1987). In contrast, QF may also be 

sourced from the older basement, so its isolation 

in the factorial space seems less easy to understand. 

However, the fact that the factorial plane D1-D2 

brings together the clasts derived from a same stra- 

tigraphic column strongly suggests that QF was 

derived from a denuded basement or originated in 

any other area independent of the platform carbon- 

ate substratum. Its sudden occurrence in the base of 
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FS.5 (early Maastrichtian) pinpoints a key event, 

which must be related to environmental and/or 

eustatic changes. 
In diagram F2, the facies sequences are discrimi- 

nated and arranged between the three preceding oppo- 

site poles. The samples from the Internal Dorsale are 

brought close to the QE pole together with the 

samples from FS.4. The remaining facies sequences 

are clearly separated from the Internal Dorsale. 

Diagrams G1 and G2: comparison internal 

Dorsale-Bdni  Ider, based upon the 

lithoclasts only 

Diagram GI shows that the variables CALP and CF 

are clearly separated from the main lithoclast cloud. 

They acquire the highest values along the axis D3, 

whereas the variable RAD is isolated by the axis 

D4, along which it acquires an extreme negative 

value. Isolation of this variable may be regarded 

(in the same way as for QF in diagram F1) as a 

consequence of a distinct source (i.e. a radiolarite- 

intercalated succession), which supplied the Hafat 

Ferkenich section, relative to that from which the 

coeval Kobat-Sidi-Kmim calciturbidites were 

derived (radiolarite-devoid succession). Along the 

axis D3, the high and near-equal values of the vari- 

ables CALP and CF may be interpreted by the fact 

that these clasts were sourced from juxtaposed 

levels in the source area. This is consistent with 

the field observation made regionally in the Internal 

Dorsale, that the Calpionella-rich mudstones 

discordantly overlie the filament-rich ones (with a 

significant gap between them; El Kadiri et al. 
1989). However, this deduction does not necess- 

arily mean that the Internal Dorsale acted as 

source area for the B6ni-Ider calciturbidites. 

In diagram G2, the preceding discrimination 

between the variables CALP-CF/RAD and the 

other allows us to clearly distinguish the whole of 

the B~ni Ider calciturbidites from that of the 

Internal Dorsale. 

Diagrams HI and H2: Rar-Aghroud 

section solely 

Diagrams H1 and H2 recall diagrams D1 and D2 in 

excluding the Internal Dorsale. Here the Oued El 

K6bir section is also excluded because it may be 

assumed that a distinct position with respect to the 

source area, within the same palaeogeographical 

setting (i.e. the B6ni Ider trough), may result in sig- 

nificant differences in the clast content. This pre- 

caution is mentioned to better evidence the actual 

behaviour of the pre-defined, Rar Aghroud facies 

sequences. An additional precaution is taken by 

excluding the variable SPE, whose overabundance 

in specific levels of FS.1 seems to us partly 

related to turbidite grain segregation. 

In diagram H1, the ubiquitous variable CB acts as 

an intersection point of three major, elongated clast 

clouds, which obliquely diverge from each other (at 

angles near 120~ The variables FP and QF are 

opposed, along the axis D1, a fact that is consistent 

with the tendency of the pelagic signature and the 

terrigenous input to be mutually exclusive. 

Diagram H2 shows the factorial scheme that 

results from the preceding clast behaviour, when 

the samples are taken as variables. A noteworthy 

feature is the arrangement of the samples according 

to their respective facies sequences. Among these, 

FS.1, FS.2 and FS.3 are juxtaposed according to 

their chronological order along the axis D3, as a 

result of the progressive depletion with time of 

the clasts CALP and CF, compared with the enrich- 

ment in clasts BEN and in QE. FS.6, at the top of the 
Rar Aghroud section (latest Maastrichtian), strik- 

ingly involves again the clasts CALP and CF, 

which explains why its factorial position is close 

to that of FS.1. The opposite factorial positions of 

FS.4 and FS.5 along the axis D 1 result from the con- 

trasting behaviour of the pelagic signature of the 

former and the terrigenous character of the latter. 

On the whole, the factorial arrangement of these 

facies sequences gives evidence that each of them 

was supplied by a generation of parent flows that 

involved distinct clast populations. This result 

may have an important bearing on the sequence 

stratigraphy interpretation (see below). 

Discussion 

The lithological description presented above was 
first prompted by the common occurrence within 

the B6ni Ider, late Cretaceous calciturbidites of 

clasts derived from the following two key facies: 

the Liassic filament-bearing mudstones and the 

Tithonian-Berriasian Calpionella- or Saccocoma- 
rich mudstones (at the Cenomanian-Turonian and 
latest Maastrichtian levels). These facies are well 

known in the Jurassic-earliest Cretaceous succes- 

sions of the Internal Dorsale, so they give the first 

impression that the B~ni Ider caiciturbidites would 

have been sourced from the carbonate successions 

of the Rifian Internal Domain (i.e. Dorsale 

Calcaire). A similar conclusion was previously 

drawn by Maghrebian researchers, who noted the 

presence of pebbles derived from crystalline rocks 

within the late Oligocene-Aquitanian strata of the 

B6ni Ider flysch. Recently, such an assumption 

was questioned by Puglisi et al. (2001) and Zagh- 

loul et al. (2002), who showed through statistical 

analysis that the B~ni Ider material was not 

sourced directly from the metamorphic Ghomar- 

ides' terranes known at present but from a lost 

continental crust segment. 
The statistical analysis of the stratigraphically 

underlying late Cretaceous calciturbidites presented 
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above appears consistent with this result, as it 

equally (1) leads us to question the first impression 

given by their carbonate lithoclasts that they would 

have originated from the tectonically juxtaposed 

Dorsale Calcaire and (2) provides evidence that 

their source was a lost carbonate platform, which 

should be reconstructed in the external domain 

itself. Overall, the petrographical analysis under- 

taken in the Internal Dorsale and the B4ni Ider 

area, in conjunction with the stratigraphic compari- 

son between these distinct domains, allows the 

following two conclusions to be drawn. 

(1) A land-disconnected source may be 

suggested for the B4ni Ider calciturbidites (Fig. 3). 

A notable feature is the proximal, clean breccia 

flows interbedded within them (i.e. grain-flows of 

Lowe 1982; facies F3 of Mutti 1992). Their 

thinner division, if not detached from the corre- 

sponding parent flow, reveals that they sometimes 

involve a mixture of shallow-water skeletal grains 

(reef debris, encrusting algae, benthic Foraminifera; 

mainly FS.3b and FS.5), sometimes planktonic 

muds, namely the radiolarian-rich mudstones 

during Cenomanian-Turonian times and the plank- 

tonic Foraminifera during the Campanian (mainly 

FS.1 and FS.4). The sheet-like geometry of most 

of these calciturbidites and the small-scale channel- 
ling (on outcrop scale) of the breccia flows strongly 

suggest deposition at the base of a steep slope (i.e. 

close to a shallow-water, shedding system). This 

depositional setting is inconsistent with one receiv- 

ing the oversupplied, terrigenous-mud-rich, turbid- 

ity systems I-III  (Mutti 1985; Mutt i& Normark 

1987, 1991), and should best be classified as an iso- 

lated carbonate platform (Cook & Taylor 1977; 

Cook & Egbert 1981; Cook & Mullins 1983; Sarg 

1988; Handford & Loucks 1993). It is possible 

that it has a wide, shoal-water, flat-topped com- 

ponent landwards, and a distally steepened ramp 

seawards. Such a physiography seems to satisfac- 

torily account for the stratal pattern, the petrogra- 

phical composition and the regional extent of the 

B~ni Ider calciturbidites (see also the similar dis- 

cussion by Yose & Heller (1989)). Measurements 

of palaeocurrent directions based on flute-casts 

indicate currents travelling from a direction N15- 

N45, mainly N20-30 (see E1 Kadiri et al. 2006), 

which provides supporting evidence that they 

were supplied from a distinct source with respect 

to the neighbouring Dorsale Calcaire. 

(2) A second, lost pelagic seamount could also 

be reconstructed along the eastern side of the 

palaeogeographical area corresponding to the 
Internal Dorsale. It shed into the latter, during Cam- 

panian and Maastrichtian times, small carbonate 

mudflows rich in pelagic Foraminifera, which 
resulted in the so-called 'Capas Rojas', and 

'Capas Blancas', respectively (El Kadiri et al. 

1989). These key facies are extend regionally 

throughout the Gibraltar arc and clearly differ 

from the coeval B4ni Ider calciturbidites (Fig. 3). 

Conclusion 

The quantitative study of the reworked material, 

using factorial correspondence analysis, has primar- 

ily ledus to clearly distinguish the clastic content of 

the late Cretaceous calciturbidites of the B4ni Ider 

unit (External Domain) from that of coeval carbon- 

ate material belonging to the neighbouring Internal 

Dorsale Calcaire units. Furthermore, several strati- 

graphic intervals have been characterized depend- 

ing on the distinct clast populations successively 

delivered by the source area mainly (quartz, litho- 

clasts and bioclasts). Thus, this statistical method 

may have an important bearing on palaeogeographi- 

cal reconstructions. 
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Abstract:  This study deals with the Mauretanian flysch nappe in the southern side of the Gibraltar 
Strait, NW of the Rif belt (Morocco), where it is possible to better appraise the stacking pattern of 
its two structural components (the Tisirene and B6ni Ider nappes), and to decipher the chronology 
of deformation and its structural relationships with the overlying (Predorsalian and Numidiarl 
nappes) and the underlying nappes (Melloussa and Intrarif units), it is fonnd that the main defor- 
mations were produced by an intermittent compressional regime, during which north-south- to 
NW-SE-directed compressional phases alternated with ENE-WSW to east-west-directed compres- 
sional ones. Whereas the former were generated by the Africa-Iberia convergence and resulted in 
small-scale thrusts and a brittle deformation style, the latter were driven by the west-drifting 
Alboran plate and resulted in paroxysmal fold-thrust deformations. Field evidence shows that the 
emplacement of the Mauretanian nappe over the Massylian one and the Intrarif units operated by inter- 
related compressional and gravitational processes, by virtue of which the maj ority ofnappes stacked in 
an out-of-sequence regime. The precise age of the paroxysmal phases remains uncertain because of 
paucity or absence of direct stratigraphical data. However, this structural evolution is likely to have 
started as early as the mid-Burdigalian, when sedimentation synchronously ceased in the flysch 
trough. Its final phases may be placed precisely between the Langhian (N8) age of the most recent for- 
mations overlapped by these nappes and the late Tortonian age of the oldest formations transgressively 
covering them. 

The Rif belt represents the westernmost part 

of the Maghrebian Alpine chain, which crops 

out along the Mediterranean coast of North 

Africa, from the Calabrian to the Gibraltar arc 

(Fig. l a). Three structural domains form the Rif 

(Fig. la): 

(1) the internal domain, which consists of a 

triple nappe complex, the Dorsa le -Ghomar ides -  

Sebtides, which are respectively made up of Meso- 

zoic carbonate rocks, Variscan-derived Palaeozoic 

terranes and high-grade metamorphic and mantle 

rocks (e.g. Kornprobst 1974; Chalouan 1986). 

(2) The Flysch domain, which resulted from 

deformation of the 'Flysch Trough' formations 

(Durand-Delga 1972) into complex nappe piles. 

This domain is mostly confined along elongated 

areas that now form the outline of the Gibraltar 

arc (Fig. l a  and b). Depending upon their position 

within the initial basin and their stratigraphic 

relationships, the siliciclastic flysch units can be 

grouped into two main stratigraphic successions 

(Bouillin et al. 1970; Raoult 1974): (a) the Maure- 

tanian series, which is generally located close to 

the northern margin of the Flysch Trough and con- 

sists of the Tisirene flysch, of late Jurassic-early 

Cretaceous age, and the B6ni Ider flysch, of Palaeo- 

gene-Mid-Burdigal ian age; (b) the Massylian 

series, which is located close to its southern palaeo- 

margin and consists of the early Cretaceous Massy- 

lian flysch (sensu stricto) and the Numidian flysch, 

of Palaeogene to early Burdigalian age. 

(3) The external domain, basically consisting of 

(a) late Cretaceous, peli te-dominated parau- 

tochthonous terranes (Tangiers -Loukous  units) 

and (b) Triassic to Tertiary, carbonate and silici- 

clastic parautochthonous to autochthonous ter- 

ranes (Mesorif-Prerif) .  

The external domain derived from the African 

palaeomargin of the Maghrebian-Apenninic  

chain, whereas the Internal Domain was a part of 

From: MORATTI, G. & CHALOUAN, A. (eds) 2006. Tectonics of the Western Mediterranean and North Africa. 
Geological Society, London, Special Publications, 262, 161-175. 
0305-8719/06/$15.00 (~ The Geological Society of London 2006. 
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Fig. 1. Flysch nappes in the Western Mediterranean realm. (a) 1, Internal zones; 2, flysch nappes; 3, external zones; 
4, foreland. Rectangle indicates location of northwestern Rif. (b) Structural map of the northwestern Rif chain. 1, 
Sebtide and Ghmaride units; 2, Calcareous chain; 3, Tangiers unit; 4, Massylian Melloussa nappe; 5, Mauretanian 
Tisirene nappe; 6, Mauretanian B6ni Ider nappe; 7, Predorsalian unit; 8, Numidian nappe; 9, post-nappe formations. 
Outline indicates location of study area. 

the A1KaPeCa microplate (Bouillin et  al. 1986) 

located between Africa and Eurasia during the pre- 

paroxysmal history. The Flysch Trough, which 

extended between Sicily and the Gibraltar area, rep- 

resented the deepest part of this palaeogeographical 

setting and could have an oceanic to transitional 

crust (Durand-Delga et al. 2000). Indeed, at the base 

of the flysch series, ophiolitic rocks may locally 

form the basement of late Jurassic-early Cretaceous 

pelagic strata (Michard et  al. 1992; Durand-Delga 

et  al. 2000), or may be embedded within preflysch 

units (Andrieux 1971; Durand-Delga et aI. 2000). 

At the scale of the Mediterranean area, 

although there is acceptance that the s~ucture of 

the Betic-Maghrebian chain resulted from the 

Eurasia-A1KaPeCa-Africa triple convergence, the 

geodynamic mechanism still remains a matter of 

debate. It may have involved: (1) collision without 

subduction (Platt& Vissers 1989; Vissers et al. 

1995; Turner et al. 1999); (2) collision with a 

single north-dipping subduction (Zeck 1996, 1997; 
Lonergan & White 1997); (3) collision with two 

successive subductions, namely a late Cretaceous- 

mid-Oligocene, south-dipping subduction (Alpine- 

Betic subduction) followed by a late Oligocene-early 

Miocene, north-dipping subduction (Apenninic- 

Maghrebian subduction; Chalouan et al. 2001; 

Chalouan & Michard 2004). 

In this context, the silicictastic flysch successions 

play a palaeogeographical and structural key role, 

as they bear the record of an oceanic domain that 

has entirely disappeared, and form the frontal part 

of an 'accretionary prism' that subsequently thrust 

the African and locally the Betic margins. 
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Recently, several sedimentological and stratigra- 
phical studies have focused on the siliciclastic 
flysch successions, but the outcrop conditions 
and the complex nappe deformations allowed only 

scarce detailed structural analyses; for example, 
by Andrieux (1971) and Besson (1984) in the 
Moroccan central Rif, and by Lfijan et al. (1999, 

2000) Crespo-Blanc & Campos (2001) and 
Crespo-Blanc & Lfijan (2002) in the Spanish 
'Campo de Gibraltar'. 

The main aim of this paper is to describe and 
decipher the deformation style, kinematics and 
timing of the Mauretanian nappe emplacement, in 
a structural key area of the central part of the 

Gibraltar arc (Fig. la). New insights are expected 

to be made into the Gibraltar arc genesis and the 
kinematics of the three plates involved during 
the paroxysmal history. 

Geological setting of the Mauretanian 

nappe 

Regionally, the Tisirene and B6ni Ider nappes extend 
throughout the Betic-Maghrebian-Calabrian chain. 

The Tisirene nappe corresponds to the 'Flysch de 
Los Nogales' in the Spanish Campo de Gibraltar, 

the 'Flysch de Guerrouch' in the Algerian Kabylies, 
and the Sicilian 'Flysch del Monte Sorro' (Bouillin 

et al. 1970). 
Stratigraphically, the late Jurassic-early Cretac- 

eous Tisirene series and the Palaeogene- 

mid-Burdigalian B~ni Ider series were grouped by 
Bouillin et al. (1970) and Raoult (1974) in a 
single stratigraphic column, based on field data 

from the Algerian Little Kabylia. In the Rif, the 
best field evidence for late Cretaceous transitional 

strata between the last Tisirene sandstone beds 
and the first B6ni Ider Palaeogene turbidites 

comes from well-exposed coastal outcrops in the 
study area (Fig. 2). These strata consist of incompe- 
tent thin-bedded calciturbidites and red shales 
(similar strata were described by E1 Kadiri et al. 

(2003) in the B6ni Ider area). They act as the 
large-scale detachment level that resulted in differ- 

entiating the Tisirene and the B~ni Ider nappes. 
Other pelite-dominated incompetent strata occur in 
the Berriasian-Valanginian interval (the so-called 

'preflysch'), just below the Hauterivian-Albian 
thick-bedded sandstones (sandstones A, Fig. 2) 

(see more detailed age data of Durand-Delga et  al. 

1999). In a similar way, they caused the general 
detachment of these sandstones from their Jurassic 

basement. In the study area, no Jurassic series are 
known, probably because they were completely 

buried below the nappe piles. 
The Punta Cires massif, located in the easternmost 

part of the study area (Fig. lb), displays the most 

complete Mauretanian series. Here, the Tisirene 

flysch shows its principal sandstone interval 
(c. 300-400 m, of late Aptian-mid-Albian age, 
Fig. 2b) preceded by the thin-bedded 'preflysch' 

episode (c. 100-150 m, Fig. 2a). Below the latter is 
a decametre-scale, sandstone-shale alternation 
(c. 200-300m, of Barremian-Aptian pro  par te  

age). We shall see below that these additional shaly 

intervals were responsible for second-order structures 
within the Tisirene slices and thrust-folds (Fig. 2). 

Late Cretaceous calciturbidites overlying the 
last thick sandstone beds crop out along the R'Mel 
River and immediately west of the Nfihihya 
massif (southern prolongation of Punta Cires). 

They grade upwards to Palaeocene-early Oligo- 

cene, nummulite-rich calciturbidites (Fig. 2c), 
which are covered by mid-Oligocene-early 
Burdigalian, thick-bedded micaceous sandstones 
(B~ni Ider Flysch sensu stricto, Fig. 2d). The latter 

consist of a near-homogeneous, marl-sandstone 
alternation that forms large friable terranes along 

the southern side of the Gibraltar Strait, between 
Oued R'Mel Playa, to the east, and the first Tangiers 
Numidian massifs to the west. Such a large-scale 
incompetent rheology strongly contrasts with that 

of the Tisirene sandstones in the high superstructural 

nappes. 
South and west of this coastal band, emerge the 

Massylian quartzites (Melloussa nappe) and the 
Tangier pelites (Tangiers parautochthonous unit), 

respectively (Fig. lb). The latter are overthrust 
by the Numidian-like Tala-Lakraa massif (i.e. 

the Spanish Bolonia Flysch) and by diverse 
true Numidian massifs (e.g. Tangiers, Dar Zhirou 
massifs). 

South and east of the study area (Fig. 3) occurs a 
15 km long, dextral strike-slip fault system (the 

so-called 'accident de Fahies', Kornprobst 1974; 
Zagloul 1994; E1 Fahssi 1999; E1 Mrihi 1995, 

2005) that abruptly severs the kilometre-scale 
B6ni Mzala anticline (involving Ghomaride and 

upper Sebtide units) and twists the northern end of 
the calcareous Haouz Chain. With respect to this 

latter point, the Mauretanian flysch nappe (A1 
Alya massif) underwent back-thrusting and a 

dextral lateral displacement along the Fahies fault 
of about 4 km (see below). 

To decipher the main tectonic phases, we will 

focus on the internal deformation recorded within 
the principal Tisirene and B6ni Ider allochthonous 

terranes. Their stacking pattern and relation to the 
surrounding orogenic nappe edifice is outlined. 

Deformation chronology 

The Mauretanian flysch successions commonly bear 
the record of a polyphase tectonic history. Cross- 
cutting relationships allow us to reconstruct six 
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Fig. 2. Stratigraphic column of the Mauretanian series, i.e. the lower Cretaceous Tisirene succession and upper 

Cretaceous-Palaeogene B~ni Ider succession. 1, Synsedimentary normal faults; 2, south-vergent thrust-faults, pp., pro 

parte. 
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Fig. 3. Structural map of the studied Mauretanian nappes and stereogram projections of the main deformation phase- 
related folds (P1, south-vergent folds; P2, west-vergent folds; P3, east-vergent folds). 1, Tisirene nappe (early 
Cretaceous, fine-grained sandstone flysch); 2, basal slices of the Tisirene nappe (late Cretaceous calciturbidites); 3, 
B~ni Ider nappe (late Oligocene-Aquitanian micaceous sandstones); 4, Tangiers Intrarif unit (late Cretaceous pelites); 
5, Massylian nappe (Albian to late Cretaceous sandstones and shales); 6, Predorsalian nappe (late Oligocene- 
Aquitanian sandstones); 7, strike and dip of normal series; 8, strike and dip of overturned series; 9, strike-slip fault; 10, 
overthrust; 11, normal fault; 12, anticline; 13, syncline; 14, 15, west-plunging axis and/or north-vergent overfolds. 
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main phases, with the first being related to the 

pre-orogenic, synsedimentary evolution of the 

flysch basin, during early Cretaceous-Palaeogene 

times. The other phases occurred during 

the Miocene synorogenic history, and some of 

them appear to be directly linked to the nappe 

emplacement. 

Synsedimentary tectonics 

Synsedimentary tectonic features developed during 

the deposition of the Tisirene and the B6ni Ider 

Flysch successions. They are centimetre- to deca- 

metre-scale normal faults, slump structures, struc- 

tureless debris flows and olistostromes. From the 

stratigraphic base upward these structures occur as 

follows. 

(1) Normal faults and slump structures occur with 

a high density in the first sandstone episode (Hauter- 

ivian-Barremian, Durand-Delga et al. 1999) of the 

Tisirene series (the most conspicuous examples 

can be found along the road crossing the northern 

flank of the Tisirene Hatba massif, in the eastern 

part of the study area, Fig. 2a). 

(2) Centimetre- to metre-scale normal faults and 

mixed siliciclastic and carbonate debris flows occur 

near-systematically in the Cenomanian-Turonian 

calciturbidite and phthanitic strata. Decametre- 

scale faults generally cross the whole of these struc- 

tures before being sealed by early Senonian pelites. 

Good examples are found in the B~ni Mejmel Tisir- 

ene massif, west of the study area, and many others 

occur in the Bdni Ider area along the Oued E1 Kebir 

River (El Kadiri et al. 2003). 

(3) Olistostromes at various scales frequently 

occur in the early Senonian pelites. Metre- to deca- 

metre-scale boulders inherited from the underlying 

strata, including the Tisirene sandstones, are 

embedded within monotonous, lime-free green 

pelites. 

(4) Large-scale olistostromes involving deca- 

metre- to hectometre-scale sedimentary klippes are 

the most common features of the latest Eocene- 

early Oligocene levels. They occurred just before 

the onset of the first siliciclastic deposits that suddenly 

interrupted the preceding long-lasting late Cretac- 

eous-Eocene carbonate regime. Examples occur in 

the coastal Sidi Zahara outcrop (close to the village 

of Ksar Sghir) and further south in the Tamezzakht 

area (El Kadiri et al. 2004). 

(5) Normal faults at various scales and coarse- 

grained debris flows are also common features in 

certain levels within the micaceous sandstone 

packages (Fig. 2c and d). In AYn Chouka massif 

(overhanging Ksar Sghir village), debris flows 

rework boulders derived from the oldest chaotic 

breccias, as well as a mixture of magmatic, meta- 
morphic and carbonate pebbles inherited from 

unknown basements (i.e. lost palaeogeographical 

domains). 

These five successive synsedimentary stages 

denote tectonic events at the regional scale. They 

may be linked to either pure extensional phases or 

contraction-related gravitational collapses. 

North-verging compressional phase 

Tisirene nappe. Evidence for the first north- 

south-directed compressional tectonics preceding 

the paroxysmal phase comes from one of the two 

main Tisirene thrust sheets of the study area, the 

Alya-Dar Mimen massif, which is a north-south- 

oriented Tisirene band, 2 -3  km wide and 20 km 

long. It bounds the Calcareous chain and extends 

from the Punta Cires-E1 Alya coastal massifs to 

the north, to Dar Mimen mount to the south 

(Fig. 3). The whole of this thrust sheet corresponds 

to a single normal series that, according to Durand- 

Delga et al. (1999), could stratigraphically pass up 

into Tertiary micaceous sandstones (B~ni Ider 

nappe; see above). Evidence for a north-vergent 

compressional phase comes from two localities. 

(1) In the northern part of A1 Alya thrust sheet, 

well-exposed coastal outcrops between Dalia and 

Oued Marsa beaches display thick-bedded yellow 

sandstones and clayey intervals belonging to the 

sandy phase I of the Tisirene series (Hauterivian- 

Barremian pro pane). These strata show directions 

ranging from N60~ to 100~ and are affected by 

decametre- to hectometre-scale folds, whose axis is 

N80~ to N 100~ North-vergent minor folds occur 

only close to the basal thrust plane. These structures 

are associated with reverse, south-dipping, N75~ - 

90~ faults, and s-c  structures indicating a 

north-vergent tectonic transport. 

(2) In the Dar Mimen massif, detailed structural 

analysis reveals successive folds of metre- to deca- 

metre-scale. They are asymmetrical and directed 

east-west, and sometimes show a pronounced 

north-vergent overfolding. They are refolded by 

kilometre-scale NW-SE-directed west-vergent 

folds. 

The second Tisirene sheet corresponds to small- 

scale klippes that occupy various structural pos- 

itions, and may be formed of normal or reverse 

series. Generally, they are thrust over the B~ni Ider 

nappe or locally, the Meloussa nappe, and display 

a complex internal deformation that prevents us 

from assessing the effect of this first north-vergent 

compressional phase. 

B~ni Ider nappe. The B6ni Ider nappe crops out, in 

the northwestern Rif, as a large thrust sheet of about 

20 km in width and 40 km in length. It is dominated 

by a normal series that may over thrust both the 
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Meloussa nappe and the Tangiers unit. The north- 

south compressional phase is here expressed by 

metre- to hectometre-scale east-west-directed 

folds that are generally upright or isoclinal. They 

are locally sheared, and may be overturned towards 

the south or the north. Good examples occur in 

several localities, particularly in Jwaneb village, 

west of Khemis Anjera. Here, well-delineated, deca- 

metre- to kilometre-scale transverse folds are visible 

both in the field and on the aerial photographs. They 

affect the Tertiary B~ni Ider flysch, the thick sand- 

stone body of which forms the NE and SW limbs 

of kilometre-scale, longitudinal folds. The latter 

structures are directed N120-150 and may be 

ascribed to a west-vergent phase (see below). The 

plunge axis of the transverse folds may have distinct 

directions (N10 to N100) and dip (0-60 ~ towards 

the NE or the SW) depending upon the position of 

these folds with respect to the longitudinal folds. 

Thus, the plunge of the axis of the transverse folds 

may be horizontal along the hinge line, whereas in 

the limbs it may dip steeply in various directions. 

In addition, the axial plane may dip steeply 

towards the south or SE, and even the north. This 

complex structure is due to the effect of longitudinal 

folds that subsequently refolded the transverse folds. 

The north-verging compressional phase seems to 

have a relatively moderate intensity and generated 

smaller folds and thrust structures, particularly 

along narrow shear bands. 

W e s t - v e r g e n t  c o m p r e s s i o n a l  p h a s e  a n d  

M a u r e t a n i a n  n a p p e  d i v e r t i c u l a t i o n *  

The east-west compressional phase produced by 

far the most intense syncollisional deformations, 

which are responsible for the main architectural 

lines of the Rif belt. Submeridian longitudinal 

folds, thrusting and back-thrusting structures 

represent its principal signatures. 

To illustrate this phase we describe the structure 

at three localities in the Tisirene nappe and one in 

the B6ni Ider nappe. 

A1 A l y a - D a r - M i m e n  massif. The common defor- 
mations here are decametre- to hectometre-scale 

upright, north-south and NW-SE folds with a 

more or less west-vergent overturning. They were 

probably formed during an incipient detachment 

stage of the whole of this Tisirene sheet. 

*We follow the original definition of the 'diverticulation' process 
as initially presented by Lugeon (1943) and subsequently emended 
by Foucault & Raoult (1995): 'Phenomenon through which a suc- 
cession of sedimentary strata split up, along stratification planes, 
into two or several independent units that may secondarily stack in 
a nappe pile, resulting with the youngest strata in the lowermost 
position and the oldest strata uppermost'. 

Figure 4a, section S 1 is a cross-section of two major 

decametre-scale anticlines located close to the road 

between Ain Dchicha and Oued R'Mel beach. 

The R'Cham anticline is a submeridian, N165~ - 

trending, decametre-scale knee fold, inclined 

towards the west. Asymmetric folds develop in 

its short limb, associated with west-vergent 

thrust planes. The Koudiet Belahcen anticline is a 

N30~ overturned west-vergent deca- 

metre-scale fold (Fig. 5f). It involves a pelite-domi- 

nated interval and exhibits, in its long and short 

limbs, west-vergent thrust planes with ESE-WNW- 

directed striae. This is an out-of-sequence thrust by 

virtue of which the internal R'Cham anticline is 

thrust onto the external Balahcen anticline. These 

west-vergent folds and thrust structures 

are disrupted by east-vergent reverse faults, and 

secondarily by late low-angle normal faults. 

Dhar K h a r r o u b - A m m a r y a  massif. This entirely 

consists of reverse successions made up of the 

second sandstone body described by Durand-Delga 

et al. (1999, Barremian pro p a r t e - A l b i a n  pro 

parte).  These units are deformed in folds and in a 

package of hectometre- to kilometre-scale thrust 

sheets stacking in a superstructural position above 

the B~ni Ider nappe (Fig. 4b, section $2 and 

Fig. 5e). In contrast, the latter shows a normal 

series affected by fight hectometre-scale folds with 
a submeridian axis. The mechanical contact 

between these two contrasting thrust sheets sharply 

truncates their respective structures. An additional 

illustration of this truncation is given in Fig. 4c, 

section $3 at a smaller scale. 

Ad-Dour -Kha l lad i  massif. This extends over a 

band 3 - 4 k i n  wide and about 10km long. Its 

steeply NE-dipping, thick-bedded Tisirene sand- 

stones form conspicuous chevron lines that make 

this nappe the most attractive one in the study 

area. Field analyses reveal an unusual double struc- 

ture both in the northern (Ad-Dour mount, Fig. 3 

and Fig. 4d, section $4) and southern part 

(Koudiat Ar Raouda, Fig. 3) of this great massif, 

It results from the package of two unequal sheets: 

(1) an eastern higher, west-vergent sheet made up 

of an inverted series corresponding to the first sand- 

stone body (Durand-Delga et al. 1999); (2) a less 

voluminous lower sheet, forming a N20~ syncline 

structure, also made up of an inverted series of the 

same sandstone facies (Fig. 4d, section $4 and 

Fig. 5a and c). This double structure lies above a 

sharp truncation contact upon both the B~ni Ider 

and the Massylian nappes. 

B~ni Ider nappe. In the B6ni Ider nappe, the west- 

vergent compressional phase is characterized by 

north- south-trending, upright or westward 
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Fig. 4. Serial cross-sections S1 -$5  taken at various scales from Tisirne and B6ni Ider massifs. (a) Section S 1: R'cham 

and Belahcen west-vergent folds, subsequently affected by east-vergent thrusts and late normal faults. (b) Section $2: 

overturned and refolded Tisirene slices, which were subsequently overthrust by B6ni Ider nappe (J. Ammarya) and the 

Predorsalian (El Mansoura), and then affected by late normal faults. (e) Section $3: overturned Tisirene klippe (Dhar 

Roummane) overlapping the B~ni Ider nappe through a sharp truncating basal contact. (d) Section $4: overturned and 

refolded Tisirene nappe, which has been overthrust by late Cretaceous and Tertiary B~ni Ider nappes. (e) Section $5: 

Eocene-late Oligocene breccia and calciturbidites, which are overturned and affected by late south-vergent thrusts. 
The symbols indicate strike and dip of normal and overturned series. 
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overturned folds, refolding, in many places, former 

compressional north-south structures. These folds 

are of metre to kilometre scales (Fig. 5). 

Between Ksar-es-Srhir and Oued R'Mel the 

structure consists of a great westward-inclined 

synclinorium with its subhorizontal axis 

directed N160-170~ (the AYn Chouka syncline, 

Fig. 5a and d). In the limbs of this synclinorium 

there are hectometre-scale, west-vergent anticlines 

associated with east-dipping thrust planes. Thus, a 

fault-propagation-fold system can be deduced. 

This deformation induced west-vergent folds and 

ramps before evolving into a general detachment of 

the Mauretanian Tertiary series (Fig. 5a). 

The Tertiary B6ni Ider nappe, made up of 

marls and incompetent micaceous sandstone succes- 

sions, generally consists of north-south-overturned 

folds, which are associated with west-vergent 

reverse faults. It was subsequently thrust over the 

Massylian nappe (Melloussa nappe) and the Tangiers 

unit, which are dominated by early Cretaceous and 

late Cretaceous pelitic successions, respectively. 

These two units in turn form overturned folds with 

west-vergent thrusts. A sharp truncation contact 

separates them from the overriding B6ni Ider nappe. 

Such a structural setting strongly suggests that 

the whole B6ni Ider sheet originated by a gravita- 

tionally driven large-scale detachment from its 

early Cretaceous Tisirene sandstone basement. 

East-vergent compressional phase and 

the back-thrust processes 

The preceding west-vergent thrusting was followed 

by a back-thrusting stage characterized by both an 

eastern vergence and a markedly increasing intensity 

towards the east (El Fahssi 1999; E1 Mrihi 2005). 

Thus, good examples of the latter phase may be 

seen in the easternmost part of the studied area, in 

the eastern flank of the AI Alya-A1 Hatba massif 

(Fig. 3). In contrast to the external vergence of its 

western flank, its eastern one is made up of 

the east-vergent Tisirene-Predorsalian-Numidian 

nappe pile. The Predorsalian nappe may be trapped 

beneath the frontal contact of the internal zones, 

whereas the Numidian nappe dominantly occupies, 

more to the exterior, a superstructural position. 

Field expressions of this back-thrusting phase 

are, among others: (1) fault planes of various size 

associated in some places with the east-oriented 

overlapping structures (Fig. 5a and b); they may 

be flat or slightly dipping towards the external 

domain, and striae along these faults are directed 

N70-120~ (2) metre-scale reverse faults decapi- 

tating the hinges of the north-south anticlines, 

such as that clearly visible in the Belahcen anticline 
(Fig. 5b). 

Generally, field evidence shows that the back- 

thrust movements in this sector were closely related 

to the dextral Fahies strike-slip fault, the effects of 

which extend southwards into the J. Mimen massif 

where the originally NW-SE-directed fold axis 

shifts from NNW-SSE to north-south. 

South-vergent compressional phase 

Various overturned folds associated with reverse 

north-dipping faults were observed in many places 

in the study area. The Sidi Zahara coastal outcrop 

(Fig. 2c and Fig. 4c, section $5) provides one of 

the clearest examples. It shows the extent to which 

a late south-vergent compressional phase can some- 

times intensely rework pre-existing compressional 

structures. Signatures of this phase seem to have a 

patchy distribution in the study area, which makes 

it difficult to appraise its exact intensity. 

Late orogenic deformations 

Field evidence shows that an important part of the 

architectural features of the studied area was 

formed by late orogenic gravitational collapses, 

indicating a huge extensional phase. These col- 

lapses were likely to have started just after the 

piling up of the nappe edifice (i.e. the Tisirene- 

B~ni Ider-Melloussa-Tangiers units) reached its 
culmination. 

Also, this extensional phase seems to have a 

close relationship with the rifting phase of the 

Alboran Sea. It generated two types of normal 

faults. 

(1) Large-scale, low-angle normal faults, which 

were responsible for gravitational slipping of tec- 

tonic scraps along planes slightly tilted towards 

the east. In the internal zones, the Intrarif-derived 

J. Zero Zem Numidian klippe and the Predorsa- 

lian-derived Fnidek sheet (both located between 

the cities of Tetuan and Ceuta, Fig. I b) would be 

ascribed to this category (Chalouan et al. 1995). 

(2) Longitudinal and transverse high-angle 

normal faults. The basin of Charf A1 Akab, filled 

with post-nappe marine deposits of Tortonian- 

Messinian age (Medioni & Wernli 1978), would 

have opened as a consequence of these faults. 

In the study area, these faults affected almost all the 

flanks of the enormous Tisirene-B6ni Ider nappe 

piles. They were responsible for the majority of 

small-scale Tisirene klippes in low positions. In con- 

trast to the Tisirene massifs, which are still preserved 

in their superstructural position, these klippes 

commonly show a dense normal-fault network. 

Similar high- and low-angle faults were shown 

in seismic sections crossing the Alboran Sea 

(Chalouan et al. 1997). These may affect, at a 

large scale, the middle Miocene (Serravallian) and 
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Tortonian series, and could be coeval with those most external part of the Intrarifian domain (after 

observed in the flysch nappes, the Langhian, zone N8). 

Deformation ages 

In the Intrarif flysch domain, precise dating of the par- 

oxysmal phases responsible for the emplacement of 
the Mauretanian nappes still remains a hard task, as 

marine sediments of the extended (Chalouan et al. 

2001) mid-Miocene-Tortonian pro parte time inter- 
val are lacking. However, interesting approaches may 

be made based on some clues from regional data, par- 
ticularly those from the Numidian nappe, which may 

be associated with datable structures. 

(1) The marine regime almost synchronously 
ceased in the early mid-Burdigalian for all the 
flysch successions known in the Intrarif domain, a 

fact that strongly suggests compressional phases 
regionally starting as early as this age. 

(2) Two interesting depocentres came into being 

in the external part of the Intrarif domain: the B6ni 
Issef (western Rif, Feinberg 1986) and the J. Binet 
(eastern Rif, Wernli 1987) extensional satellite 

basins. Both are filled with siliciclastic and marly 
pelagic sequences of earliest Langhian (or even 

latest Burdigalian?)-Serravallian pro parte age 
(Leblanc 1975; Leblanc & Feinberg 1982; Feinberg 
1986; Wernli 1987). Interestingly, the transgressive, 

coarse-grained conglomerates lying at the base of 
the B6ni Issef sequence are dominated by Numi- 

dian-derived pebbles, which clearly denote that the 
Numidian nappe, and consequently the other flysch 
nappes, derived from the Flysch Trough, were 

already formed at the Burdigalian-Langhian tran- 
sition. Likewise, these conglomeratesseal the major 
thrust contacts between the overriding Tangiers 

units and the underlying parautochthonous Loukous 
unit. This give additional support for a mid- to late 

Burdigalian construction phase. 
(3) More externally, in the northwesternmost part 

of the Rif, the Numidian nappe reaches its maximal 
extent and overthrusts the Habt unit (i.e. the detached 

Tertiary cover of the Intrarifian Tangiers unit), the 
stratigraphical top of which has been dated as Lan- 
ghian (zone N8) by many workers (Ben Yaich 

1991; Tejera de Leon 1993; Abdelkhalilki 1997). 

These data show that the construction of 

the flysch nappe edifice began as early as the mid- 
Burdigalian and reached its orogenic culmination 
by the Serravallian (i.e. before the collapse of 
early Langhian satellite basins). Subsequently, the 

whole nappe edifice was the subject of large-scale 
tangential displacements that led to its frontal 

zone (the western Numidian nappes and the parau- 
tochthonous Tangiers unit) being emplaced over the 

Discussion and scenario of nappe 

emplacement 

Detailed examination of the tectonic deformation 

along the southern side of the Gibraltar Strait, 
mainly focused on Mauretanian material, has 
allowed us to reconstruct the chronology of the 

deformation that affected these series during both 
the pre- and synorogenic histories; that is, from 
the opening of an oceanic deep basin until its 

closure, and even during its existence as a chain 

of mountains. 
From the palaeogeographical point of view, the 

flysch series of these nappes were deposited as early 
as the late Jurassic, partly upon an oceanic-type 

crust (Michard et al. 1992; Durand-Delga et al. 

2000) in a deep and narrow basin, the so-called 
'Flysch Trough'. The latter was produced during the 

well-documented palaeomargin-related Jurassic 
extensional phases (e.g. E1 Kadiri 1984, 1991; E1 
Hatimi 1991; E1 Kadiri et al. 1992). During the 

early Cretaceous, this narrow basin was bounded by 
the two crustal transform faults that intermittently 

induced the drifting of the A1KaPeCa microplate 
with respect to the North African margin (Chalouan 
et al. 2001; Michard et al. 2002). Thus, the tectonic 

synsedimentary signatures recorded in the early Cre- 
taceous Tisirene flysch may tentatively be assigned to 

this early drifting phase. As far as the tectonic instabil- 
ity phases during Cenomanian-Turonian, early 
Senonian and early Oligocene times are concerned, 
they may be regarded as indirect reverberations of 

the coeval global-scale plate-tectonic movements. 

Some of their direct regional causes have been deci- 
phered and described by E1 Kadiri et al. (2003, 
2004) and E1 Kadiri et al. (2006) as involving external 
isolated carbonate platforms. These platforms 

entirely disappeared, either through normal fracturing 

(late Cretaceous-Eocene) or drowning beneath 
the mid-Oligocene-Burdigalian thick siliciclastic 

packages. 
The synorogenic history of the Mauretanian 

nappe formation occurred in four major compres- 

sional phases. The first, found in this area, was 

related to a submeridian shortening and generated 
a local north-vergent overlapping. The second com- 
pressional phase had an almost equatorial direction 
(east-west to ENE-WSW) and gave rise to over- 

turned folds associated with overlapping and ramp 
structures of a pronounced western vergence. Evi- 

dence of these structures can be seen both in the 
flysch nappes and in the parautochthonous Tangiers 
unit, which represents the northern margin of the 
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African plate. This phase evolved into another com- 

pressional phase with the same orientation but that 
induced two causally linked processes: the dextral 
movement of the strike-slip faults of the Fahies 

system, and the related ENE-vergent back-thrust 
structures. The latest compressional phase was 
oriented NNW-SSE and resulted in south-vergent 
structures, mainly confined within narrow shear 

bands. 
Two alternative interpretations may be proposed 

to explain the two near-perpendicular structures 
(ENE and NNW) recorded in the Mauretanian 
nappes: (1) a general tectonic compression, the 

structures of which locally experienced rotations, 
as emphasized by Crespo-Blanc & Campos (2001) 

and Platt et  al. (2003) in the Betic Cordillera. In 

the Rif, this solution implies two rotation episodes, 
successively related to the north-vergent and the 

south-vergent compressional phases; (2) two real 

perpendicular compressions, one NNW-ESE and 
the other ENE-WSW. 

Supporting the first alternative are palaeo- 

magnetic data collected by many researchers that 
provide evidence of structure rotations occurring 

during the Neogene throughout the Gibraltar arc. 
The values of these rotations vary significantly 
across the internal and external zones. Thus, the 

internal Rif underwent an anticlockwise block 

rotation of 55 ~ (Platzmann et al. 1993) to 76 ~ 
(Feinberg et  al. 1996), whereas the internal Betic 

counterparts underwent clockwise rotations of 20 ~ 
(Platzmann et  al. 1993) to 45 ~ (Feinberg et al. 

1996). In the external Rif, palaeomagnetic results 

by Platt et  al. (2003) indicate rotations of at 
least 60 ~ , particularly in its central and eastern 
parts. Platt et al. assumed that the first structures 
(folds and accretionary prism thrusts) were 

primarily generated during the Alboran-African 

plate convergence, and were directed N328, so 
that the N60-80 structures known east of the 
Jebha fault should be ascribed to the rotation 

processes. 
In the study area, the dominantly N330-directed 

structures exclude rotation processes, which sup- 

ports the second alternative mentioned above. Fur- 
thermore, the plate kinematics data from the 
Western Mediterranean realm give additional 

support to a twofold, north-south and east-west 
contractional regime: Dewey et  al. (1989) and 
Platt et  al. (2003) showed that: (1) the Iberian and 

African plates converged by 200-250 km in an 
overall NNW direction; the resulting shortening 
was chiefly accommodated by the Bet ic-Rif  struc- 

tures, and to a lesser extent by the Atlas chains (c. 

30 km, Gomez et  al. 2000); (2) the Alboran plate 
moved towards the WSW between Iberia and 
Africa by 250-300km, a process that initially 

resulted in structures directed N328. 

On the whole, the structural data described in this 

study lead us to propose the following scenario. 

(1) The east-west coinpressional phase gener- 

ated west-vergent folds and thrusts within the 
Flysch Trough and the Intrarif Tangiers and 
Ketama units (Andrieux 1971; Besson 1984). 

These three domains would have already been 
translated over the African margin as a consequence 
of the north-dipping Maghrebian subduction (Cha- 

louan et  al. 2001; Michard et  al. 2002; Chalouan 

& Michard 2004) that acted between Africa and 
the Alboran plate from the late Oligocene in more 

eastern regions. 
(2) This compression subsequently resulted in 

diverticulation processes within the Mauretanian 

nappes, precisely located within incompetent levels 
(see above). One of the main results is the high 

relief produced by the accretionary prism in the 
frontal zone between Africa and the Alboran plate. 

The diverticulation processes would have first used 
the late Cretaceous incompetent levels to almost com- 
pletely detach the Bdni Ider micaceous sandy interval 
as huge gravitational bodies. Later, the shortening 
produced west-vergent, overturned or recumbent 

folds, and led the preceding relief to culminate to 
the point where it triggered the gravitational expul- 

sion of the freshly formed Tisirene piles. The best 
illustration of these events remains the basal trunca- 
tion that sharply separates, as a general rule, two con- 

trasting edifices: the superstructural, strongly 
deformed Tisirene massive sandstones from the 

underlying less deformed B~ni Ider relatively incom- 

petent sandstones. 
(3) In the internal domain, a similar scenario 

may be envisaged for the 'Dorsale Calcaire'. 
Thus, early Burdigalian olistostromes progress- 

ively increased in scale during the early-mid- 

Burdigalian (El Kadiri et  al. 2001; Hlila 2005), a 
phenomenon that culminated in stacking epiglyp- 
tic large-scale, massive carbonate slices. At the 
end of this paroxysmal, compressional east-west 

phase, the whole pre-structured 'Dorsale Calcaire' 
overlapped (in an out-of-sequence thrust regime) 

the flysch nappes and their parautochthonous 
units, through a basal truncation contact. 
The latter feature strongly recalls the preceding 

truncation separating the Tisirene and Brni Ider 

nappes. 
(4) It seems that this tectonic reconstruction 

strongly recalls the out-of-sequence emplacement 
as stressed by Morley (1988) for the whole Rif 

belt. Nevertheless, at the scale of the whole Rif, a 
piggy-back thrust regime occurred, if we take into 

account that: (a) the nappe emplacement in the 
internal zones generally occurred during the late 

Oligocene (e.g. Ghomaride nappes, Chalouan, 1986) 
and the late Aquitanian (Sebtide emplacement, 
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Hlila, 2005); (b) the paroxysmal phase of the Flysch 

Trough occurred during the Mid-Burdigalian-Lan- 

ghian pro parte; (c) the evolution of the Meso- and 

Pre-Rif domains lasted until the late Miocene 

(Wildi 1983; Feinberg 1986; Wernli 1987). 

As a complement of these three successive events, 
it is noteworthy that the eas t -west  back-thrusting 

phase, well marked in the study area, disappears 

further south in the Rif. In the Betic Cordillera, it 

develops only in the northern margin of the Gibraltar 

Strait. Therefore this phase appears to be primarily 

confined to the central part of the Be t i c -Ri f  

arcuate segment. 

Conclusions 

The Rif flysch nappes, along the southern side of the 

Gibraltar Strait, have recorded a polyphase structural 

history, during which north-south and eas t -west  

shortening processes coexisted. These were respect- 

ively related to the Africa-Iberia and the Alboran 

plate-Africa convergences, respectively. The 
Africa-Iberia convergence appears to be mainly 

responsible for north- to NW-vergent thrusts in the 

Spanish 'Campo de Gibraltar' and the concomitant 

overthrusting of some Maghrebian Flysch nappes 

over the South Iberian margin (the so-called 

'Flysch Hispanisation', Bourgois, 1978), whereas 

the Alboran drifting generated the west-vergent par- 

oxysmal structures and large-scale diverticulations 

in the Rif segment of the Gibraltar arc. In the latter 

case, if an out-of-sequence structural stacking may 

be proposed for the emplacement of the Flysch 

Trough-derived nappes (intra-Rif domain), a 

piggy-back regime may also satisfactorily be 

invoked for the entire evolution of the Mesorif and 

Prerif domains. 

Available age data, compiled from syn- and post- 

orogenic depocentre sequences, allow the paroxysmal 

phase responsible for the flysch nappe emplacement 

to be located within the Mid-Burdigalian-Langhian 

pro parte time interval. 
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Abstract: Late Cretaceous mixed carbonate-siliciclastic, thin-bedded turbidites occur between the 
two great sandstone packages of the Mauretanian Series (the Tisir~ne and the B6ni Ider sandstone 
flyschs, of early Cretaceous and late Oligocene-early Burdigalian age, respectively). The application 
of the facies tract-facies sequence model allows subdivision of the studied calciturbidites into five 
distinct facies sequences (FS. 1-5), which equal five transgressive-regressive facies cycles. These 
cycles mainly consist of thinning upward calciturbidites, which almost all start with coarse-grained 
carbonate breccias, and passing upward into a shale-dominated interval. Fe-stained discontinuities, 
together with sedimentological and ichnological evidence, lead us to assign these two lithological 
components to a transgressive and a regressive trend, respectively. This result provides new insights 
into the sequence-stratigraphic interpretation of turbiditic successions. 

Shallow-water-derived calciturbidites, which fringe 

carbonate platforms and pelagic seamounts, may 

record tectonic, eustatic and/or climatic events that 

occurred in the neighbouring source areas. In the 

Alpine and pre-Alpine realms where carbonate 

shelves and seamounts are often strongly deformed 

or have completely disappeared, calciturbidites have 

been used in palaeogeographical reconstructions for 

distinct periods, such as the Palaeozoic (Cook & 

Mullins 1983; Yose & Heller 1989), the Triassic 

(e.g. Masetti et al. 1989; Burchell et al. 1990), the 

Jurassic (Eberli 1987, 1988, 1991; E1 Kadiri 1991) 

and the Cretaceous (Haas 1999). 

In the flysch domain (the so-called Intrarif), late 

Cretaceous-Eocene calciturbidites commonly occur 

as basal slices beneath the B~ni Ider nappe. They 

were first studied by Thurow (1987), who presented 

a detailed stratigraphic description. 

Following this interesting work, and taking into 

account the recent progress in understanding of tur- 

bidite depositional environments and their possible 

interpretation in terms of sequence stratigraphy 

(e.g. recent synthesis by Mutti 1992; Shanmugam 

2000; Stow & Mayal12000), it is relevant to charac- 

terize successive turbidite intervals according to the 

parent f low-facies tract scheme of Mutti (1992), 

and to indicate their possible sequence-stratigraphic 

significance (see Fig. 1). 

Conceptual basis 

Three main criteria were used by Mutti (1992) to 

define turbidite systems (TSs): (1) mappable sedi- 

mentary packages (depositional component), 

which may be ranked within the fourth-fifth or 

even within the second-third time-orders depend- 

ing upon the sedimentation rate (according to the 

hierarchical classification of turbidites by Mutti & 

Normark (1987) and Mutti (1992)); (2) the same 

source of turbidite material (erosional component); 

(3) intercalation of shaly intervals, which punctuate 

From: MORATT1, G. & CHALOUAN, A. (eds) 2006. Tectonics of" the Western Mediterranean and North Africa. 
Geological Society, London, Special Publications, 262, 177-192. 
0305-8719/06/$15.00 ~;) The Geological Society of London 2006. 
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Fig. 1. Location map and structural setting of the studied Rar Aghroud section (map slightly modified from Didon 

2006). It should be noted that almost all the Late Cretaceous-Eocene calciturbidite strata are involved as tectonic slices 

below the Tisir~ne nappe, which caused their intense deformation. The Rar Agroud sequence is here preserved at the 

stratigraphic base of the B~ni Ider unit and was less strongly deformed than that unit. pp. pro parte. 
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the main turbidite events. Internally, a TS may 
show hierarchical stratal clustering, that is, turbidite 
stages (TSGs) that resemble the stratigraphic 

architecture of the TS at a smaller scale, as well 

as turbidite substages (TSSGs) showing a high- 
frequency turbidite structure throughout a TSG. 

The lateral expression of genetically related 
TSSGs corresponds to the classical 'turbidite facies 
association' of Mutti & Ricci Lucchi (1975), 

whereas the vertical expression of the latter is 

termed the facies sequence (Mutti 1992). 
Both TSs and TSGs, may be found within studied 

successions. They exhibit several mappable gravity- 
flow packages averaging 20-40 m in thickness and 

separated by 3-5  m thick, shale-dominated intervals. 
Furthermore, these packages have distinct petrogra- 
phical compositions and most of them contain 
coarse breccias at their base (see below). Moreover, 

the latter seem to pinpoint changes affecting the 
source area. 

The petrographical changes across the main 
breccia level(s) (see statistical analysis, E1 Kadiri 

et al. 2006a, b) allow comparison of this stacking 
pattern with the schemes proposed by M u t t i &  
Normark (1987, 1991) and Mutti (1992) based upon 

downslope grain-segregation processes within a 
parent flow, which results in the differentiation of 

facies tracts. These facies tracts may be detached or 
attached depending upon the extent to which detach- 
ment levels are activated between significant grain 

divisions (Fig. 2). 
In the case studied here, detached facies tracts 

made up of basal divisions (highly efficient flows, 
Amy et al. 2000) and/or attached facies tracts are 
preserved in the lower part of each gravity-flow 

package distinguished in the Rar Aghroud section 
(Figs 3 and 4; the latter shows a direct image of 
the textural composition of the pre-detached 

parent flow). In contrast, facies tracts with the 
basal division missing characterize its upper part 
(poorly efficient flows, Amy et al. 2000). 

However, the sedimentation rate seems to us too 
low to allow subdivision of the section studied into 

several decametre-scale, fining-upward FSs. For 
convenience, we consider here an FS as resulting 
from a special type of parent flow (i.e. of the 
same textural composition as the successive facies 

tracts) regardless of the number of backstepping, 

fining-upward, successive facies tracts (Fig. 2). 
This simplification is supported by the fact that 
the backstepping-thinning-upward trend occurs 
only once throughout each main gravity-flow 

package bounded by two pelitic intervals. For this 
reason, FSs of Figures 3 and 4 are elevated to the 
TSG level according to the hierarchical classifi- 

cation of the turbidite packages by M u t t i &  

Normark (1987). Thus redefined, an FS may 
account for the change in textural composition of 

the material delivered from the source area in 

response to eustatic and/or tectonic controls. 
Five main types of attached facies tracts are recog- 

nized throughout the late Cretaceous Rar Aghroud 

succession (Figs 3 and 4). We shall see below 
that they may be correlated with the second-order 
(3-50 Ma) transgressive-regressive facies cycles 

defined by Vail et al. (1991) and Jacquin & de 

Graciansky (1998). 

Description of the transgressive- 

regressive facies cycles of the B6ni 

Ider calciturbidites 

To focus the final discussion on the sequence- 
stratigraphic interpretation, we will advance some 

well-documented sedimentological interpret- 
ations together with facies description. Five main 

transgressive-regressive facies cycles (refen'ed to 

as T/RFC.1 to 5, according to Jacquin & de Gra- 
ciansky 1998) can be distinguished throughout the 
Cenomanian-Maastrichtian interval (Figs 3 and 

4). They are preceded by a late Albian cycle, 
which should be ascribed to the underlying Tisir~ne 
turbidite complex (in the sense of Mutti & Normark 

1987, 1991; cycle not considered below). 

T/RFC.  1 ( = fac ies  sequence FS. 1, 

Cenomanian-ear ly  Senonian; 20 m) 

This cycle starts with the first true calciturbidites over- 
lying the latest Albian pelagic mudstone- shale alter- 
nation (breccias Br. 1, Fig. 3). The majority of beds 

display attached facies tracts (Fig. 5, FS.1). In the 
basal breccias, ubiquitous glaucony (rounded 

grains) and pyrite aggregates are noteworthy. The 
latter may independently occur as ilmer filling or 
coating within algae, bivalves, echinoderms, large 
Foraminifera and debris of siliceous-sponge reefs, 

which indicates iron redistribution during early dia- 
genesis under anoxic conditions. Glancony is well 

known to originate on shallow-water shelves before 
being reworked together with bioclastic sands 
(Baum & Vail 1988; Loutit et al. 1988; Hesselbo & 

Huggett 2001; Savrda et al. 2001b). In many cases 
the basal breccia division passes upward into a biosi- 

liceous division exclusively made up of spicule- and 
bone-like sponge fragments, which in turn grades 
upward into a radiolarian-rich division. In both silic- 

eous divisions, a mudstone matrix is generally 
present, but if not, biosiliceous material becomes con- 
tiguous and transforms into structureless quartzite, i.e. 

the so-called cherty limestones in field geology. 
The major components of these facies tracts 

originated in distinct parts of the source area. 
Siliceous sponges are known to develop on 
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Fig. 2. Idealized model of the facies tract-facies sequence concept (modified from Mutti 1992) showing vertical 

stacking of two backstepping calciturbidite packages (column A + B). It should be noted that: (1) each of the latter 
packages ends with a simple or composite Fe-stained hardground or firmground surface {e.g. GIossifungites surfaces) 

representing the condensed section; (2) highstand deposits develop generally as mud-dominated intervals. Detachment 

of a facies tract (FT) may occur when the distance travelled favours downslope grain-segregation processes to 'mature' 

original parent flows in the form of vertically stacked grain divisions. Maturation (and subsequent detachment) also 

depends on the initial volume of parent flows delivered from source areas, which in turn is controlled by eustasy and/or 

tectonics. 
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Fig. 3. Facies and sequence-stratigraphic interpretation of the Rar Aghroud section. Successive parent-flow-derived 
facies tracts relate to stratigraphic intervals that may correspond to both a transgressive-regressive facies cycle and 
a turbidite system. Because of the relatively small thickness of sedimentation, the time-order of turbidite system, 
turbidite stage (TSG) and facies sequence units does not correspond to that proposed by Mutti (1992) for the thick 
turbidite successions (details in text). 

relatively hard substrates, in shallow waters between 

the fair-weather wave base and the storm wave base 

(Clarkson 1993), to 200-250 m depth (e.g. Whitney 

et  al. 2005), whereas radiolarian oozes commonly 

accumulate up slope below the upwelling zones. 

Despite the spicules and radiolarians being mixed in 

the parent turbidite flow, downslope grain-interaction 

processes forced separation of these bioclast-types 

through differential hydrodynamic behaviour during 

the late stage of transport. The resulting detachment 
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Fig. 4. Facies and sequence-stratigraphic interpretation of the Rat Aghroud section (continued). 

planes, and hence beds, may give a false stratigraphic 
appearance of distinct episodes of deposition inde- 
pendently involving bioclastic grainstones, spiculites 
and cherty horizons. In Campanian T/RF cycles, 
turbidite flows show similar mixtures, although with 
foraminiferans instead of radiolarians (see below). 

A conspicuous black shale interval could represent 
the transgressive peak of this cycle (c. 80-150 cm, 
Cenomanian-Turonian transition in age, Fig. 5). 
It consists of centimetre- to decimetre-scale, struc- 
tureless black mudstones and shales. The former 
may be accompanied by the basal bioclastic 
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grainstones, but the preceding sponge-fragment and 
radiolarian-rich divisions are replaced by carbonate 
muds of unknown origin. The temporary disappear- 
ance of the biosiliceous signal may be a consequence 
of environmental stresses (i.e. platform drowning and 
sluggish ocean circulation), which commonly accom- 
pany large flooding episodes (e.g. Hallam & Wignall 
1999). This interval displays successive omission sur- 
faces and iron-stained hardgrounds, which could be 
the expression of superimposed condensed sections 
(Jacquin & de Graciansky 1998, p. 35). The regressive 
trend starts with recurrence of grey biosiliceous flows 
together with persisting dark-coloured carbonate 
muds over a 50 cm thick interval. Some successive 
top beds (2-5) of the grey biosiliceous flow contain 
numerous Scolicia (Fig. 6c) and dense colonies 
of Chondrites intricatus in near-surface position 
(Fig. 6b) as well as small Zoophycos. However, no 
Ichnia is observed in the black mudstones. This ichno- 
logical signature strongly suggests oxygen-related 
cyclicity that is likely to have a relationship with rela- 
tive eustatic changes (compiled data by E1 Kadiri 
2002a; E1 Kadiri et al. 2005). However, the cyclicity 
pattern seems to us too complex to be interpreted in 
terms of minor T/R cycles. 

Lime-poor green pelites, which are often inter- 
calated between mudstone beds, suddenly become 
dominant over a 4 m thick interval (early Senonian, 
Fig. 3). Thin, pyrite-bearing sandstone beds are 
intercalated throughout the lower 2 m, and they are 
replaced by thin-bedded green cherts in the upper 
half. Overall, this pelite-dominated interval typi- 
cally points to a regressive trend, which is known 
to force widespread fine clastic input from continen- 
tal mud plumes (e.g. Eschard 2001; Savrda et al. 

2001a). Short transgressive pulses resulting in 
clean grainstones-sands couplets punctuate it. 

T/RFC.2  ( =  facies  sequence FS.2, early 

Campanian; 20 m) 

This cycle starts with thick-bedded coarse grain 
flows (Br.2 in Fig. 3) corresponding to the facies 
F3 of Mutti (1992). They erode the underlying 
early Senonian cherty green pelites, from which 
they rip up numerous green-chert clasts. Of particu- 
lar interest are decimetre-scale yellow sandstones 
blocks reworked from the underlying early Cretac- 
eous Tisirene strata. Both elements will not 
reappear in breccia flows of overlying cycles. 

Almost all calciturbidite flows of this cycle are dis- 
continuous and thinning upwards (Fig. 5, column 
FS.2). They are capped with bioclastic, glaucony- 
bearing grainstones. Such a bioclast-glaucony 
mixture typically points to a transgressive trend 
(Baum & Vail 1988; Loutit et al. 1988; Galloway 
1989; Vail et al. 1991; Ghibaudo et al. 1996; 

Robaszynski et al. 1998; Hesselbo & Huggett 2001; 
Savrda et al. 2001b). The top of the grainstone- 
capping breccia beds displays patches of ferruginous 
coating (Type I crusts of Nieto Albert 1996) that 
recalls the polygenic omission surfaces (POS) 
defined by Clari et al. (1995). The absence of Fe- 
coating on top of the pure grain-supported breccias 
(grainstone division-detached breccias) may be 
explained in ternas of the existing relationship 
between Fe-encrusting processes and lithology of 
the host rock (El Kadiri 2002a). Simple omission sur- 
faces (SOS; i.e. not reaching the Fe-coating stage 
described above) are rather common on grainstone 
beds. When the upper part of these grainstones dis- 
plays a mudstone division, large Chondrites deli- 
neated by glaucony coating and spaced galleries of 
Arenicolites occur in epichnial position (Fig. 6a), 
whereas small Zoophycos may be present in endich- 
nial position (Fig. 6h). All these bed surfaces recall 
flooding-related omission surfaces of various orders 
that are common in the condensed section and 
could, otherwise, bound smaller-scale parasequences 
(van Wagoner et al. 1988). 

Lime-free pink to ochre-red shales (c. 0.5 m) 
overlie these breccia-dominated flows. They indi- 
cate the transgressive peak, which commonly 
results in shallowing of the calcite compensation 
depth (CCD), and relative sediment starvation 
through diminishing carbonate productivity of 
both benthic and planktonic groups (Haq 1991, 
1993; E1 Kadiri 2002a). 

These considerations seem to us consistent with 
the facies change observed in the middle part of 
FS.2 (Fig. 5). The colour change from pink or 
ochre-red shales to green ones is paired with both 
abrupt increase in quartz input and strong decrease 
in bioclasts, which may result from narrowing 
shelves forcing lower shallow-water productivity. 
This facies change clearly indicates an important 
regressive trend following the transgressive peak 
(i.e. lime-free ochre-red shale). 

T/RFC.3  ( =  facies  sequence FS.3, 

Campanian pro parte, 30 m) 

This cycle starts with two 50-60cm thick, 
discontinuous breccias (Br.3a). Beds resulting from 
attached facies tracts consist of two main divisions; 
namely, the bioclast-bearing grainstones (i.e. 
Mutti's F8 facies) followed by quartz-rich mudstones 
(i.e. F9b facies). This cycle comprises two sub-facies 
sequences with the first one (10 m) being dominated 
by thin-bedded sandstones, and the second (20 m) 
by normally graded grainstones (Fig. 7; both 
of these are shown in column FS.3). An intercalated, 
60 cm thick, coarse-grained breccia (Br.3b) between 
these sequences supports their distinction. 
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Fig. 6. (a) Firmground surface of a mudstone bed from FS. 1. It shows large Chondrites cross-cut by galleries of 

Arenicolites(?), which indicate two distinct stages of colonization. The contrasting dark colour of these traces, with 

respect to the host rock, is due to a green, authigenic glauconitic staining. (b) Chondrites intricatus (Brongniart) 

densely spaced in the upper part of a 20 cm thick mudstone bed intercalated with black shales of FS.1. (c) Densely 

spaced Scolicia traces on a 15 cm thick radiolarian-rich mudstone bed of FS.1. This stage of colonization is often 

followed by a perforating Arenicolites(?) one. (d) Firmground surface (FS.4) with dense 'micro-holes' of 

Arenicolites(?) and/or Diplocraterion (circles). This stage of colonization was preceded by atypical traces and by a 

Lorenzinia-like trace (square). (e) Vertical polished section prepared from the bed shown in (d), showing the diverse 

geometry of the depth prolongations of the 'micro-holes'. All are filled with green, authigenic glaucony. (t') Firmground 

to hardground surface on a 3 cm thick bed of FS.3, showing a good example of a Scolicia trace that is clearly cross-cut 

by very dense 'micro-holes' of Arenicolites(?) and/or Diplocraterion (circles). Rust-coloured Fe-coating may 

independently cover all these traces. (g) Nereites irregularis (Schafh~utl) in the upper silty laminae of a sandstone 

bed of FS.3. In contrast to other pascichnia traces (e.g. Scolicia), N. irregularis have never been observed to be cross- 

cut by the firmground-perforating domichnia. (h) Zoophycos in endichnial position within a mudstone bed of FS.2. It is 

cross-cut by spaced domichnia traces (ArenicoIites(?) and/or Diplocraterion). 
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In this case, the transgressive peak interval is 
recognized on the basis of both ichnological fea- 
tures and lithofacies. Throughout the upper third 

of FS.3a, almost all thin sandstone beds show: 

(1) dense Arenicolites at the top, which suggests 
available bottom-level nutrients, firmground con- 
ditions and a relatively low sedimentary rate 
(Fig. 6f); (2) dense pre-depositional Graphoglyptids 

at the sole, which point to starved deep-water set- 
tings experiencing no bottom current and zero or 

very low benthic food input during the sedimen- 
tation of the shaly interbeds (Wetzel 1991; 
Uchman 1995; Bromley 1996). Within this highly 
bioturbated interval a single planktonic bed is inter- 

calated. Accordingly, this interval indicates the 
condensed section. 

The overlying grainstone-dominated calciturbi- 
dites could represent the subsequent regressive 
trend. They consist of a rhythmic alternation of 

shallow-water-derived, bioclastic grainstones, thin- 
bedded sandstones and dark green marlstones. 

Spaced intercalations of glauconitic breccias (20- 
30 cm) may be linked to minor transgressive pulses 
that typically interrupt the overall regressive regime 
(Fig. 7). From the ichnological point of view, the pre- 

cedingArenicolites-rich ichnofabrics was replaced by 
a Nereites irregularis (Schafla~iutl) one (Fig. 6g). 

T / R F C . 4  ( =  fac ies  sequence FS.4, late 

Campanian, 40 m) 

This cycle starts with an unsorted, grain-supported 

coarse breccia (c. 1 m, Br.4a). Its upper surface 
displays a conspicuous Fe-coating (POS), which indi- 
cates protracted omission following the transgressive 

pulse responsible for the breccia flow. The whole 
cycle may be split into two facies sequences, FS.4a 

and FS.4b. 
FS.4a (c. 25 m) consists of a rhythmic alternation 

of well-graded pelagic-mud-dominated flows (10- 

100 cm) and decimetre-scale terrigenous horizons, 
which in turn consist of a centimetre-scale carbon- 

ate sandstones-green shales alternation. Almost 
all quartz grains from the carbonate sandstones cor- 
respond to the 'Quartz en 6charde'-type of pedolo- 
gical origin (Meyer 1987). Bed-by-bed analysis of 

facies tracts (Fig. 7) shows that both sandstone 

and pelagic-mud-dominated beds never resulted 
from grain segregation and then detachment of 

these two grain types from the same parent flow. 
Thus, this rhythmic alternation involves two dis- 

tinct parent flows, and reflects a high-frequency 
fluctuation in environmental conditions at the 

source area. The pelagic-mud-bearing attached 
facies tracts strongly recall the 'calcilutites' 

described in detail by Stow et al. (1984) from the 
Senonian Scaglia Rossa, which is well known in 

the Umbro-Marchean Apennines. In both cases 
the main flows consist of the following grain div- 
isions: (1) graded grainstones (Mutti's F5 facies); 

(2) cross-stratified packstones-wackestones rich 
in planktonic Foraminifera; (3) structureless pure 
mudstones, which are known to have originated 
from coccolith oozes (e.g. Farinacci 1964, 1969; 

Busson et al. 1997). The last two divisions 

develop in Mutti's F9a facies. 
A bed-by-bed survey reveals that the decimetre- 

scale beds (40-70 cm) consist of attached facies 

tracts. Detached facies tracts (5-30 cm) result from 
truncation of the basal division. The upper surface 
of almost all limestone beds records polyphase omis- 
sion history during which: (1) the softground-early 

firmground stage was inhabited by fodinichnia (in 
the sense of Seilacher 1964; Bromley 1996), namely 
Zoophycos and large Chondrites (Ch. targionii, e.g. 

Uchman 1998, 1999); (2) the firmground stage was 
dominated by burrowing domichnia represented by 

abundant Arenicolites, Skolithos and Diplocraterion, 

all of which may be superimposed on the preceding 

fodinichnia burrows. Polished and thin sections 
reveal that almost all the galleries were filled up 
with authigenic glaucony grains (Fig. 6d and e). 

These are known to have derived from in situ faecal 
pellet mineralization in starved deep-water settings 

(Hesselbo & Huggett 2001). It is noteworthy that 
the contact between the green glanconitic filling 
and the rust-coloured host rock is sharp. This obser- 
vation is one of the main criteria used to indicate firm- 

ground conditions (Savrda et al. 2001a). Pemberton 

& MacEachem (1995) and Gingras et al. (2001) 
documented omission surfaces with a very similar 
ichnofabric, which indicates the Glossifungites 

ichnofacies (in the sense of Seilacher 1967). 

A further stage is marked by variable degrees of 
substrate ferruginization on several omission sur- 

faces. It is a per descensum mineralization, which 
acted over several centimetres depth into the host 
rock via epigenesis. E1 Kadiri (2002a) documented 

near-identical examples in Liassic marly limestones 
from the 'Dorsale Calcaire' and showed the 
microbial origin of this phenomenon, which 

occurs in oxygen-poor, inhospitable environments 
(similar results have also been given by Mamet 
et al. 1997; Prtat et al. 2000). 

Many workers have emphasized the sequence- 

stratigraphic significance of Glossifungites surfaces 
(MacEachern et al. 1992, 1999; Pemberton & 
MacEachern 1995; Savrda 1995; Bromley 1996; 
MacEachern & Burton 2000; Savrda et aI. 2001a,b). 
Depending on the cycle order considered, they are 
now thought to mark minor to major transgressive 

pulses; that is, parasequence-bounding minor flood- 
ing surfaces (van Wagoner et al. 1988) or omission 

surface(s) within the condensed section (e.g. Loutit 
et al. 1988). Then, depending on the scale at which 
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we consider these surfaces, the two following results 

become established: (1) their common occurrence on 
the top of turbidite beds derived from breccia-beating 

facies tracts indicates breccia flows originating from 
transgressive pulses; (2) the vertical distribution of 

the Glossifungites surfaces over the FS.4a interval 
(bed-by-bed analysis, Fig. 7) clearly indicates a trans- 

gressive trend, the peak of which is confined, just 

above the last planktonic-mud-bearing flow, in 
lime-free purple pelites (1 m thick, Fig. 3). These 
facts point to depths below the CCD, in accordance 
with the 'erosive-corrosive cycles' concept (Haq 

1991, 1993). 
Ochre-red, carbonate-poor shales dominate the 

upper half of the cycle (FS.4b, 15 m in thickness). 

Thin, decimetre- to metre-spaced planktonic inter- 

calations persist over a 5 m thick interval before 
being replaced by carbonate sandstones over an 
interval of equal thickness. A graded breccia 

(B4.b, 40-60 cm) is intercalated between them. 
This red-shale-dominated sedimentary package is 

in turn punctuated by a conspicuous, unsorted 
coarse-grained breccia (B4.c, 70-100 cm), which 
results in a third distinct interval. This displays 
thickening-upward sandstones developed in facies 
F9b of Mutti (Tc-Td divisions of Bouma 1962). 

The topmost surface in these two breccias being 
silty and undergoing dense bioturbation again indi- 
cates an omission history. Overall, the sandstone 

enrichment and the thickening-up ward trend could 
be the expression of a regressive trend, with the inter- 

calated breccias being the product of breaking trans- 
gressive pulses (third-fourth orders). Lending 

support to this regressive trend is the sea-level fall 
that occurred as early as the late Campanian 
(Floquet 1998) and the concomitant cooling event 

that is indicated by the positive 6J~O%o values 

(Abreu et al. 1998). 

T / R F C . 5  ( =  fac i e s  sequence  FS.5, 

Maastr ich t ian;  60 m) 

As recognized for the preceding cycles, an import- 
ant gravity-flow event underlined the onset of this 

cycle (Br.5). It resulted in a conspicuous attached 
facies tract in which the six main divisions (F3 to 
F9b) defined by Mutti (1992) are maintained 

together in an unattached bed. This bed, among 
others, allows us to define a new type of facies 

tract (attached facies tract 5, Fig. 2). Mutti's 
facies F6 is generally missing, because of its dis- 

continuous character, as expected. However, the 

main change identified in this study is the sudden 
input of the filonian-type quartz (Fig. 4). Vertically, 

the thickening-upward trend recalls the compen- 
sation cycles of Mutti & Sonnino (1981), which 
are well documented in lobe deposits. Tabular 

mud-draped scours (Mutti & Normark 1987, 
1991; Mutti 1992) and mudstone rip-up clasts are 
frequent over the whole cycle, indicating proximal 

to median lobe deposits (Fig. 7, column FS.5). 
Comparing the preceding cycles, both greater 

thickness and lobe construction clearly testify to a 
sudden increase in the efficiency of the turbidite 

flows as a result of the increased energy and 

parent-flow volume. In addition to the newly arriv- 
ing filonian quartz, statistical analysis (El Kadiri 
et al. 2006b) shows that carbonates also delivered 

a great amount of shallow-water benthic material 
(e.g. reef and rudist debris, orbitoids, algae) at the 

same time. 
The T/RF cycle 5 also difl'ers from the preceding 

T/RF cycle 4 by the occurrence of black shale inter- 

stratifications, which are rich in wood debris indi- 
cating terrestrial origin. This feature strongly 
recalls dark shale intercalations within the so- 

called 'gr6so-micacd' sandstone flysch of late 
Oligocene-early Burdigalian. Thus, Maastrichtian 
black shales differ from the Cenomanian-Turonian 

ones (T/RF cycle 1) in the planktonic origin of 
the latter, which is well known at the global scale 
(e.g. Arthur et al. 1984, 1987; Kuhnt et al. 1986; 
Stow et al. 2001). In following the interpretation 

of wood debris as a common feature in the trans- 
gressive interval (Posamentier & Vail 1988; Vail 
et aI. 1991; Savrda 1991; Savrda et al. 1993), the 
black shale interval lying in the middle part of 

this cycle may correspond to its transgressive peak. 

Discussion 

Sedimentological, ichnological and lithological data 
show that the relative sea-level changes closely con- 

trolled the timing of the studied calciturbidites. 

Three additional remarks can be made. 

(1) The modest thickness of the Rar Aghroud 
section (Vraconian-Maastrichtian, 200 m) does not 

allow us to distinguish depositional cycles of the 
third order (0.5- 3 Ma, e.g. Duval et al. 1998), particu- 
larly in the Cenomanian-early Senonian interval, for 

which only one second-order cycle is recognized. 
The choice of the second-order cycle interpretation 

is favoured to account not only for their time duration, 
but also for the existence of thickest late Campanian- 

Maastrichtian successions (300-500 m) belonging to 
the Mauretanian series and the Tangiers units. In 
these, similar tens of metres thick, calciturbidite 
package-muddy interval couplets may develop in a 

higher time-order. The four cycles differentiated 

in the Campanian-Maastrichtian at the Aghroud 
section are considered to have an average duration 
of 4.6 Ma and may be ranked within the second- 

order cycles, following the hierarchy of the strati- 
graphic cycles defined by Duval et al. (1998). They 
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can be correlated with the four second-order 

Campanian-Maastrichtian cycles found in the 

Boreal domain and North America by Hardenbol 

et al. (1998). 

(2) This reduced sedimentation results in cycles 

made up of backstepping-type sequences (in the 

sense of Jacquin & de Graciansky 1998). These 

in turn consist only of the transgressive interval- 

highstand couplets (Jacquin & de Graciansky 1998, 

p. 35) with the bioclastic grainstone-terrigenous 

mud couplets being their common expression. 

(3) B4ni Ider calciturbidites show that such a 

stacking pattern dominated by backstepping 

sequences remains unchanged at the regional scale 

and throughout late Cretaceous-Eocene times. 

We can therefore relate it to a specific palaeogeo- 

graphical setting rather than a specific stage 

during the whole sequence-stratigraphic evolution 

(backstepping stage of Jacquin & de Graciansky 

1998). Isolated carbonate platform(s), more or less 

disconnected from the continent, seem to us the like- 

liest palaeogeographical source of these bioclastic- 

grainstone-dominated turbiditic sequences, with 

the terrigenous mud supply remaining constantly 

reduced. 

Conclusion 

An integrated study including lithological, ichnolo- 

gical and facies tract-facies sequence description 

constitutes the first attempt to make a sequence- 

stratigraphic interpretation (via the lithological 

prediction method, Posamentier & James 1993) of 

the Cretaceous calciturbidites in the flysch Intrarif 

Domain. It is applied to the well-differentiated 

Rar Aghroud section, to provide a working hypoth- 

esis for the understanding of the rest of the 

Cretaceous-Palaeogene calciturbidites, which are 

widespread in the External Rif Domain. 
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Abstract: New insights into the palaeogeographical evolution of the Rifian Internides and 
their external surroundings are inferred from six key stratigraphic successions selected across the 
Internides-Externides front. These successions span a time interval ranging from the late Cretaceous 
to the early Burdigalian. The main results are: (1) important lost palaeogeographical domains should 
be located during the late Cretaceous-Eocene between the present-day Ghomarides and the Dorsale 
Calcaire, on one hand, and between the Predorsalian units and the Flysch Trough as isolated carbon- 
ate platforms, on the other hand; (2) during the late Eocene-early Oligocene an extensional tectonic 
event, well marked in the Dorsale Calcaire, caused the collapse of these platforms and resulted in 
olistostromes and coarse-grained breccias in both the Predorsalian and the Btni Ider areas; (3) by 
the beginning of mid-Oligocene, an overturning contractional event in the Ghomarides resulted in 
the regional onset of the siliciclastic depositional regime throughtout these palaeogeographical 
areas; (4) during the Aquitanian-early Burdigalian, the stepwise return of pelagic deposition in 
the Ghomarides indicates extensional phases, whereas the homogenization of the same pelagic 
facies over the Dorsale Calcaire and its external surroundings may indicate that the previously 
distant palaeogeographical areas were brought nearer (i.e. just before large-scale thrusting). 

The Gibraltar arc consists of two juxtaposed struc- 

tural domains: (1) the Internal Domain, (Internides) 

where the orogenic contractions started from Oligo- 

cene time and generally resulted in high-grade 

metamorphism, particularly in its innermost part; 

(2) the External Domain (Externides), where the 

outward migrating orogenic contractions during 

Miocene time progressively produced piggy- 

back-foredeep basins and ramp-anticline struc- 

tures. The culmination of these phenomena during 

the paroxysmal phase resulted in a high accretion- 

ary prism and successive large-scale gravitational 

processes (Chalouan et al. 2006). 

The Tertiary sedimentary filling within and/or 

close to these forming basins was differently inter- 

preted in both domains. Whereas there is acceptance 

that the filling of the main flysch depocentres in the 

External Domain occurred shortly before the parox- 

ysmal nappe emplacement, or even as syntectonic 

deposits, competing hypotheses were presented for 
the equivalent strata in the Internal domain. Some 

workers attempted to link them to post- 

orogenic deposits transgressively sealing the parox- 

ysmal structures (e.g. Durand-Delga et al. 1993), 

whereas others considered them as recording a 

near-continuous marine regime entirely predating 

the main orogenic events (e.g. Maat6 1996). 

Recently, detailed stratigraphic studies of the 

Oligo-Miocene cover were carried out in the Mala- 

guides (Guerrera et al. 1993; Martin-Martin et al. 
1997) and the Ghomarides (Feinberg et al. 1990; 

E1 Kadiri et al. 2000, 2001). They showed that the 

From: MORATTI, G. & CHALOUAN, A. (eds) 2006. Tectonics of the Western Mediterranean and North Africa. 
Geological Society, London, Special Publications, 262, 193-215. 
0305-8719/06/$15.00 �9 The Geological Society of London 2006. 
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Oligo-Miocene sedimentary cycles were episodi- 
cally induced by extension-related marine encroach- 
ments punctuating contractional events during a 

polyphase tectonic scenario (Comas et  al. 1992; 

Garcia-Duefias et  al. 1992; Chalouan et al. 1997). 
The aim of this paper is to extend this approach to 

time-equivalent depositional series belonging to 
both sides of the Internide-Externide front (i.e. 

the Dorsale Calcaire, Predorsalian and B6ni Ider 
series). Some of the studied series are newly dated 

and/or described herein. Good examples are pro- 
vided by: (1) the Dradia-E10nzar  and Talembote 
sections in the Ghomaride Domain; (2) the Hafat 
Srir section in the Dorsale Calcaire; (3) the well- 

exposed Tamezzakht succession (located in the Pre- 
dorsalian zone) that belongs to this frontal zone, to 

which special attention will be paid here. Its 
extended time-range (from the late Cretaceous the 
early Burdigalian), gravity-flow events, and well- 

delineated discontinuities are used to monitor 
regional-scale correlations across the Internal- 

External Domains (see El Kadiri et aI. 2005, for 
detailed sedimentological data). 

The general interest of this approach is to 
promote the correlation between the internal and 

the external zones in deciphering the tectonic 

and/or eustatic significance of their coeval depos- 
its. Thus, these two domains can no longer be 
taken as two independent geological realms when 

reconstructing the tectonosedimentary evolution of 
the Gibraltar arc evolution. 

Geological background 

The Rifian Internal zones (Fig. 1) consist of a 

complex nappe pile resulting from the westward- 
vergent stacking of three distinct units: the Sebtides, 
Ghomarides and the Dorsale Calcaire. 

The Sebtides consist of varied metamorphic 

nappes, including a granulitic-mantle ultramafic 
unit, which is underlain (Sebta massif) and overlain 

(B6ni Bousera massif) by gneiss and schists 
of upper-crustal affinities. These in turn are overthrust 
or are overlapped by detached high-pressure- 

low-temperature metapelitic strata, mainly of 
late Palaeozoic-Triassic age (Federico units; 

Bouybaou~ne et al. 1995), a fact that supports the 
attribution of the Sebtide nappe emplacement to the 
Alpine orogeny. The ultramafic rocks of B6ni 
Bousera essentially consist of spinel-bearing 

Fig. 1. Geological map of the northwestern Rif belt and location of the study areas (see Fig. 2 for details). 
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lherzolites. They were interpreted as a hot astheno- 
spheric dome (Loomis 1975; Platt & Vissers 1989) 
or conversely as pre-Alpine slivers uprooted from 
Precambrian infracrustal levels and emplaced in the 
upper crest (Kornprobst 1974). Integrated approaches 
including detailed structural field-survey (Reubert 
et al. 1982; Saddiqi et al. 1988) and geochronological 
analyses (Sanchez-Rodriguez & Gebauer 2000) 
showed that the lower Sebtide lherzolites were 
initially derived from a lithospheric mantle, and 
were subsequently emplaced as tectonic slivers 
within upper crustal levels. This scenario occurred 
in two main stages, during Tethyan rifting at about 
183-131 Ma, and during Palaeogene subduction- 
collision (Chalouan et al. 2001; Michard et al. 

2002). Geochemical data (Targuisti 1994), and even 
the stratigraphic record (El Kadiri et al. 1992, 1995), 
support the idea that the B~ni Bousera-Ronda perido- 
tites derived from an asthenospheric dome, the ascent 
of which started as early as Mesozoic time (Sanchez- 
Rodriguez & Gebauer 2000). The conditions and kin- 
ematics of their final exhumation as well as of that of 
the surrounding metamorphic rocks are still a matter 
of debate (see, for example, the discussion by 
Balanya & Garcia-Duefias 1987; Lonergan & White 
1997; Azafion et al. 1998; Morales et al. 1999; 
Azafion & Crespo-Blanc 2000; Calvert et al. 2000). 

The Ghomaride nappes (Kornprobst 1974; 
Chalouan 1986) generally thrust the Sebtides. 
They mainly consist of Palaeozoic schists, which 
compositionally resemble their Hercynian homo- 
logues known at present in the eastern Moroccan 
Meseta (Chalouan 1986), a fact that supports a 
palaeogeographical reconstruction in which they 
originally derived from an eastern domain, where 
they formed the westernmost part of the 'A1Ka- 
PeCa' palaeoplate (Bouillin et al. 1986; Chalouan 
& Michard 1990; Guerrera et al. 1993). Lithofacies, 
metamorphism and the position within the nappe 
pile allow four main nappes to be distinguished 
(Chalouan 1986; Chalouan & Michard 1990). 

The Dorsale Calcaire was first interpreted as cor- 
responding to the Alpine Ghomaride cover (Durand 
Delga et al. 1962; Kornprobst 1974) detached from 
its Palaeozoic basement during Tertiary thrusting. 
However, characterization of an independent Meso- 
zoic Ghomaride cover with respect to the carbonate 
Jurassic strata of the Dorsale Calcaire, on one hand 
(Maat6 1984, 1996; E1 Kadiri 1991; E1 Kadiri et al. 

1992), and detailed stratigraphic analyses of the 
entire Mesozoic successions of both the Internal 
and the External Dorsale, on the other hand (Nold 
et al. 1981; E1 Kadiri 1984, 1991; Olivier 1984; 
E1 Hatimi 1991; Maat6 1996), led to the two latter 
being assigned to the palaeomargin bordering west- 
wards and/or southwards the Rif 'Internal zones'. 
This result appears in accordance with the concept 
of a 'Predorsalian zone' (Didon et al. 1973) that 

palaeogeographically corresponded to the deepest 
part of this palaeomargin (e.g. Chrafate Klippes 
units, Assifane units, E1 Hatimi 1982; El Kadiri 
1984; El Hatimi et al. 1988; Ben Ya'ich et al. 

1988). Triassic-earliest Jurassic, thick-bedded, 
shallow-water carbonate limestones make up the 
main massifs of the Dorsale Calcaire. They may 
be topped with polyphase palaeokarst surfaces in 
the Internal Dorsale (El Kadiri 1991; Maat6 1996) 
and with Fe-encrusted hardgrounds in the External 
Dorsale (El Kadiri 2002a,b). 

In the Internal Dorsale, reduced pelagic series 
may diachronously onlap the massive carbonate 
formations. The most noteworthy of these are 
developed in rosso-ammonitico facies during the 
Domerian-Toarcian, and in Saccocoma-  and/or 
Calpionel la-r ich  mudstones during the Tithonian- 
Berriasian. A long-lasting palaeokarst history 
occurred in the intervening time span (El Kadiri 
1991; E1 Kadiri et al. 1992), a feature that recalls 
the Mid-Late Jurassic 'Main Gap' found by 
Farinacci (1996, 2002) and Farinacci et al. (1997) 
in the Central Mediterranean Apennine areas. The 
most distinctive features of the External Dorsale 
are: (1) the rosso-ammonitico facies and cherty 
limestones, which can start as early as the Sinemur- 
ian (e.g. Arnioceras-r ich  strata, Fallot 1937; Griffon 
1966); (2) the red and/or green radiolarites, the 
onset of which occurred as early as the Liassic- 
Dogger transition (El Kadiri 1984, 1991). For this 
reason, they were considered as being amongst 
the earliest continental-margin-related Jurassic, 
biosiliceous deposits in the Tethyan realm (De 
Wever et al. 1985). They continued until early 
Tithonian time (El Kadiri 1991). 

In both Dorsale units, Cretaceous succes- 
sions recorded important hiatuses during the 
Hauterivian-Albian pro  par te  and the early Seno- 
nian, the best characterized ones being the Campa- 
nian and Maastrichtian Globotruncana-r ich  

marly mudstones referred to as 'Capas Rojas' and 
'Capas Blancas', respectively (El Kadiri 1991). 
Palaeogene successions consist of: (1) thin 
nodular black shales of Paleocene age; (2) varie- 
gated marl-nummulitic sand alternations of 
Eocene-mid-Oligocene age (Griffon 1966; Raoult 
1966; Nold et al. 1981; Maat4 et al. 1993; Hlila 
1994, 2005; Maat6 1996); (3) micaceous rust- 
coloured sandstones, during the late Oligocene- 
(?)early Aquitanian. 

Tectonically, the fact that the latter deposits are 
considered as being the youngest strata trapped 
between different slices (Nold et al. 1981) 
suggested a first phase of thrusting during the Aqui- 
tanian. Later, characterization of early Burdigalian 
marine strata involved in both the internal and 
external fronts of the Dorsale Calcaire (Feinberg 
& Olivier 1983; Ben Ya'ich et al. 1986; Feinberg 
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Fig. 2. Geological-structural setting of the areas including the investigated successions. (a) Jbel Moussa Group 

(modified from Komprobst & Durand Delga 1985); (b) northern part of the Tamezzakht sector (this work); (c) main 
lithological components of the Mauretanian series cropping out the vicinity of the Oued-E1-K6bir in the B~ni Ider area 

(simplified from Didon 2006); (d) example of a residue of the karstified Ghomaride carbonate cover close to the Internal 

Dorsale (El Onzar succession, simplified from Raoult 1966); (e) Ghomaride siliciclastic cover in the Talembote area 

(simplified from E1 Kadiri et al. 2001), (f) western Chrafate Klippes, a good example of the Predorsalian olistostromes 
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et al. 1990; E1 Kadiri et al. 2001) led researchers to 
envisage a second phase, during which the whole 
Dorsale nappe pile underwent large-scale thrusting 

before being trapped between the Ghomaride ter- 

ranes and the flysch-nappe domain. In some seg- 
ments (Haouz chain), the latter event resulted in a 
double 'encapuchonnement' process (e.g. Raoult 
1966; Hlila 1994, 2005), a kinematic scenario that 

explains the backthrusting and related fan-shaped 
structures. 

The northern part of the Rif calcareous 

chain (Dorsale Calcaire) is occupied by the Jbel 
Moussa Group, which is dominated by four 
kilometre-scale juxtaposed tilted blocks (J. 

Moussa, J. Juimaa and Ras Leona and Leila) of a 
Jurassic continental passive palaeomargin (El 

Kadiri et  al. 1990; E1 Hatimi 1991). All these 
blocks exhibit Triassic-early Cretaceous succes- 
sions that strongly recall the Spanish Penibetics 

(Fallot 1937; E1 Hatimi 1991), the Gibraltar and 
Los Pastores massifs (Durand Delga & Villiaumey 
1963), and/or the Southern Middle Subbetics (El 

Kadiri et al. 1990). The fact that the J. Moussa 
Group is thrust directly over the Tangiers units 
and its Spanish equivalents (Gibraltar and Pas- 

tores, both occurring in the external Campo de 
Gibraltar area), led Durand-Delga (1972, p. 274) 

to assign all these calcareous blocks to an external 
'Cretaceous cordillera' separating the Mauretanian 
and the Massylian basins. This palaeogeographical 

setting proved to be identical to that proposed by 
Raoult (1974) for the Algerian 'Prekabyle base- 

ment'. Concurrently, Didon et al. (1973) defined 
the Predorsalian units as corresponding to a 

narrow basin externally bordering the Dorsale Cal- 
caire units. It is noteworthy that the Predorsalian 

zone was characterized by the Aquitanian Numi- 
dian-like sandstones (the so-called 'Beliounis 

sandstones'), which were fundamentally defined 
in the J. Moussa Group itself. Thus, this Group 
implicitly bears the double definition of a 

Predorsalian zone and an external ridge. The 'Tar- 
iquide Ridge' is herein used in the strict sense of a 
high palaeogeographical zone delivering shallow- 
water carbonate material (calciturbidites) to both 

the Predorsalian and the Mauretanian trough 
during the late Cretaceous-early Oligocene. 

The External zones are dominated by large-scale 

'parautochthonous' terranes (the Tangiers, Ketama 
and Loukous units, mainly), and their overriding 
sandstone-flysch nappes. These in turn may thrust 

each other along well-delineated parallel structures, 
which act as the topographical lines of the Gibraltar 
arc. Although palaeogeographical reconstructions 

of the External zones still remain a subject of 
debate, especially for the Mesozoic, there is agree- 

ment that their tectonosedimentary evolution 
during the Tertiary was primarily conditioned by 
piggy-back basins and ramp-anticline structures, 
both generated by deep detachment planes (e.g. 

Morley 1987, 1988, 1992; Ben Yai'ch 1991). 
Close to the internal border, the External 

Domain (the so-called Intrarif) was strongly 
deformed so that its parautochthonous units 
locally show schistosity (Andrieux 1971; Frizon 

de Lamotte 1985) and the flysch successions 
were totally uprooted. The deformation style is 

predominantly characterized by duplex structures 
and imbricate slices. 

Stratigraphic reconstructions carried out mainly 

by Durand-Delga (1972) and Durand Delga & 
Didon (1984a,b) led researchers to recognize the 
two main flysch successions previously defined 

in the Kabylian domains (Bouillin et al. 1970): 
(1) the Mauretanian series, which includes in its 

lower half the Tisir~ne early Cretaceous calciturbi- 
dites and holoquartzous sandstones, and in its upper 
half the B6ni Ider late Cretaceous-Aquitanian cal- 

citurbidites and micaceous sandstones; (2) the 
Massylian series, which may encompass in a 
single stratigraphic column the Barremian-Albian 

olive-green sandstone flysch (Massylian sensu 

Fig. 2. Continued. (simplified from E1 Kadiri 1984). 1, low-grade-metamorphosed Triassic strata (Federico units, 
upper Sebtides); 2, Palaeozoic schists; 3, Verrucano-type Triassic red sandstones; 4, late Triassic dolomites; 5, earliest 
Liassic massive limestones; 6, mid- to late Liassic pelagic successions (cherty limestones and/or rosso-ammonitico 
facies); 7, mid- to late Jurassic red radiolarites; 8, latest Tithonian-Berriasian Aptychus-bearing calciturbidites; 9, 
Aptian-Albian, thick-bedded, fine-grained sandstones (Tisirene flysch); 10, carbonate-poor, green pelites (Tangiers 
units, Campanian-Maastrichtian mainly); 11, Campanian-Maastrichtian (mainly) calciturbidites of the Mauretanian 
series and the Chrafate Klippes; 12, Microcodium-bearing Paleocene calcarenites; 13, Nummulite-rich, white massive 
grainstones (El Onzar succession, (d)) and calciturbidites (Tamezzakht and Oued-E1-K6bir areas; (b) and (c), 
respectively); 14; late Oligocene chaotic mixture of the Talembote area, reworking Triassic strata, with a basal coarse- 
grained conglomerate rich in granite and basalt pebbles; 15, latest Eocene-mid-Oligocene variegated marls with large- 
scale olistoliths, particularly in the Predorsalian zone; 16, late Oligocene-Aquitanian yellow soft marls with large- 
scale olistoliths inherited from Triassic and Eocene massive carbonates (Tamezzakht and Talembote successions, (b) 
and (e), respectively); 17, early Burdigalian Vifiuela-type green pelagic marlstones with similar large-scale olistoliths 
(in Tamezzakht and Talembote areas); 18, late Oligocene-early Burdigalian micaceous sandstones (the so-called 'B6ni 
Ider' Flysch); 19, late Oligocene-Aquitanian holoquartzose yellow sandstones (the so-called 'Beliounis' sandstones); 
20, early Burdigalian, carbonate-poor, tobacco brown pelites and holoquartzose tobacco brown channelized sandstones 
(Talembote and Chrafate Klippes). 
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stricto) and the late Oligocene-Aquitanian Numi- 
dian sandstones. However, in the latter case upper 
Cretaceous transitional strata are not yet clearly 
characterized. 

On the whole, these flysch series were used to 
define the Maghi'ebian 'Flysch Trough' (Didon 
et al. 1973; Bourgois 1978; Durand-Delga 1980; 
Martin-Algarra 1987), along which the Maureta- 

nian flyschs were located, close to the A1KaPeCa 

palaeomargin (Bouillin et al. 1986). In contrast, 
the Massylian flyschs were located close to the 

African palaeomargin (e.g. Raoult 1974). In the Rif 
domain the latter palaeomargin is represented by 

the Jurassic terrigenous series (mainly 'Ferrysch' 
successions, Wildi 1981) known in the M6sorif and 

Pr~rif zones (e.g. compiled data of Ben Yai'ch 
1991; Benzaggagh 1996). 

On the basis of the stratigraphic data given 
below, we shall see that the Flysch Trough can no 
longer be considered to be formed by a single, 

large-scale homogeneous basin, as the existence 
of external isolated platform(s) subdivided it into 
at least two elementary basins (see also E1 Kadiri 
et al. 2003). 

Stratigraphic framework of the selected 

successions 

Six study areas (Fig. 2) have been selected from the 
principal domains known in the Internal zones and 
the surrounding External ones, namely the Ghomar- 

ides, the Dorsale Calcaire, the 'Tariquide Ridge' 

and the Flysch Trough. Their stratigraphic succes- 
sions are thoroughly reassessed (Fig. 3) and their 
possible juxtaposition during the early Burdigalian 

is outlined to better assess the sources of the carbon- 
ate clastic material. The Tamezzakht succession 

appears to be the most complete, as it spans a wide 
time-interval ranging from the latest Cretaceous to 

the early Burdigalian. Thus, it provides a rare oppor- 
tunity to appraise a long-term tectonosedimentary 

evolution through a single stratigraphic column. 

In the  G h o m a r i d e  d o m a i n  

The El Onzar and Dradia successions (Figs 2d and 

3) crop out close to the Ghomaride-Dorsale bound- 
ary in the northernmost part of the Ghomaride 

domain, north of the city of Tetuan. They provide 
some of the best evidence known for the Ghomaride 
Eocene cover. In addition to the lithostratigraphic 

description and dating controls given by several 
workers (e.g. Raoult 1966; E1 Kadiri et al. 1992; 

Maat~ 1996) and completed herein, we have 
found two complex discontinuity surfaces in these 

successions, at the very base of the Eocene strata 
and at their top. 

In both outcrops, white nummulitic sandstones and 
Nummulite-rich massive grainstones rest on early 
Liassic white massive limestones after a conspicuous 

palaeokarst discontinuity (palaeokarst surface 1, Figs 
2 and 3). This may indicate that the Ghomaride ter- 
ranes experienced a protracted emersion history 
during the Mesozoic-Paleocene, resulting in the 

near-complete removal of their carbonate cover. 
The stratigraphic top of the nummulitic white 

limestone bar (10-30 m) in turn shows an import- 
ant palaeokarst surface (palaeokarst surface 2, 

Fig. 3). In some cases (El Onzar succession), 
karstic relief (small-scale kamenitzas and palaeo- 
sinkholes) is filled with red to brown sandstones 
made up of the 'en-echarde'-type quartz, which 

originated from pedological processes (Meyer 
1987). An algal -Discocycl ina-r ich  grainstone bed 

(0.10-1 m) transgressively rests on the palaeokarst 
surface. It is generally capped with a remarkable 
Fe-crust (Fe-HG, Fig. 3), from which bacteria- 

produced Fe-epigenesis processes (e.g. Prdat 
et al. 2000; E1 Kadiri 2002a) may extend several 

decametres downwards into the host rock, which 
becomes rust coloured. Outcrop survey shows 
that this Fe-crust also may directly cap the under- 
lying nummulitic bar when the transgressive 
Discocyclina-rich deposition is laterally lacking, 

as occurs in many transgressive deposits (e.g. lag 
gravel of Plint (1988), transgressive lag deposit 
of Ftirsich et al. (1991), transgressive lags of 

Burkhalter (1995) and hiatal shell concentrations 
of Rivas et al. (1997), among others). Thus, 

the double discontinuity (palaeokarst+HG) at 
the top of the nummulitic bar may best be classi- 
fied as a rock-ground surface in the sense of 

Clari et al. (1995). 
Dating controls based on benthic Foraminifera 

lead us to assign the stratigraphic top of the nummu- 
litic bar to the late Lutetian (e.g. Raoult 1974; see 

also Table 1, sample ONZ 5). 
Yellow to rust-coloured marls (20-30 m) sharply 

overlie the Fe-hardground surface. In their upper 
half they contain fine-grained sandstone intercala- 

tions, which progressively dominate the deposi- 
tional regime (see the possible interpretation 

below). They yield planktonic Foraminifera indicat- 
ing a latest Lutetian-Early Bartonianage (Table 1, 
sample ONZ 10) 

In the Talembote area (Fig. 2e) located 40 km 
south of the city of Tetuan close to the Internide- 
Externide front, decametre-scale sedimentary 
klippes are embedded within an Aquitanian-early 

Burdigalian siliciclastic matrix (Fig. 3). They 
exhibit an identical Liassic-Eocene stratigraphic 

succession with the same discontinuities and litho- 
logical components, and their presence here may 

have an important bearing on the palaeogeographi- 
cal reconstructions (see below). 
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Fig. 3. Stratigraphic correlation of the studied successions, selected from distinct domains of the northwestern Rif belt: 
the Ghomaride domain (Dradia-El Onzar units, Talembote succession), the (Calcareous) Dorsale Calcaire 

(Hafat Srir succession) of the Internal zones; the Predorsalian fringe (B6ni Imrane succession), and the B6ni Ider area 

(Oued-El-K6bir section) of the External zones (see text for details). The upper part of the figure tentatively proposes a 
possible reconstruction of this scenario during the early Burdigalian, i.e. just before the orogenic paroxysm (the 

shortening distance D? remains uncertain). Grey shading indicates the sampling levels from which new biostratigraphic 

dates are given in Tables 1 and 2. 
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The most noteworthy feature of the Talembote 

Tertiary succession is the facies contrast, which is 
well marked in the field, between its four sedimen- 

tary formations ranging from the late Oligocene to 
the early Burdigalian (El Kadiri et al. 2001, and 
Fig. 2e). For regional correlation, it is relevant to 
note the sharp facies change from the yellow soft 

marls of the second formation (latest Oligocene- 

Aquitanian pro parte) to the green pelagic marl- 
stones of the overlying third formation (earliest 
Burdigalian). The former facies is particularly rich 

in planktonic Foraminifera (El Kadiri et al. 2001) 
and contains in its upper half spaced intercalations 

of yellow Alozaina-type sandstones, a facies wide- 
spread in the Aquitanian Malaguide cover and that 
of the northern part of the Ghomaride terranes. 

The second contains siliceous horizons and strongly 
recalls the Vifiuela-type pelagic deposition 
(El Kadiri et al. 2001). 

Various coarse-grained breccia flows are interca- 
lated within the Talembote pelagic successions. All 

exhibit the same mixture of carbonate and meta- 
morphic clastic material, with the ubiquitous 
Nummulite-rich and reefal boundstone blocks 
derived from a lost Palaeogene carbonate platform. 

Also ubiquitous are granitic and alkaline-basalt 
pebbles. The former were discovered in situ 

within the Carboniferous Marbella conglomerates, 

from which they are presumed to have been 
derived. In contrast, the origin of the alkaline 

basalts still remains unclear. 
In the Internal zones of the Betic Cordillera, the 

coeval early Burdigalian Las Millanas-Vifiuela 

Formation contains a basal conglomerate exhibiting 
the same clastic mixture. This may indicate that the 

source of supply was the same and had a wide 
palaeogeographical extent. Otherwise, it is relevant 

to note the presence, within the Spanish early 
Burdigalian conglomerates, of almost unaltered 
blocks and pebbles of the usual Alpujarride- 

Sebtide facies, namely peridotites and garnet 
gneiss. Such pebbles have not yet been discovered 
in the Ghomaride cover. 

In  the D o r s a l e  C a l c a i r e  

In the Dorsale Calcaire the most pronounced dis- 

continuity is delineated by the widespread late 

Eocene-early Oligocene Breccias Nummuliticas 
(Nold et al. 1981) that independently rest on 
normal-fault-denuded Triassic or Jurassic strata, 
which pinpoint a regional extensional event. The 

Hafat Srir section, cropping out in the northern 
part of the Internal Dorsale (south of the city of 
Tetuan), provides a good example of this: it starts 

with a 5 m thick, ungraded, coarse-grained nummu- 

litic breccia bed (facies R1 of Lowe 1982; facies F3 
of Mutti 1992) that directly reworks pedologically 

pre-altered, rust-coloured Triassic dolomites. This 

basal breccia passes up into a thinning-upward 
alternation (c. 150 m thick) of pelagic marls and 

graded breccias. Well-developed Fe-crusts carpet 

near all the basal breccia beds. Yellowish pelagic 
marls, between them, yield planktonic Foraminifera 
indicating a latest Eocene age (Table 1, sample 
SAD 1). The overlying marly succession, which 

spans the early to mid-Oligocene interval (Maat~ 
et al. 1993; Table 1, samples SAD 2, 7 and 10), 

comprises a rhythmic metre-scale alternation of 
carbonate-rich green marls and carbonate-poor 

pink marls, a fact that may be ascribed to cycles 
related to the calcite compensation depth (CCD) 
fluctuation, redox and/or productivity (Eicher & 

Diner 1991; Einsele & Ricken 1991). The Hafat 
Stir marly alternation may satisfactorily be used 
to interpret the origin of the widespread early to 
mid-Oligocene 'variegated marls' as the result of 

reworking and mixing by slope processes of the 
same kind of cyclic deposits. 

These marly deposits are sharply overlain, after an 
erosive surface, by micaceous, wood-debris-beating, 
rust-coloured sandstones, probably of late Oligo- 
cene-Aquitanian age (Hlila 2005). The onset of this 

siliciclastic depositional regime may be ascribed to 

a second extensional event, as shown by numerous 
synsedimentary normal faults. In thin section the 

rust colour is proved to be due to the presence of a 
large amount of pre-rubefaction, palaeosoil-derived 
carbonate clasts together with white and black 
quartz grains. 

In  the P r e d o r s a l i a n  z o n e  

The most representative successions of the Predor- 
salian zone crop out in the well-studied Chrafate 

klippe area (Didon et al. 1973; Lespinasse 1975; 
Nold et al. 1981; E1 Kadiri 1984, 1991; Olivier 

1984; Ben Yai'ch et al. 1988) where the early Oligo- 
cene 'variegated marls' (Fig. 2f) form decametre- 

to hectometre-scale sedimentary klippes, inherited 
from Dorsale-type lost units, and pass upward 

into late Oligocene-Aquitanian Numidian-like 
sandstones (i.e. Beliounis sandstones, Didon et al. 

1973). These two stratigraphic components (olisto- 
stromes and sandstones) are separately known in 

the Internal domain and the External one, respect- 

ively. As part of this peculiar zone we would 
like to consider the Tamezzakht stratigraphic 

succession (Figs 1, 2b and 3), which also combines 
features separately known in the Internal domain 
and the External one. This succession displays in 

its lower half a late Cretaceous-early Oligocene 
calciturbidite-shale alternation, similar to that of 

the external B~ni Ider series. In contrast, its upper 
half is chiefly made up of early to mid-Oligocene 
variegated pelagic marls and rust-coloured 
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sandstones. The latter are developed in the same 

Dorsale-type facies (see Table 2 for dating con- 

trols). They pass upward into late Oligocene-early 

Burdigalian pelagic deposits made up of yellow 

marls-green marlstone couplets identical to those 
previously described in the early Miocene Ghomar- 

ide cover. In addition, the intercalation within the 

late Oligocene-Aquitanian levels of the Beliounis- 

type sandstone facies supports the attribution of the 

Tamezzakht succession to the Predorsalian zone. 

In thin section, the calciturbidite flows com- 

monly reveal the presence of carbonate clasts, 

whose facies strongly recalls the Internal 

Dorsale Jurassic series, namely the shallow-water 

white massive grainstones (earliest Liassic) 

and the Calpionella-Saccocoma-rich mudstones 

(Tithonian-Berriasian). However, the interposition 
of the External Dorsale between the Internal one 

and the Predorsalian zone, on the one hand, and 

the proximal character of the calciturbidite dis- 

charges, on the other, lead us to suggest a distinct 

carbonate source with respect to the Internal 

domain. Palaeocurrent directions that we have 

measured on the bed surfaces of the calciturbidite 

interval are N70~ ~ with the current flowing 

towards the internal zones (from WSW to ENE, 

i.e. from an external source). In the overlying silici- 

clastic interval the current direction is N20~ ~ 

mainly N30~ ~ flowing from SW to NE. Thus, 

the clastic material of the Tamezzakht succession 

could be sourced from an external lost terrane, a 

result that fits well with the 'Tariquide Ridge' 

hypothesis (Durand-Delga 1972) and recalls the 

Penibetic and/or Ultra-Internal Subbetic seamounts 

of the southern Betic Cordillera. 

The most noteworthy feature of the Tamezzakht 

pelagic marly deposits (late Oligocene-early 

Burdigalian) is the rhythmic alternation of yellow 

soft marls and green marlstones. In the Ghomaride 

cover, both facies are strictly limited to the latest 

Oligocene-Aquitanian and the early Burdigalian, 

respectively. 

Surrounding External Domain 

Two Paleocene-mid-Oligocene successions with 

stratigraphic features similar to those previously 

described can be selected from the surrounding 

External Domain: the B6ni Imrane succession, 

which crops out north of the city of Tetuan 

between the Predorsalian zone and the Tangiers 

unit, and the Oued-E1-Kebir succession cropping 

out along the main river crossing the B6ni Ider 

area, 25-30 km SW of the city of Tetuan (Fig. 2c). 

Black, thick-bedded cherty mudstones rich in 

small planktonic Foraminifera (Subbotina pseudo- 

bulloides (Plummer) and Planorotalites compressa 

(Plummer)) of Paleocene age make up the lower 

half of the B6ni Imrane succession (c. 30 m). 

They can be accompanied by a channelized, 

coarse-grained basal division, which reveals that 

the black mudstones came from up-slope pelagic 

muds. They are sharply overlain by c. 5 m thick, 

thin-bedded calciturbidites with the sandy fraction 

being rich in penecontemporaneous Nummulites 

of Eocene age. Hence, there has been an important 

environmental change affecting the source area 

across the Paleocene-Eocene boundary, from 

exporting plankton-dominated muds into producing 

and shedding shallow-water-rich bioclastic sands 

together with an important lithoclastic fraction 

deriving from its carbonate substratum. A channe- 

lized white, Nummulite-bearing sandstone bed 

(WNS, Fig. 3) occurs in the intervening the strati- 

graphic levels. The latter facies also appears at the 

very base of both the Eocene deep-sea calciturbi- 

dites of the Tamezzakht succession and the 

Eocene shallow-water, limestone bar of the Gho- 

maride cover, a result that suggests key strata of 

regional correlation potential (WNS, Figs 3 and 4). 

A 3-5 m thick, coarse-grained, poorly graded 

conglomerate bed sharply overlies the calciturbidite 

interval. It is covered with an Fe-crust and probably 

pinpoints the same extensional event that resulted in 

the latest Eocene-early Oligocene chaotic breccias 

in the Internal Dorsale and the Tamezzakht succes- 

sion. The B6ni Imrane Palaeogene series ends with 

a shaly interval (most probably of early to mid- 

Oligocene age, by comparison with dating controls 

obtained from Tamezzakht similar levels), made up 

in its lower half of ochre-red, lime-poor shales with 

thin intercalations of calciturbidites, and in its upper 

half of variegated marls. 

The Oued-E1-K6bir section exhibits the same 

lithostratigraphical features, particularly: (1) the 

WNS key strata; (2) the Fe-crust-capped, chaotic 

breccia overlying the Eocene calciturbidites; (3) 

the early to mid-Oligocene ochre-red shales, a 

facies well known in the remainder of the external 

B~ni Ider area (the so-called 'flysch color6'). 

Regardless of the relative palaeogeographical 

position of the Oued-El-K6bir section, the entire 

Palaeogene stratigraphic evolution outlined in the 

Internal domain and close to its border seems to 

have been strongly influenced by a neighbouring 

carbonate platform. By the beginning of the late 

Oiigocene, the total disappearance of the clastic 

carbonate material was combined with the onset 

of the siliciclastic depositional regime. Thus, at 

that time, the supplying carbonate platform(s) was 

(were) probably destroyed and/or drowned under 

the siliciclastic accumulations. In both cases, the 

sharp contact between the early-mid-Oligocene 

calciturbidite-intercalated red shales and the late 

Oligocene sandstone-intercalated yellow marls 

may be regarded as a depth-equivalent of the 
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drowning-suffocation discontinuity in the sense of 
Schlager (1989, p. 7). 

Petrographical evidence from the very base of 
the graded sandstone beds shows a mixture of 
basement-derived detrital fragments, namely, 

filonian-type quartz, schist, feldspar and micas. 
They are probably sourced from a tectonically 
raised, new source area(s). Regional correlations 

with both the External domain and the Internal 
one support such an assumption (see below). 

Discussion: regional correlations 

Figure 4 summarizes the facies contents of the 

palaeogeographical domains outlined in Figure 3, 
and highlights the recognized discontinuities (ero- 
sional, palaeokarstic and Fe-hardground-type 

surfaces) and the main calciturbidite and tectono- 
sedimentary events. It should be noted that the 
Tamezzakht succession appears to be the most com- 

plete, with its facies being more clearly contrasted 
in the field (El Kadiri et al. 2005). Its position in 
a transitional area between the Internal domain 
and the External one makes it a useful starting 

point for regional correlations. From the latest Cre- 
taceous onwards the main lines of comparison are 

described below (see also Fig. 3). 
The latest Maastrichtian-early Paleocene 

pelagic-dominated strata (black shales and 

reduced ochre-red shales, facies 5 and 6, respect- 
ively, Fig. 4) at the base of the Tamezzakht succes- 
sion strongly recall their time-equivalent strata 

known in (1) the Dorsale Calcaire as Capas 

Blancas (facies 3, Fig. 4), made up of dark-coloured 
marl-limestone alternations (of Maastrichtian- 
(?)Paleocene pro parte age, Griffon 1966; E1 

Kadiri 1991); (2) the Jbel Moussa Group in the 
facies of ochre-red and black, lime-poor shales of 
lower Paleocene age (facies 6b, Ras Leona and 

Taoura sections, E1 Kadiri et al. 1990); (3) the 
southernmost External Dorsale ('Col de l'Abri' 

section, Nold et al. 1981; E1 Kadiri 1984) in the 
facies of variegated to ochre-red lime-poor shales 

of Maastrichtian-(?)Paleocene pro parte age (facies 
4). In contrast, the Maastrichtian-Paleocene strata 
in the BEni Ider area are represented by thick packages 
of mixed carbonate-siliciclastic turbidites (facies 7, 

E1 Kadiri et al. 2003), but within which intercalations 
of ochre-red lime-poor shales are a very common 
component. 

The thick-bedded late Paleocene dark-coloured 
calciturbidites (facies 11) present a striking lithofa- 

cies analogue in the Brni Imrane area located 5 km 
NW of Tetuan, which may correspond to a lateral 

equivalent of the Tamezzakht succession. In the 
southern Dorsale Calcaire units Paleocene strata 
are generally poorly characterized and in most 

cases dating controls do not allow us to distinguish 

them from the underlying condensed late Cre- 
taceous pelagic deposits or the overlying Eocene 
marly strata (Nold et al. 1981, p. 134). In its north- 

ern part, near the Kobat Sidi Kmim slice, a 
coarse-grained chaotic breccia (c. 15-20 m thick, 
facies 9) unconformably overlies a Campanian- 

Maastrichtian Capas Rojas-Capas Blancas pelagic 

series (facies 1 and 3). Dark-coloured marls interca- 
lated between the basal breccia flows contain plank- 
tonic Foraminifera of late Paleocene age (El Kadiri 

et al. 2003). The most conspicuous example of 
Paleocene gravity-flow events was found in the 
J. Moussa Group: as noted by E1 Hatimi (1991) 
and E1 Kadiri (1991), its largest elements, of up 

1 km in length (Ras Leona and J. Moussa Blocks), 

are partly embedded within ochre-red and black 
shales of Late Maastrichtian-Paleocene age 
(facies 12). All these Paleocene chaotic breccia 

were probably linked to regional tectonic pulses, 
as they form also a widespread key stratum in the 
Kabylian domain (e.g. Raoult 1974). In many 

places throughout the northern Dorsale Calcaire 
(Haouz Belt), Raoult (1966) noted a Paleocene 
age for the Microcodium-bearing calcareous sand- 
stones (facies 10, Fig. 4), which transgressively 

overlie the massive carbonate formations. Ben 
Yaich et al. (1986) and Hlila (2005) described and 

dated in the Oued El Gharraq section an interesting 
dark-coloured glaucony-rich, bioclastic level (c. 
30 cm, facies 8), which transgressively erodes late 

Cretaceous 'Capas Blancas'-type strata, and lies at 
the very base of the white massive Nummulite- 

rich grainstones (facies 14b). Similarly, Microco- 

dium-bearing calciturbidites characterize the late 
Paleocene calciturbidites in the Flysch Trough 
(facies 13). 

Petrographical evidence from the Maastrichtian- 

Eocene Tamezzakht calciturbidites (facies 6-11) 
and from the Brni Ider Flysch Trough (facies 2, 7 
and 13), show that the reworked lithoclasts were 

inherited from Triassic-early Jurassic, massive car- 
bonate formations, mainly dolomites and white 

massive limestones, as well as from latest 
Jurassic-earliest Cretaceous pelagic series, namely 
Calpionella- and/or Saccocoma-rich mudstones. 
Complementary results have been obtained from 
equivalent late Cretaceous-early Oligocene calcitur- 
bidite strata of the Brni Ider area by Blumenthal 

et al. (1958), and recently by E1 Kadiri et al. 

(2003, 2006). Interestingly, such facies make up pre- 

cisely the successions known in the Internal Dorsale 
units (e.g. Griffon 1966; Raoult 1966; Nold et al. 

1981; E1 Kadiri et al. 1989; Maat6 1996) and 
the Jbel Moussa Group (El Kadiri et al. 1990). 
In contrast, lithoclasts derived from key facies of 

the External Dorsale (red radiolarites, Aptychus- 

rich mudstones) are lacking despite the fact that the 
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Fig. 4. Facies correlation and the tectonosedimentary events in the southwesternmost A1KaPeCa palaeomargin, the 
Tariquide Ridge and the Flysch Trough, based on selected data from: the Talembote area (Ghomaride terranes), Oued 
E1 Gharraq and Hafat Stir sections (Internal Dorsale), J. Lakraa, Hafat Nator, Saaden and Ametrasse-Bettara units 
(External Dorsale), Chrafate Klippes (Predorsalian domain), Beliounis and Ras Leona Klippes of the eastern part of the 
J. Moussa Group (Tariquide Ridge) and the Oued-E1-Kdbir successions (Bdni Ider trough). 1, 'Capas Rojas'-type 
marlstones; 2, thick-bedded calciturbidites; 3, 'Capas Blancas'-type marlstones; 4, variegated marls (scaglia rossa 
facies); 5, black shales and resedimented blocks; 6, ochre-red marlstones and slope calcarenites in Tamezzakht (6a) 
and the eastern J. Moussa Group (6b); 7, calciturbidite-black shale alternation; 8, glaucony-rich bioclastic 
wackestones of the Oued E1 Gharraq section); 9, chaotic megabreccias and black shales (Kobat Sidi Kmim section); 10, 
black-shale pelagic limestone alternation (10a) and Microcodium-bearing turbidites and pelagic mudstone (10b); 11, 
Microcodium-rich, thick-bedded calciturbidites; 12, hectometre-scale olistoliths, i.e. eastern elements of the J. Moussa 
Group; 13, medium- to thick-bedded Microcodium-rich calciturbidites (late Paleocene); 14a, early Eocene, 
Nummulite-bearing white sandstones; 14b, Nummulite-rich massive white limestones; 15, latest Eocene-earliest 
Oligocene coarse-grained conglomerates (the so-called Breccias Nummuliticas); 16, variegated marls; 17, large-scale 
olistoliths embedded within the latest Eocene-early Oligocene variegated marls (i.e. Chrafate Klippes, Assifane 
blocks, etc.); 18a, 18b, coarse-grained c alciturbidites and olistoliths; 19, ochre-red lime-poor shales (RSF); 20, yellow 
soft marls with thin intercalations of sandstones (Bartonian); 21a, micaceous, wood-debris-bearing, carbonate 
sandstones, i.e. the so-called 'Grbs Roux' (late Oligocene-(?)early Aquitanian); 21b, 'Grbs Roux'-micaceous 
sandstones alternation and yellow soft pelagic marls (mid- to late Oligocene); 22, green and yellow pelagic marls 
underlying the Beliounis sandstones; 23, thin-bedded micaceous sandstones and yellow marls; 24, holoquartzose 
puddingstones, with scarce granite pebbles (basal conglomerate of the Alozaina-type formation): latest Oligocene- 
early Aquitanian; 25a, yellow sandstone-marl alternation; 25b, yellow soft pelagic marls (late Aquitanian pro paste); 
26, fine-grained yellow sandstones (Aquitanian); 27, channelized Beliounis-type sandstones (late Oligocene- 

Aquitanian); 28, Aquitanian Beliounis sandstones (cropping out in the village of Beliounis); 29, thick-bedded 
micaceous sandstones; 30, chaotic basal breccias and olistoliths containing a mixture of carbonate clasts as well as 
granite and basalt pebbles; 31, early Burdigalian Vifiuela-type marlstones with thin chert levels, cropping out in the 
Talembote area (31 a) and in the Predorsalian Chrafate Klippe zone (3 lb); 32, 'Gr~s Roux'-micaceous sandstones 
alternation and Vifiuela-type marlstones (early Burdigalian); 33, tobacco brown pelites and Numidian-type sandstones 
(early to mid-Burdigalian) with resedimented blocks inherited from lost Ghomaride terranes; 34, chaotic complex 
reworking a mixture of blocks inherited from the Internal Dorsale and the Ghomaride cover; 35, chaotic complex 
reworking blocks from both the Internal and the External Dorsale; 36, nappe emplacement, probably triggered from late 
Burdigalian time. 
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latter domain was palaeogeographically placed 
between the Internal Dorsale and the Tamezzakht 

area. Thus, calciturbidites of the Tamezzakht succes- 
sion (and those of the B~ni Ider succession) are likely 

to have been derived from an external shallow-water 
high area and not from the neighbouring Dorsale 
Calcaire. Support is given to this assumption by 
the following three criteria. (1) Both the Internal 

Dorsale and the external Dorsale during this time 

interval were completely drowned, as is clearly 
shown by the three ubiquitous pelagic facies: 

'Capas Rojas' (Campanian), 'Capas Blancas' 
(Maastrichtian) and black shales (mainly of late 
Paleocene age). In contrast, the petrographical evi- 

dence shows the abundance of rust-coloured, 
palaeo-altered clasts in the B6ni Ider and Tamez- 

zakht Paleocene calciturbidites, which indicates 
that this clastic material was reworked from an adja- 
cent emerged area. (2) The east-moving slump struc- 

tures in the late Cretaceous-Paleocene calcarenites 
point to east-dipping (towards the internal zone) 

palaeoslopes. (3) The palaeocurrent directions indi- 
cate currents flowing towards the internal domain 
and directed N70~176 mainly N80~ 

In contrast to the late Paleocene black shales and 
Microcodium-bearing pelagic black mudstones of 

the Dorsale Calcaire (facies 9 and 10a) the coeval 

thick-bedded black calciturbidites of the 
Predorsalian (facies 10b), Tamezzakht (facies 11) 
and B~ni Ider series (facies 13) are almost exclu- 
sively made up of Microcodium crystal grains. 

The Microcod ium colonies (originally defined by 
Gltick 1912) are known to correspond to microbial 

mats 'decaying' limestones on palaeosoils (Freytet 
1970; Bodergat 1974) and palaeokarst surfaces 
(Meyer 1987; E1 Kadiri et al. 1992). Thus, the latter 
Microcodium-rich calciturbidites were sourced from 

large-scale emerged karstic areas, which cannot be 

envisaged in the Dorsale Calcaire, as the latter was 
totally drowned during Campanian-Paleocene 
times (El Kadiri et al. 1989, 1992). It is noteworthy 
that the basinward export of the greatest volume of 

Microcodium material was mostly triggered during 
the late Paleocene transgressive regime (compare 

the. 'transgressive washing' process described by E1 
Kadiri et al. 2006). 

These important results are in accordance with 

the 'Tariquide Ridge' hypothesis of Durand-Delga 
(1972), which postulates that an isolated pelagic 
platform should be reconstructed in the northern- 

most part of the External zones (i.e. Jbel Moussa 
Group). The above-mentioned petrographical data 

strongly suggest that the 'Tariquide Ridge' would 
have had an important southward prolongation in 
the external zones and therefore would have separ- 

ated the Predorsalian zone from the Mauretanian 

Flysch Trough during Jurassic-early Oligocene 
times. Thus, the Predorsalian zone significantly 

differs from the initial Predorsalian scheme of 
Didon et al. (1973) and Olivier (1984) who recon- 
structed the Predorsalian as a narrow transitory 

palaeogeographical zone directly connected to the 
external Flysch Trough. The scheme proposed 

here may explain why the Predorsalian zone did 
not receive the widespread early Cretaceous sand- 
stone flysch (i.e. Tisirene flysch). Interestingly, 

the fact that the Predorsalian series received interca- 
lations of Numidian-like sandstone flysch during 

latest Oligocene-Aquitanian times may indicate 
that an important tectonic event occurred during 
the mid- to late Oligocene and resulted in the disap- 
pearance of the so-called 'Tariquide Ridge'. We 

shall see below that this turning event: (1) was 
immediately preceded by large-scale resedimentation 

phenomena (latest Eocene-early Oligocene), partly 
reworking the material of the above-mentioned 
ridge itself; (2) was coeval with the onset of the wide- 

spread micaceous sandstone flysch (i.e. B6ni Ider 
flysch), which indicates a tectonically raised new 

clastic source. 

At present, late Cretaceous-Paleocene marine 
strata are unknown in the Ghomaride domain 
(Maat6 1984, 1996; E1 Kadiri 1991). In almost all 

the patched outcrops of the carbonate cover, dis- 
covered in this domain, white Nummulite-bearing 

carbonate sandstones (WNS, Fig. 3) of earliest 
Eocene (Illerdian) age (facies 14a, Fig. 4) directly 
fill the karstic cavities developed in the Liassic car- 

bonate successions (e.g. E10nzar  unit, E1 Kadiri 
et al. 1992). It is noteworthy that all the early 

Eocene transgressive shallow-water limestones at 
present known in the Ghomaride domain are 

never found directly discordant on the Palaeozoic 
schists. The fact that they are fundamentally 
linked to early Jurassic strata (e.g. E10nzar  and 

Talembote sections, Fig. 3) and frequently occur 
as olistolithes within the Alozaina- and Vifiuela- 
type Tertiary formations (e.g. Talembote section, 

Fig. 3), strongly suggests that these fragments of 
the assumed early Eocene 'Ghomaride cover' 
were originally derived from Ghomaride-like lost 

terranes and not from the at present defined Gho- 
maride units. A similar conclusion may be inferred 

from the basal conglomerates of these two Tertiary 
formations (El Kadiri et al. 2001; Hlila 2005) and 
from coeval conglomerates overtopping the Ter- 

tiary Ametrasse unit (southern external Dorsale, 

Nold et al. 1981; Hlila 2005), which are, in both 
cases, rich in granite, basalt pebbles and reefal 
blocks of unknown origin. The fact that these 

conglomerates preferentially occur close to the 
Ghomaride-Dorsale contact (e.g. Talembote, B6ni 
Maaden) and within the Dorsale Calcaire itself, 

strongly suggests that their source was located 
between the Ghomaride terranes and the Dorsale 
Calcaire. 
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Regarding the successive transgressive peaks 
shown in the long- and short-term eustatic curves 

by Haq et al. (1987) and Hardenbol et  al. (1998, 
charts 1 and 2), the late Cretaceous-Paleocene 

transgressive peaks were markedly higher than 
those of Eocene times. This leads us to suggest 
that: (1) the Ghomaride realm ( sensu  lato)  experi- 
enced a long-term Mesozoic karstic regime (El 

Kadiri et al. 1992); (2) the onset of the Tertiary 
marine regime from the beginning of the Eocene 

was driven by a regional-scale tectonic collapse. 
Interestingly, equivalent transgressive Nummulite- 
bearing sandstones that developed in a strikingly 
identical lithofacies make up a metre-scale interval 

at the base of the Eocene calciturbidites in many 

sections throughout the Btni Ider area (Fig. 3). 
They can serve as key strata not only because of 
their high correlation potential, but also as they 
allow the onset of a transgressive regime to be deli- 

neated even within near-homogenous base-of-slope 
calciturbidite packages. In the Oued-E1-Ktbir 

section (Fig. 3) a conspicuous Thal lass inoides-  

burrowed firmground surface (i.e. Glossi fungi tes-  

type surface; e.g. Savrda 1995; MacEachern & 

Burton 2000; Savrda et al. 2001a,b) immediately 
follows the WNS facies, and probably marks the 

related transgressive peak. 
Importantly, the same light-coloured carbonate 

sandstones exist in the Tamezzakht section. They 

clearly erode the lime-free siliceous green shales 
of the underlying facies (facies 11), upon which 
they unconformably rest along a low-angle hidden 

discontinuity (in the sense of Clari et al. 1995). 

Two Fe-encrusted surfaces cap the immediately 
overlying beds and may be regarded, in the same 
way, as corresponding to the consequent transgres- 
sive peak. Hence, the following thin-calciturbidite- 

intercalated ochre-red shales could normally 
correspond to the late highstand-lowstand regime, 
during which terrigenous-nmd-dominated packages 

are the most common components (e.g. Savrda 

et al. 2001a). 
Within the Tamezzakht succession, conspicuous 

grain-flow events occur in the upper part of the 
ochre-red shales of Eocene-early Oligocene age 

(facies 18a), probably close to the Eocene- 
Oligocene boundary. They laterally evolve into a dis- 
continuous olistostrome-like formation, which can 

rest uncomfortably on the underlying strata of late 
Cretaceous-Paleocene age (facies 5 and 6). This col- 
lapse event may correlate with the regional-scale 

onset of chaotic breccias in both the Dorsale Calcaire 
(facies 15, Breccias Nummuliticas, Nold et al. 1981) 

and the Flysch Trough. In the former (e.g. Hafat 

Stir section, Fig. 3) they unconformably rest on the 
Triassic-Liassic massive carbonate formations 

and seal large-scale extensional structures (see also 
the geological maps of Kornprobst et al. 1975, 

1979). In the second, chaotic breccias cap the 
Eocene calciturbidites before being buried under an 
ochre-red shale-dominated succession (facies 18b). 

In addition, E1 Kadiri (1984), De Wever et al. 

(1985) and Ben Ya'/ch et al. (1988) showed that the 
sedimentary Chrafate Klippes (facies 17), which rep- 
resent the southernmost part of the Predorsalian 

domain, were embedded within variegated marls 

of latest Eocene-early Oligocene age (facies 16). 
Concurrently, the absence of coeval marine strata in 
the Ghomaride domain is noteworthy. Marine sedi- 

mentation seems not have returned before the onset 
of the widespread latest Oligocene transgressive holo- 
quartzose puddingstones (facies 24), which lie at the 
base of the Aquitanian yellow marl-sandstone alter- 

nation (facies 25, i.e. Ciudad-Granada-Fnideq 

Formation). 
In the northernmost part of the Ghomaride domain, 

the Fnideq sandstones commonly seal normal faults at 

different scales, which points to a regional extensional 
event. In the Dorsale-Predorsalian couplet, the rust- 
coloured sandstones (facies 21a) that start shortly 

before, during the late Oligocene, also seal normal 
faults at different scales. A more comprehensive 
assessment of the regional-scale tectonic controls 

that might be proposed for the whole late Oligocene 
history needs to account for other time-equivalent 

events known throughout the whole Betic-Rif 
Internal zones, which is beyond the scope of this 
paper. It should be noted, for instance, that this exten- 

sional event in both the Ghomarides and Dorsale Cal- 
caire occurred just after the mid- to late Oligocene 

paroxysmal phase that is well documented in the 
Ghomaride units (e.g. Chalouan 1986; Durand- 

Delga et al. 1993). 
The abrupt facies change that is well delineated 

in the field between the 'oligotrophic' ochre-red 
shales (facies 19 in the Tamezzakht, J. Moussa 

and Bgni Ider areas) and the 'eutrophic' green 
pelagic marls (oligotrophy-eutrophy boundary, 

Ol/Eu B, Fig. 4) is seemingly linked to the well- 
documented global-scale climatic change that 

occurred close to the Eocene-Oligocene boundary. 
It is evidenced by the turnover of planktonic Fora- 

minifera (see examples by Molina et al. 1986, 
1988, 1996, amongst others) as a result of a 
sudden global cooling event paired with enhanced 
ocean circulation (e.g. Pomerol 1985; Marry et al. 

1988; Zachos et al. 1993, 1995; Diester-Haass & 

Zahn 1996; Barnes 1999). These climatic events 
were essentially induced by the immediately pre- 
ceding tectonic collapses, which resulted in the 
opening and/or rearrangement of intercontinental 

seaways (e.g. between Antarctica and South 
America, Pomerol 1985; Wilson et al. 1998). 

Thus, the successions selected in this study 
provide an interesting record of such a twofold 
tectonic and climatic event: the coarse-grained 
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conglomerates (facies 15, 17 and 18)and olistos- 
tromes (facies 17) fit well with this, scenario. 

We would like to compare this Oligocene scen- 
ario with two strikingly near-identical events, 
which occurred close to the Jurassic-Cretaceous 

boundary and at the Turonian-~-early Senonian 
boundary, respectively. The former was recorded 
similarly by an abrupt facies change between the 

'oligotrophic' ochre-red radiolafitic shales (late 
Jurassic) and the coccolith-formed yellow hemi- 

pelagic marls (late Tithonian-e~/rly, Cretaceous). 
This is the Kuenen event (Roth 1989), which is 
known throughout the Tethyan realm to be similarly 
induced by a tectonic-mediated ocean-circulation 

intensification (De Wever et  al. 1986; E1 Kadiri 
2002b). In the latter case the early Senonian 

eutrophic green pelites sharply seal normal faults 
affecting the immediately underlying ochre-red 
Turonian shales and calciturbidites (El Kadiri 

et  al. 2003). These examples support the causal 
link proposed above between tectonics and abrupt 

facies change. In the case of the onset of the early 
to mid-Oligocene eutrophic shales (Dorsale 
calcaire; Tamezzakht, B6ni Ider), the related 
tectonic event may obviously be linked to the 
Ghomaride paroxysmal phase. 

The rust-coloured sandstones (the so-called 'Gr~s 

Roux'; Fallot 1937; Griffon 1966) typify the late 
Oligocene siliclastic regime in all the stratigraphic 

series known in the Dorsale Calcaire (facies 21a) 
and last until the early Burdigalian in the Tamez- 

zakht succession (facies 21b and 32). Petrographi- 
cal evidence shows that this regime reworks a 

mixture of metamorphic-rock-derived, immature 
lithoclasts that do not seem to be sourced from the 
Rifian Sebtide-Ghomaride terranes or from their 

Betic counterparts. Their petrographical features 
seem to us similar to those described by Puglisi 

et al. (2001) in both the Tertiary Ghomaride cover 
and the time-equivalent strata in the B4ni Ider 
flysch successions. About 10 palaeocurrent direc- 

tions measured on the sole of the sandstone beds 
indicate currents directed N20~ ~ mainly 
N30~ ~ and flowing from the SW to the NE 

(i.e. towards the internal domain from an external 
source). Thus, like the underlying calciturbidites, 
these sandstone flows could be sourced from (an) 
external lost terrane(s). Seemingly, the same may 

be true for the Dorsale-Calcaire 'Gr6s Roux', the 

sole of which gives evidence of north-flowing cur- 
rents (our measurements were taken in the Tamez- 
zakht area, i.e. in the Hafat Stir section along the 

road to the television mast). In the latter domain 
the current directions were probably modified by a 
near north-south-directed half-graben physiogra- 

phy. However, reconstruction of the late Oligo- 
cene-Aquitanian sandstone source(s) remains a 
hard task and requires more dating controls and 

careful regional-scale correlations (partly involving 

sedimentological and environmental data as a com- 
parison tool) throughout both the Internal and 
External zones. For instance, it is noteworthy that: 

(1) a tectonic event (i.e. the mid- to late Oligocene 
paroxysmal phase in the Ghomaride domain) could 
be responsible for the emplacement (and/or emer- 

gence) of new supplying terranes close to or 
partly on the previous nummulitic carbonate 

source, which resulted in its complete and irrevers- 
ible drowning under the siliciclastic accumulations; 
(2) the whole palaeogeographical setting was likely 

to undergo significant modifications (i.e. in placing 
together previously distant areas). Concurrently 
with the rust-coloured sandstones, this result may 

additionally be supported by the interlayered 

metre-scale micaceous sandstones, which undoubt- 
edly reflect the rise of another juxtaposed terrige- 
nous source. 

In the Ghomaride domain, the chaotic, coarse- 
grained conglomerate lying at the very base of the 
early Burdigalian marlstones (i.e. Vifiuela For- 

mation) is well documented in the Betic Internal 
zones as transgressively onlapping the Palaeozoic 
terranes (Sanz de Galdeano et  al. 1993; Serrano 
et  al. 1995; L6pez-Garrido & Sanz de Galdeano 

1999). These rocks erode the Aquitanian yellow 
pelagic marls of the underlying formation (Alozaina 
Formation) and could indicate a tectonically con- 
trolled collapse. This large-scale event resulted in 

the generalization of the siliceous marlstones of 
hemipelagic signature throughout the Betic-Rif 

Internal zones. The fact that this facies of high cor- 
relation potential makes up decametre-thick inter- 
vals in the upper third of the Tamezzakht 

succession (facies 32) and the Predorsalian units 

(facies 31b) leads us to the conclusion that the 
palaeogeographical setting of the latter external 

units became relatively close to the structuring of 
the Internal zones during the late Aquitanian- 
early Burdigalian. 

With regard to the pelagic sedimentation regime, it 
seems possible that there are three lines of comparison 

between the Tamezzakht succession and that of the 
Talembote area recently described by E1 Kadiri 

et  al. (2001) close to the Internide-Externide front 
(Fig. 3). (1) In the Tamezzakht area, the entire mid- 

Oligocene-early Burdigalian pelagic marly depo- 
sition develops in a rhythmic alternation of centimetre 

to decimetre intervals of yellow marls and 'early' 
Vifiuela-type green marlstones, with the latter cyclic 
component being dominant in early Burdigalian 

time. In the Talembote area, these two facies are 
clearly separated in time as two contrasted lithologi- 
cal intervals, with an erosional discontinuity 

between them close to the Aquitanian-Burdigalian 

transition (see Fig. 3). Thus, the difference between 
the Tamezzakht pelagic deposition (i.e. close to the 
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External Domain) and the Talembote one (Internal 
Domain) may basically be related to the diachronism 
of the Vifiuela-type marlstones. (2) Lithofacies and 

biostratigraphic dating allow us to distinguish in the 
Predorsalian domain two types of early Miocene 
holoquartzose sandstones: the first corresponds to 
the classical Numidian-like, yellow to rust-coloured 

sandstones (facies 27 and 28, Fig. 4) defined by 

Durand-Delga (1972) and Didon et al. (1973) in 
the village of Beliounis (J. Moussa Group) as charac- 
terizing the depositional regime of the Predorsalian 

zone during the late Oligocene-Aquitanian, (i.e. 
synchronously with the external Numidian flysch 
deposition). This facies, sometimes poorly consoli- 

dated, is generally poorly graded and all the quartz 
grains are rounded and may be white, red or black. 
Very similar yellow sandstones coevally spread 

over the Ghomaride-Malaguide domains (Fnideq 
and Alozaina Formations, respectively, facies 25a, 
Fig. 4). We have found identical facies within the 

late Oligocene-Aquitanian levels of the Tamezzakht 
succession, a result that lends additional support to 

ascribing the Tamezzakht area to the Predorsalian 
zone. The second type of sandstone facies corre- 
sponds to tobacco brown holoquartzose sandstones, 

in which the quartz grains may be rounded or 
not and are predominantly glass-green coloured. Indi- 

vidual beds may show graded bedding into 
fine pelites. This second sandstone facies strictly 
occurs within the tobacco brown pelites of early to 

mid-Burdigalianage (El Hatimi 1982; E1 Kadiri 
et  al. 2001; Hlila 2005) and its distinction fits well 

with the early 'Neonumidian'-sandstone concept 
defined by Bourgois (1978) in the Internal zones of 
the Betic Cordilleras. 

The upper levels of early Burdigalian tobacco 

brown pelites receive increasing gravity-flow dis- 

charges that evolve into huge olistostrome com- 
plexes carrying large olistoliths. These derived 

from either the Ghomaride-Internal Dorsale 
couplet (facies 34, example in the Talembote 

area) or the External Dorsale (facies 35; for the 
examples occur in Tamezzakht, Chrafate Klippes 

and Kobat E1 Kesskasse olistostrome) with Palaeo- 
gene variegated marly strata being trapped 

between them. The immediately superimposed 
Dorsale nappe pile may tentatively be considered 

as resulting from the culmination of the same 

phenomenon. 

Conclusion 

The aim of this paper was to provide a basis for 
synthesizing the more significant facies, discontinu- 

ities and gravity-flow discharges from the Rif 
Internal Domain and its surroundings. It seems 
that almost all the data point to tectonic events of 

regional or global scale. The above interpretation 

provides the three following results. 

(1) Apart from certain widespread facies of high 
correlation potential, the late Cretaceous-early 

Oligocene strata studied above exhibit important 

differences, so that their respective depocentres 
should be located in distant palaeogeographical 
areas. We can retain the possibility that: (a) important 

Ghomaride-like lost terranes could be located 

between the present-day defined Ghomaride units 
and the Internal Dorsale; (b) symmetrically, one or 
several isolated carbonate platforms could be 
located within the external zones, i.e. 'Tariquide'- 

like ridge(s), which have played a major role as the 
source delivering, at a large scale, calciturbidites to 

the Predorsalian and Flysch basins. 
(2) The relationship between the internal and the 

external zone, which has long been considered as 
being marked by a narrow transitional zone (the 

classical Predorsale concept), was likely to have 

involved more than a simple palaeogeographical 
area, as shown by the Chrafate klippes and the 
J. Moussa Group, which are remains of a wider 
and more complex area. The latter probably under- 

went successive palaeogeographical modifications 
with time. For instance, it should be noted that 

during late Cretaceous-Eocene times, the Predor- 
salian zone(s) were separated from the Flysch 

Trough by the above-mentioned 'Tariquide'-like 
ridge(s). The collapse and final disappearance of 
the latter occurred during the latest Eocene-early 

Oligocene, i.e. concurrently with (a) the disappear- 
ance of the external prolongation of the external 

Dorsale units (i.e. Chrafate Klippe olistostromes), 
(b) the onset of the Dorsale calcaire megabreccias 
(Breccias Nummuliticas) and (c) other large-scale 

gravity events (e.g. Talembote olistostromes). 
(3) The major discontinuities, coarse-grained dis- 

charges and facies changes (e.g. newly raised sources) 
may be ascribed to distal reverberations of the con- 
tractional phases that occurred in the old Ghomaride 

realm during the early to mid-Oligocene-early 
Burdigalian time interval. The progressive homogen- 

ization of some key facies (rust-coloured sandstones, 
Beliounis and Neo-Numidian ones as well as the 
Vifiuela-type marlstones) to previously distant 
palaeogeographical zones during Aquitanian-early 

B urdigalian times may be paralleled by the shortening 
processes that resulted in a new palaeogeographical 

setting. 

However, reconstructing a reliable tectonosedi- 

mentary evolution requires new insights into the 
following issues. 

(1) What was the triggering mechanism(s) of the 
chaotic, coarse-grained gravity flows? Despite these 
commonly occuring as deposits that transgressively 
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overlie previous emerged areas, their intercalation 

within and/or  at the top of pelagic marly succes- 

sions leads us to raise the question of contractional 

(nappe front) versus extensional (normal fault) tec- 

tonic controls. A eustatic signature cannot be 

excluded, as megabreccias are generally ascribed 

to lowstand phases (e.g. Haas 1999; Ineson & 

Surlyk 2000). 

(2) What is the significance of the four 

Palaeogene-early Miocene formations (with discon- 

tinuities between them), well documented in the 

Malaguide-Ghomaride domain, in terms of eustatic 

controls (i.e. Exxon sequence) versus a tectonic one? 

(3) What is the extent of the entirely disappeared 

palaeogeographical zones? Indeed, the clastic 

mixture reworked in the Alozaina and Vifiuela for- 

mations (Betic Cordillera) and in their Rif counter- 

parts, points to very extensive lost source areas. 

This leads us to question how far we can still maintain 

the classical scheme that immediately juxtaposes 

the Sebtides, Ghomarides, Dorsale, Predorsale and 

Mauretanian flysch? 

(4) Was the kinematics of nappe emplacement 

determined by tectonic driving forces (subduction 

phases, Lonergan & White 1997; Chalouan et al. 

2001) or by gravitational ones (Weijermars 1987; 

Doblas & Oyarzun 1989; El Kadiri et al. 1995)? 

A possible continuum process and/or  causal link 

between them may tentatively be suggested in the 

case of the large-scale gravity flows proved to 

immediately precede the nappe-pile emplacement. 

Integrated approaches involving sedimentology, 

sequence-stratigraphic interpretation, comprehen- 

sive inventory of sedimentary discontinuities, 

close biostratigraphic dating and detailed 

mapping, as well as more extended regional corre- 

lations, are expected to shed additional light on 

these issues, and are in progress. 
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Fault and fold interaction during the development of the 

Neogene-Quaternary Almeria-Nfjar basin (SE Betic Cordilleras) 
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Abstract:  The Neogene-Quaternary Almerfa-Nfjar basin includes the Carboneras Fault, which 
constitutes a major left-lateral feature of the Betic Cordilleras. New gravity data help to deter- 
mine the geometry of the sedimentary infill. The region underwent NE-SW extension during the 
Tortonian and local NW-SE compression during the first stages of Sierra Alhamilla uplift. 
During the Messinian, the sinistral strike-slip motion along the Carboneras Fault Zone, the 
dextral strike-slip motion along NW-SE-oriented faults, and the development of large folds 
such as the Sierra Alhamilla antiform, suggest clockwise rotation (towards the north) of the 
maximum stress axis (o1). During the Pliocene, a NNW-SSE-oriented compression also con- 
tributes to fold development. Finally, during the Quaternary, an ENE-WSW-directed extension 
controls the development of NW-SE-oriented normal oblique faults. The most recent local 
normal activity of the Carboneras Fault is related to this extension, whereas its behaviour as 
a left-lateral strike-slip fault may be a consequence of the accommodation of NW-SE 
normal fault displacements. Basic rock bodies, recognized by means of a detailed study of 
the magnetic anomalies, are related to the volcanic activity known to have occurred in the 
area in Late Miocene times. 

The oblique convergence between the African and 

Eurasian plates, in the Western Mediterranean, is 

responsible for the development of the Betic and 

Rif Cordilleras on the wide band of deformation 

related to the plate boundary. These cordilleras con- 

stitute the western end of the European Alpine 

Chain and are separated by the Alboran Sea. The 

kinematics of the plate boundary (at present, con- 

vergence at 4 m m a  -1 in a N W - S E  direction; 

DeMets et al. 1990) result in a regional N W - S E -  

trending compressive stress field with an associated 

N E - S W  extension, which is most intense towards 

the internal parts of the cordilleras, although the 

stress field is highly variable in detail and includes 

areas of radial extension (Galindo-Zaldlvar et al. 

1993). 

Taking into account both the lithological and the 

tectonic units of the Betic and Rif Cordilleras, 

the region may be subdivided into External and 

Internal Zones, which are separated by Flysch 

units (Fig. 1). The External Zones of the Betic 

and Rif Cordilleras are composed of sedimentary 

Mesozoic and Cenozoic rocks deposited on the 

European and African Variscan margins. The 

Internal Zones are formed by several metamorphic 

complexes that include Palaeozoic rocks. The 

main complexes in the Betic Cordilleras are, from 

bottom to top, the Nevado-Filfibride, the Alpujfir- 

ride and the Malfiguide (Egeler 1963; Egeler & 

Simon 1969). 

The main relief of the Internal Zones of the 

Betic Cordilleras is related to tectonic structures 

active since the Late Miocene. The antiforms cor- 

respond to eas t -wes t  elongated mountains (Sierra 

Nevada, Sierra de los Filabres, Sierra de Gfidor 

and Sierra Alhamilla) and the synforms correspond 

to elongated depressions between these mountain 

ranges (Weijermars et al. 1985; Galindo-Zaldfvar 

et al. 2003; Sanz de Galdeano & Alfaro 2004). 

Whereas in the central Betic Cordilleras folds 

developed simultaneously to normal faults 

located along the borders of the mountain ranges 

(Galindo-Zaldfvar et al. 2003), the eastern part 

of the Betic Cordilleras is affected by a fault 

system formed by large transcurrent sinistral 

faults (the Palomares and Carboneras faults) 

(Bousquet & Philip 1976; Bousquet 1979; Sanz 

de Galdeano 1983; Ott d 'Estevou & Montenant 

1985; Rutter et al. 1986; Montenat et al. 1987; 

Weijermars 1987; Montenant & Ott d 'Estevou 

1990; Silva et al. 1993), that probably continue 

into the Alboran Sea and into the northern Rif Cor- 

dilleras and constitute the Trans-Alboran Shear 

Zone (Larouzi~re et al. 1988). 

From: MORATTI, G. & CHALOUAN, A. (eds) 2006. Tectonics of the Western Mediterranean and North Africa. 
Geological Society, London, Special Publications, 262, 217-230. 
0305-8719/06/$15.00 �9 The Geological Society of London 2006. 
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Fig. 1. Geological sketch of the Betic-Rif Cordillera. 1, Neogene and Quaternary sediments; 2, External Zones; 
3, Flysch Units; 4, Neogene volcanic rocks; 5, Malfiguide and Ghomfiride complex and Predorsal and Dorsal complexes; 
6, Alpuj firride and S6btide Complex; 7, Nevado-Fihibride Complex; CFZ, Carboneras Fault Zone; PF, Palomares Fault. 

The Almerfa-Nfjar basin is located in the south- 

eastern Betic Cordilleras, and is connected south- 
westwards with the Alboran Sea (Figs 1 and 2). 

The Neogene sediments were deposited on a base- 
ment that is variable in nature. The basement of 
the northwestern part of the Almerfa-Nfjar basin 

is formed by Alpujfirride and locally by Nevado- 
Filfibride metapelites and marbles of Palaeozoic 

and Triassic ages. This region is affected by low- 
and high-angle normal faults (Martfnez-Martfnez 

& Azafidn 1997). Tortonian to Early Messinian vol- 
canic rocks crop out mainly along the southeastern 
basin margin, and although they generally represent 
the substratum of the sedimentary sequence filling 

the basin, sometimes volcanic rocks are also inter- 

calated with the sediments (Bellon et  al. 1983; 
Turner et al. 1999; Scotney et  al. 2000). The sedi- 
mentary sequence of the Almerfa-Nfjar basin 
starts with poorly represented middle Miocene 

rocks followed by Tortonian calcarenites and by 
Messinian marls with interlayered gypsum (V61k 

& Rondeel 1964; Addicot et al. 1979; 
Ott d'Estevou 1980; Baena & Voermans 1983; 
Van de Poel 1991; Martin et al. 1993). The 

Pliocene is represented by marls, sands and calcar- 
enites. The top of the sequence consists of Quatern- 

ary detrital alluvial sedimentary deposits, and beach 
sediments occurring mostly in the southwestern 
sector. 

The Carboneras Fault, which subdivides the 
Almerfa-Nfjar basin, is formed by several subver- 

tical and subparallel surfaces with a NE-SW trend 

(Faulkner et  al. 2003) and has had a sinistral strike- 
slip kinematics since the Miocene and probably to 
the Pliocene (Ott d'Estevou & Montenant 1985). 

During the Late Pleistocene and Holocene, the 
fault kinematics changes to normal (Bell et  al. 

1997). Available studies from the northeastern 

sector of the Almerfa-Nfjar basin (Montenant & 
Ott d'Estevou 1990; Huigbregtse et  al. 1998) and 
the Sorbas basin (Stapel et  al. 1996; Huigbregtse 

et  al. 1998), located to the north of Sierra Alha- 
milla, indicate two main regional stress fields: a 
N W - S E  compression from Tortonian to Early 

Messinian time, and a north-south compression 

from late Early Messinian to Quaternary time. 
The Plio-Quaternary deformations in the area 
have been analysed by Marfn-Lechado et  al. 

(2005), who have described a regional NE-SW 
extension with a subvertical maximum compres- 
sive stress in the upper crust, although local stres- 

ses indicating N W - S E  compression have 
also been recognized. Near the Carboneras Fault, 
there is a great variability in the palaeostresses 

determined, including the occurrence of a 
NNE-SSW-oriented maximum compressive axis 
that is compatible with sinistral strike-slip 
tectonics. 
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Fig. 2. Tectonic sketch of the Almerfa-Nfjar basin and the surrounding areas. The position of the cross-section of 
Figure 5d is marked (A-At). 

In contrast to the considerable number of avail- 

able geological studies (e.g. Montenat & Ott 

d'Estevou 1990, and references herein; Boorsma 

1993), there are no detailed geophysical studies in 

this region that would help to determine the deep 

structure of the Neogene-Quaternary basin. In 

addition, the relationships between the activity of 

the various faults, large folds, volcanism and sedi- 
mentation remain controversial. 

The aim of this paper is to analyse the interaction 

between extensional and transcurrent faults and 

folds that determine the spatial distribution and 

characteristics of the Neogene sedimentary filling 

of the Almerla-Nfjar basin. This study also 

focuses on the activity of the Carboneras Fault, 

which shows variable kinematics in the frame of a 

changing regional stress field. To this purpose, we 

performed a detailed analysis of the brittle defor- 

mation structures exposed in the area. Finally, the 

results of our study contribute to establishing the 

extent and nature of the Neogene volcanism in 

this area, and to determining the thickness of the 

Almer/a-Nfjar basin infill and the natm-e of its 

bedrock units. New gravity and magnetic data 

have been interpreted in light of the available geo- 
logical information. 

Gravity and magnetic data acquisition 

and processing 

Gravity data were acquired by means of a Worden 

Master gravity-meter, with a maximum accuracy 

of 0.01 reGal. The relative positioning of the 

gravity stations was done with a global positioning 

system (GPS) receiver and the heights of the 

stations were determined with a barometric alti- 

meter with an accuracy of 0.5 m. Gravity measure- 

ment stations are located along six profiles (Fig. 3). 

Two profiles (5 and 6, Fig. 3) strike NE-SW, 

approximately parallel to the basin boundaries, 
and are located along the two blocks separated by 

the Carboneras Fault. The four remaining profiles 

(1-4, Fig. 3) strike NW-SE, orthogonal to the 

fault, and provide complete sections of the basins, 

from the metamorphic rocks of Sierra Alhamilla 

to the volcanic rocks of Cabo de Gata. The 

average distance between stations along the profiles 

was about 300 m. 

The gravity values were established with 

reference to the Almerfa gravimetric base (Instituto 

Geogr~ifico Nacional), which allows us to determine 

the absolute gravity values along all the profiles. 

The Bouguer anomaly was obtained considering a 
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Fig. 3. Bouguer anomaly map, showing the position of the geophysical sites and the profile traces. Reference 
density is 2.67 g cm 3. 

reference density of 2.67 g c m  - 3  and applying the 

topographic correction to a radius of 10 km calcu- 

lated from a digital elevation model with a grid of 

100m. The results obtained along the profiles 

were interpolated to determine the Bouguer 

anomaly map of the region (Fig. 3). The regional 

anomaly was established taking into account the 

acquired data and the Spanish l: 1 000 000 gravi- 

metric map (Instituto Geogrfifico Nacional 1976). 

The residual anomaly map (Fig. 4) aims to show 

the anomalies related to a change in thickness and 

lithological nature of the sedimentary infill, and 

related to the presence of interlayered volcanic 

rocks. 

The total intensity of the magnetic field was 

determined simultaneously to the gravity measure- 

ments, using a GSM 8 proton precession magnet- 

ometer with a maximum accuracy of l nT. The 

magnetic anomaly was calculated considering 

the IGRF 2000 value (IAGA 2000). The spikes 

were eliminated and the diurnal variations were 

corrected taking into account drift through the 

measurement cycles. Metallic constructions 

interfered with the magnetic anomalies obtained 

in some profiles. To obtain direct suscepti- 

bility values from rock outcrops, field magnetic 

susceptibility measurements were made using 

a portable Exploranium kappameter KT-9 

susceptometer. 

Residual gravity and magnetic 2D models, devel- 

oped with GRAVMAG v. 1.7 software (Pedley 

et al. 1993), are proposed along the measured pro- 

files. These models contribute to establishing the 

deep structure of the region. Whereas the gravity 

data mainly determine the variability of sedimen- 

tary infill thickness, the magnetic data allow us to 

establish the nature of the basin basement and the 

distribution of volcanic rocks. 

Main tectonic structures in the 

Almeria-Ni jar  basin 

The Almerfa-N0ar basin is filled by Neogene and 

Quaternary sediments deposited between the 

southern limb of the Sierra Alhamilla antiform 

and the range represented by the volcanic edifices 

of the Cabo de Gata. The basin is deformed by 

folds and transcurrent and normal faults. 

F o l d s  

The Sierra Alhamilla antiform (Figs 2 and 5) is the 

largest fold in the study area. It is an ENE-WSW, 

north-vergent fold, with a subvertical or even 

reverse northern flank, a south-dipping axial 

surface and a westward periclinal end (Weijermars 

et al. 1985). Its maximum width is 12 km and the 
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In addition to the open folds, in the southeastern 

block, near the Carboneras Fault Zone, a closed 

synform (Fig. 5d) with very high-angle dipping 

bedding is observed in Neogene sediments (Monte- 

nant & Ott d'Estevou 1990; Scotney et al. 2000). 

Montenant & Ott d'Estevou (1990) interpreted the 

vertical bedding in this area as a consequence of 

the development of a syncline during the transpres- 

sive stage of the Carboneras Fault in Messinian 

times. The bedding surfaces show vertical striations 

(Fig. 5c). Kinematic analysis of the fault surfaces 

indicates that the downthrown block is the north- 

western one, where, however, the uplifted Serrata 

de N/jar is located, as a consequence of the flexural 

slip deformation. 

The presence of Late Tortonian-Early Messinian 

folded sediments below Messinian less folded sedi- 

ments would indicate that the minor folds and the 

Sierra Alhamilla larger open fold started to develop 

from Messinian time (Weijermars et al. 1985; 

Braga et al. 2003; Sanz de Galdeano & Alfaro 2004). 

Fig. 4. Three-dimensional Bouguer, regional and 
residual anomaly maps. Reference density is 
2.67 g cm -3. The surface that represented the residual 
anomaly has a close relationship to the sedimentary rock 
thickness of the Almerfa-Nfjar basin filling. 

highest peak is 1387 m above sea level (a.s.1.). 

Braga et al. (2003) estimated an uplift average 

rate for the entire antiform from the upper Torto- 

nian rocks of 180 m Ma -1. The fold affects the 

basement rocks and the basin margin Tortonian 

and Messinian sediments. 

The Neogene sediments that fill the Almerfa-Nfj ar 

sedimentary basin are also deformed by a set of minor 

folds (Figs 2 and 5). In the southeastern border of 

Sierra Alhamilla, near the Carboneras Fault, 

Huibregtse et al. (1998) recognized folds 

with N70~ axes that affect Pliocene sedi- 

ments, and related them to the transpressive defor- 

mation associated with the sinistral movement of 

the Carboneras Fault. Along the southwestern end 

of Sierra Alhamilla, folds have wavelengths of 

several hundreds of metres and are open to gentle. 

The minor fold axes, fitting the western periclinal 

end of the large antiform of Sierra Alhamilla, show 

a WNW-ESE predominant orientation (Fig. 2) and 

deform rocks as young as Pliocene sediments 

(Fig. 5a). 

B r i t t l e  s t r u c t u r e s  

The Almerfa-Nijar basin faults have been studied in 

detail since the earliest papers produced by the 

Groupe de Recherche N6otectonique de l'Arc de 

Gibraltar (1977) and up to recent times (Faulkner 

et al. 2003), owing to the good quality of the out- 

crops and intense tectonic activity. Although large 

transcurrent faults have been studied in detail, 

research on the recent normal faulting of this 

region is scarce, yet indicates a relevant tectonic 

activity (Marfn-Lechado et al. 2005). 

The Carboneras Fault Zone (CFZ) crosses the 

Nfjar basin in a N40~ direction, and divides the 

area into two main blocks, the northwestern and 

southeastern ones. It comprises several lower-rank 

features recording a sinistral slip component (Bous- 

quet & Montenant 1974). The Miocene sediments, 
together with metamorphic and volcanic basement 

rocks, crop out along a highly deformed zone (Van 

de Poel 1991; Fanlkner et al. 2003), where different 

fault surfaces extending hundreds of metres are 

associated with fault rocks a few metres thick 

(Rutter et al. 1986). Fault surfaces bound an 

elongated ridge corresponding to La Serrata de 

Nfjar. Montenant & Ott d' Estevou (1990) considered 

the activity of the fault to be simultaneous with Late 

Miocene deep-water sedimentation and volcanic rock 

eruption, whereas Keller et al. (1995) and Scotney 

et al. (2000) suggested an initial movement 

during the mid-Miocene (11 Ma), as unconformable 

Tortonian volcanic rocks and even Tortonian sedi- 

ments lie over fault rocks developed in the meta- 

morphic basement (Ott d'Estevou & Montenant 

1985). The sinistral strike-slip movement from 

Late Tortonian time was estimated at 18 km by 
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Fig. 5. Example of folds developed in the Almerfa-Nfjar basin. (a) WNW-ESE Pliocene open fold located in the 
western periclinal end of Sierra Alhamilla. (b) Aerial image restored from the topography and satellite data of the Sierra 
Alhamilla antiform. (e) Vertical striations observed in a very high-angle dipping strata surface. The viewer is situated in 
the upthrown block. (d) Cross-section located south of the Carboneras Fault Zone of an asymmetrical synclinel with a 
northern vertical flank (position shown in Fig. 2). 

Montenant & Ott d'Estevou (1990). However, other 

workers have estimated a horizontal movement from 

the mid-Messinian of 30-40  km on the basis of the dis- 

placement of volcanic rocks and sediment position 

(Rutter et al. 1986; Weijermars 1987). During the 

Holocene, the marine terrace dislocation indicates a 

normal displacement of the CFZ (Bell et al. 1997). 

Field observations of the Plio-Quaternary sedi- 

ments point to little recent activity of the CFZ, as 

shown by undisturbed sediment covering the central 

sector (Fig. 2). The recent tectonic activity is 

observed only locally, for instance in the SW sector, 

where N30~176 subvertical sinistral strike-slip 

faults with minor displacement deform Pleistocene 

sediments (e.g. alluvial fan conglomerates, El 

Hacho zone, x: 572.500, y: 4.079.500, Figs 2 and 

6a). In this locality, a metre-thick fault gouge separ- 

ates the Pleistocene conglomerates from the Pliocene 

grey-ye l low sands and modifies the drainage 

network, exhibiting a left-lateral slip component. 

The Ni jar -Ahnerfa  basin is also deformed by 

other normal and transcurrent faults. In the 

western end of Sierra Alhamilla, a set of N W - S E  

normal faults, generally dipping to the SW, 
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Fig. 6. Field examples of faults developed in the Almerfa-Nfjar and Carboneras basins. (a) Sinistral strike-slip 
fault with a NE-SW orientation that deforms Pleistocene and Pliocene rocks in E1 Hacho. (b) Recent synsedimentary 
NW-SE normal fault situated NW of E1 Hacho, in the northern block of the CFZ. (c) Pliocene rocks situated in the 
eastern part of the region (Carboneras basin) and deformed by NW-SE-oriented normal faults dipping NE. 

deforms the Late Tortonian sediments and gener- 

ates a half-graben between Sierra Alhamilla and 

Sierra de Gfidor (Montenant & Ott d'Estevou 

1990). The Tortonian conglomerates of the southern 

border of Sierra Alhamilla are also affected by 

N150 ~  160~ normal faults, occasionally covered 

by undisturbed Messinian sediment (Montenant & 

Ott d'Estevou 1990). These faults show striae that 

indicate initially normal kinematics overprinted by 

dextral strike-slip kinematics, but the Tortonian 

age of the rocks only indicates the maximum age 

of faulting. In the northern sector of the Almer/a- 

Nfjar basin, subvertical NE-  SW-oriented sinistral 

strike-slip faults affect the Messinian sediments. 

Nevertheless, NW-SE-oriented dextral faults are 

well developed and occasionally affect rocks to ear- 

liest Pliocene sediments. Pliocene and Quaternary 

rocks of the Almerfa-Nfjar basin are deformed by 

NW-SE-oriented normal faults, generally dipping 

60 ~ to the SW in the western part of the basin, 

that sometimes show evidence of synsedimentary 

activity, such as the development of small asym- 

metric wedge infill (Fig. 6b). Moreover, normal 

synsedimentary Pliocene normal faults, mainly 

dipping northeastwards, have been recognized in 
the small Carboneras basin (Figs 2 and 6c). 

The Neogene and Quaternary rocks are generally 

affected by variable-sized joints distributed in one 

or two sets (Fig. 7d). The Quaternary sediments 

are deformed by NW-SE-oriented tension joints 

(Fig. 7d) that are also observed in older deposits 

(e.g. Messinian and Pliocene, Fig. 7a and 7c), indi- 

cating a NE-SW orientation of the o'3 axis. A set of 

hybrid joints that deforms Pliocene rocks (Fig. 7b) 

also indicates a NW-SE orientation of the oh 

axis, probably active locally at shallow crustal 

levels, before the Quaternary. 

Geophysical data and deep structure 

The new acquired gravity and magnetic data allow 

us to illustrate the deep structure of the basin. In 

addition, available borehole data are used to con- 

strain the structure at shallow levels. 

The Bouguer anomaly values decrease regionally 

towards the NW (Figs 3 and 4), indicating an 

increase in crustal thickness towards the Betic Cor- 

dillera, as modelled with regional gravity data by 

Torn4 & Banda (1992). The negative residual 

anomaly (Fig. 4) shows that the thickness of the 

sedimentary infill increases generally towards the 
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Fig. 7. Field examples of joints developed in the Almerfa-Nfjar basin. (a) NW-SE tension joints affecting Messinian 
sediments and located in the easternmost sector of the basin. (b) Hybrid joints fracturing Pliocene calcarenites. 
(c) Detail of gypsum fibres filling an open tensional joint developed in Pliocene sands. (d) Tensional joint developed in 
alluvial sediments of Quaternary age. 

SW. The maximum values of residual anomalies are 

reached near the basin boundaries that correspond 

to outcrops of the metamorphic rocks of Sierra 

Alhamilla, to the NW, and to the volcanic rocks 

of Sierra de Gata, to the SE. The anomalies 

related to the CFZ are better developed towards 

the NE end of the basin. 

Residual gravity and magnetic anomalies were 

considered together in 2D models (Figs 8 and 9) 

to determine the deep structure of the basin, 

taking into account the main geological bodies 

whose boundaries can be clearly recognized in 

borehole data (borehole database of the Instituto 

Geol6gico y Minero de Espafia) and in surface 

observations. For gravity modelling, an average 

density was considered for each unit in view of 

their predominant lithology and the standard 

values (Robinson & (~oruh 1988; Telford et al. 

1990). Above the metamorphic and volcanic base- 

ment rocks (2.67 g cm-3), three main units of sedi- 

mentary infill were distinguished. The lowest 

unit consists of Late Miocene marls and gypsums 

(2.2 g cm -3) overlain unconformably by Pliocene 

marls and calcarenites (2.35 g cm-3). The top of the 

basin infill is represented by Quaternary detrital 

poorly consolidated continental sediments 
(2 g cm 3). In addition, some volcanic bodies inter- 

layered with the Late Miocene sediments were mod- 

elled with a density (2.7-2.8 g c m  3) that varies in 

the different profiles, to attain the best fit between 

measured and theoretical anomalies. 

An irregular basement is observed in the gravity 

model profiles in two directions: both parallel to and 

orthogonal to the basin borders, crossing the CFZ. 

The deformation and the displacement of the 

basin substratum by the CFZ is variable along 

strike, and in profiles 3 and 4 an along-basement 

elevation associated with a sharp elongated 

depression coincides clearly with the CFZ. 

Magnetic modelling allows us to specify the dis- 

tribution of volcanic rocks and the geometry of the 

basement in the southern part of the basin. Magnetic 

susceptibility was measured in some volcanic rocks 

cropping out in the area, giving values between 
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Fig. 8. Two-dimensional gravity and magnetic models. The position of the profiles is marked in Figure 3. 

0.2 x 10 -3 and 18 x 10 -3 SI units. The dipoles 

observed in the region, with maxima to the north 

and minima to the south, suggest either that the mag- 

netic anomalies are only a consequence of  contrast 

in susceptibility values, or that the remanent  magne- 

tization is parallel to the induced one. The best fit of 

measured and theoretical magnet ic  anomalies 

during modell ing is achieved when a susceptibility 

greater than field measurements  (2 x 10 .3  to 

60 x 10 .3  SI) is considered. This fact may indicate 

the existence of a remanent  magnet i sm component  

in the rocks subparallel to the induced susceptibility. 



226 A. PEDRERA ET AL. 

The palaeomagnetic studies in the area (Calvo et  al. 

1994) confirm that the volcanic rocks have not 

undergone large rotations. In the models we can dis- 

tinguish two groups of volcanic rock with suscepti- 
bility values between 2 x 10 .3 and 25 x 10 .3 SI, 

and greater than 50 x 10 .3 SI, respectively. 

Taking into account the rocks cropping out in the 

Cabo de Gata and the susceptibility ranges 

(Telford et  al. 1990), these two units may corre- 

spond to intermediate to basic volcanic rocks. 

The magnetic modelling shows that volcanic 

rocks are irregularly distributed in the basin, 

although they are more abundant near the southe- 

astern sector, near Sierra de Gata. The rocks with 

susceptibility values ranging between 2 x 10 .3 

and 25 x 10 -3 SI units are interlayered with the 

sedimentary infill or constitute the basin basement. 

The volcanic rocks with susceptibility values 

greater than 50 x 10 -3 SI units have an irregular 

distribution, and are found only in the basement 

of the southeastern block of the CFZ. 

Discussion 

The Almerfa-Nfjar basin is an excellent area for 

analysing the interactions between extensional and 

transcurrent faults and folds related to the develop- 

ment of the relief in the southeastern Betic Cordil- 

leras from the Tortonian to the present (Fig. 2). 

The above structures determine the crustal thicken- 

ing from the Alboran Sea towards the major 

elevations of the Cordilleras, as shown by the pro- 

gressive decrease to the NW of the Bouguer 

anomaly, whereas the occurrence of Neogene and 

Quaternary rocks provides evidence on the timing 

of the recent deformations. 

The major structures in the Almerfa-Nfjar basin 

are: (1) the Sierra Alhamilla antiform, to the north, 

which started to form from Late Tortonian-Messi- 

nian time (Weijermars et al. 1985); (2) the volcanic 

edifices of the Cabo de Gata, to the SE, which 

were emplaced during Tortonian to Early Messinian 

time (Bellon et  al. 1983; Turner et  al. 1999) 

(Fig. 2); (3) the sinistral CFZ (Rutter et al. 1986; Wei- 

jermars et  al. 1987; Montenant & Ott d'Estevou 

1990), which separates the basin into main two 

blocks. 

The variability of the basin infill thickness and 

the morphostructural characteristics of the substra- 

tum were established by analysing the results of a 

new gravity survey and the available borehole 

data. Gravity models (Figs 8 and 9) clearly indicate 

the irregular geometry of the high-density basement 

top that corresponds to the Alpujfirride rocks crop- 

ping out in Sierra Alhamilla, or to the volcanic edi- 

fices that constitute the Cabo de Gata. In general, 

where the basin basement is deeper, the basin 

infill is thicker (as in the southwestern sector, 

where it is connected to the Alboran Sea), and 

vice versa. The basin basement geometry is very 

irregular in sections parallel or orthogonal to the 

basin borders. The northwestern part of the basin 

shows depocentres and morphostructural highs 

related mainly to the activity of the NW-SE 

normal faults, some of them extending along the 

basin borders and continuing to the Sierra Alha- 

milla. The geometry of the basement, in the south- 

eastern part, is determined by the complex 

palaeorelief of the volcanic edifices of the Cabo 
de Gata. 

According to some workers (Bernini et al. 1990; 

Montenat & O t t  d'Estevou 1990), the CFZ was 

interpreted to be active since the Late Miocene; 

however, there is no clear evidence of its recent 

activity, and in some sectors, it is characterized by 

a Quaternary normal kinematics (Bell et al. 1997) 

or by sinistral strike-slip motion (El Hacho zone, 

Figs 2 and 6a). The CFZ has a variable expression 

along the gravity profiles (Figs 8 and 9). In the 

central-northeastern region there is a sharp 

feature related to a basement high, to the NW, and 

a marked depression, to the SE, forming a closed 

fold in Messinian rocks. However, to the SW 

there is no appreciable difference in the depth of 

the basement when the two blocks of the CFZ are 

compared, although in the field it is possible to 

observe the continuity of the fault zone along the 

linear Serrata de Nfjar (Fig. 2). This setting may 

point to a differential behaviour of the fault zone 

along strike: towards the SW the transcurrent 

motion is more regular and does not substantially 

disturb the basement depth, whereas in the north- 

eastern region it may develop vertical relative dis- 

placement of fault blocks producing small basin 

and basement highs that may be interpreted as trans- 

tensional and transpressional structures. 

The analysis of the magnetic anomaly data 

helped to determine the distribution of the volcanic 

rocks, either in the basin substratum or in inter- 

layers within the sedimentary infill. The magnetic 

and borehole data show that in the basement of 

the NW block, volcanic rocks are well represented, 

though less abundant than in the SE block, and 

sometimes are also interlayered within sedimentary 

rocks (Fig. 9). These data suggest that the strike-slip 

component of the CFZ is not necessarily tens of 

kilometres, because rock outcrops are not good 

markers for determining the strike displacement. 

A smaller strike-slip displacement is more compati- 

ble with the activity of the CFZ and the obliquely 

oriented Palomares Fault Zone (Fig. 1) during the 

Late Miocene. 

A well-developed set of NW-SE-oriented 

normal faults offers good evidence of very recent 

tectonic activity, as recorded by the presence of 
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Fig. 9. Location of the geophysical models and relation with the CFZ position. It should be noted that the 
volcanism is located in both fault blocks and the main depocentre of the Nfjar-Almer/a basin is situated in the 
southwestern part of the basin, north of the CFZ. 

wedge-shaped sedimentary infill (Figs 8 and 9) and 

by the occurrence of fresh-looking topographic 
scarps (Fig. 6). These are mainly located in the 

western part of the basin, between the Sierra Alha- 

milla antiform and the CFZ, and in the eastern 

sector, in the Carboneras basin. This fault set is 

roughly orthogonal to the CFZ (Fig. 2). 

As concerns folding, the region is deformed by 

open to closed folds (Figs 2 and 5). Some of 

them, like those located in the northwestern part 

of the basin, may be related to the large Sierra Alha- 

milla antiform. Additional closed folds are located 

near the CFZ, and are characterized by subvertical 

or even reverse flanks (Fig. 5); these may be associ- 

ated with transcurrent fault activity (Montenat & 

Ott d'Estevou 1990). These closed folds accommo- 

date the transpressive movement of the CFZ by 

means of a ttexural slip mechanism that develops 

subvertical striation on the bedding surfaces. 

The analysis of microfaults in rocks of different 

ages (Stapel et  al. 1996; Huibregtse et  al. 1998) 

points to a clockwise rotation of the stresses from a 

NW-SE-oriented maximum compression, during 

the Tortonian, to a north-south compression since 

the Messinian (in the NE sector of the Almerfa- 

Nfjar basin). This result is compatible with the 

sinistral character of the CFZ. Marfn-Lechado 

et  al. (2005) studied microfaults and joints that indi- 

cate the occurrence, during the Pliocene, of a N W -  

SE-oriented maximum compression (0-1) simul- 

taneous with a NE-SW extension (0-3). During the 

Quaternary, although the uplift of the region 

would suggest regional compression, palaeostress 

determinations (Marfn-Lechado et al. 2005), the 

occurrence of NW-SE normal faults (Figs 2 and 

6b), and the local normal kinematics of the CFZ 

(Bell et  al. 1997) all indicate that the maximum 

stress is subvertical. It is suggested therefore that 

the NW-SE to north-south compression induced 

by the convergence between the European and 

African plates is probably active at deep crustal 

levels, hence producing the relief uplift, whereas 

the development of extensional structures is 

confined within the upper crustal levels (Galindo- 

Zaldfvar et  al. 2003). The development of NE-SW 

normal faults may also produce local strike-slip 

reactivation of the CFZ (Fig. 6a). Thus, in general, 

the Neogene-Quaternary evolution of the area is 

determined by a variable trend of the 0-3 axis, gener- 

ally oriented from NE-  SW to east- west, and by a 0-1 

axis that is either subvertical or subhorizontal, but 

with NW-SE to north-south orientation. 



228 A. PEDRERA ETAL. 

and there is volcanic activity mainly concentrated 

in the Cabo de Gata region. The presence, after Ear- 

liest Messinian, of nor th-south  to N N E - S S W  

compression may have activated the CFZ 

(Fig. 10b) in a variable setting. Transpressional 

and transtensional structures develop in the NE 

part of the CFZ, producing an irregular geometry 

of the basin basement and the inversion of small 

basins by closed folds. Towards the SW, a pure 

strike-slip motion, with no related steps in the base- 

ment, takes place. The slip on the fault may be 

moderate, taking into account that the volcanism 

is located in both fault blocks, and there are no 

clear displaced markers. During the Pliocene, the 

region is affected by a N W - S E  compression 

and an orthogonal extension, which contribute to 

the development of open folds and faults with 

related depocentres. The progressive switching to 

an extensional setting in the upper crust, simul- 

taneous to the uplift related to compression in 

lower crustal levels as a result of plate convergence, 

activates NW-SE-st r ik ing normal faults orthogonal 

to the CFZ. At present (Fig. 10c) the CFZ may have 

moderate activity and may constitute a left-lateral 

fault that accommodates the slip related to the 

most active N W - S E  normal faults, although local 

normal kinematics (Bell et al. 1997) may also 

accommodate the extension of the upper crust. 

This study was supported by CICYT project BTE2003- 
01699. The comments of F. Sani and G. Cello have 
greatly improved the quality of this contribution. 

Fig. 10. Block diagrams representing the evolution of 
the main structures and the regional stress field in the 
Almeria-Nfjar basin. The changing stress field is 
analysed in three stages, showing the interaction of the 
extensional and transcurrent faults and folds during Late 
Tortonian, Messinian and Pliocene-Quaternary times. 

Conclusions 

The results of this study allow us to characterize the 

main features of the evolution of the Almerfa-Nfjar  

basin since the Tortonian. The Almerfa-Nfjar  basin 

infill thickness increases generally towards the SW, 

but it shows an irregular geometry as a consequence 

of the depocentre location and topography, which 

are related to fault activity and to the Neogene 

volcanism in the area. 

The available geological data on Tortonian defor- 

mations indicate that the region has possibly under- 

gone a N W - S E  compression and orthogonal 

extension, which is incompatible with the activity 

of the NE-SW-or ien ted  CFZ (Fig. 10a). In this 

stage, the Sierra Alhamilla antiform starts to 

develop (Latest Tortonian-Earliest  Messinian) 
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Abstract: The logs from six oil wells drilled between 1960 and 1980 in the Upper Cretaceous 
succession of the Tagus Basin were analysed and correlated with surface outcrops, to estimate 
sedimentary environments and to detect cyclicity in sedimentation. Log interpretation has been 
carefully checked with outcrop data, because high peaks in gamma-ray logs, usually considered 
to represent open marine facies, may correspond either to open marine or to muddy coastal depos- 
its. The former correspond to the maximum flooding surfaces of depositional sequences, whereas 
the latter correspond to sequence boundaries. Three second-order depositional megasequences 
have been recognized (MS-2, MS-3 and MS-4). The basal megasequence onlaps older rocks, 
grading upwards from continental to marine deposits. The megasequence MS-3 shows a basal 
marly transgressive interval and a thick carbonate pile at the top, grading to the SE to sabkha 
environments. The top megasequence is hardly recognized in surface outcrops, but in well logs 
it is a thick evaporite-claystone unit of mainly sabkha environments that grade westwards to 
coastal deposits. Sedimentation of megasequences MS-3 and MS-4 extended farther west than pre- 
viously considered, covering areas considered as part of the exposed Hesperian Massif. These 
were areas of marine and coastal sedimentation where organic matter accumulation could be 
potentially high, and can be considered potential areas for oil or gas exploration. 

The objective of this paper is to contribute to the 

establishment of a sequence-stratigraphic frame- 

work for Upper Cretaceous sedimentary succes- 

sions in central Spain based on oil-well data and 

outcrop sections in the Tagus Basin (central 

Spain) (Fig. 1). 

The Cretaceous rocks that crop out in the Iberian 

Ranges and northern Tagus Basin are composed of 

siliciclastic and carbonate sediments, and record 

sedimentation from late Albian to Santonian 

times. During Tertiary compression, the tectonic 

inversion of the Iberian Basin produced the 

Iberian Ranges. The Iberian Basin was a rift 

system that originated during Triassic times as a 

consequence of the Pangaea break-up. 

During Cretaceous times, the Iberian Basin 

underwent a complex evolution as a part of the 

Iberian microplate in relation to the European and 

African plates (Martfn-Chivelet et al. 2002). Conti- 

nental, coastal and shallow marine Late Cretaceous 

sediments of the Iberian Basin were related to 

marine transgressions that penetrated into the 

basin along a narrow and shallow seaway that 

linked the northern (Atlantic) and eastern 

(Tethyan) continental margins of the Iberian micro- 

plate (Garcfa et al. 1993; Segura et al. 1993), separ- 

ating two emerged areas, the Hesperian and Ebro 

Massifs (Fig. 2). These marine transgressions 

were due to the worldwide eustatic sea-level rise 

that took place from late Albian to Santonian 

times (Garcfa et al. 2004). During this period, this 

seaway extended and moved its depocentre west- 

wards, onlapping the Hesperian Massif; and its 

sediments are at present located below the Duero 

and Tagus Tertiary basins. 

The Tagus Basin is an intracontinental Tertiary 

basin formed by the Alpine orogeny. It is bordered 

on the NW, NE and south by mountain ranges (the 

Central System, the Iberian Ranges, and the Toledo 

Mountains, respectively; (Fig. 1). This study aims 

to contribute to a better understanding of the Late 

Cretaceous sedimentation in the western margin 

of the Iberian Basin through an analysis of oil- 

well data in the Tagus Basin (Fig. 1). These subsur- 

face data are of primary importance because the 

Mesozoic sediments in the area investigated are 

From: MORATT1, G. & CHALOUAN, A. (eds) 2006. Tectonics of the Western Mediterranean and North Africa. 
Geological Society, London, Special Publications, 262, 231-244. 
0305-8719/06/$15.00 �9 The Geological Society of London 2006. 
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Fig. 1. Study area (Tagus Basin) showing the location 
of studied wells (circles) and outcrop sections (stars) 
along the northern border of the basin. Wells: A, Baides; 
B, Sta. Bfirbara; C, E1 Pradillo; D, Torralba; 
E, Tribaldos; F, Tielmes. Sections shown in Figure 3: 
1, Valdemorillo; 2, Soto del Real; 3, Pedrezuela; 4, 
Patones; 5, Valdesotos; 6, Muriel; 7, Alcorlo. 

buried deep below a thick Tertiary cover, and 

because the stratigraphic data are limited to out- 
crops along the Tagus Basin borders. 

Oil-well data provide an appropriate control for 
sedimentary facies and depositional sequences 

because both major types of facies and sequences 
show characteristic gamma-ray log signatures. A 

hierarchy of depositional sequences was recog- 

nized based on cycle stacking and the log patterns. 

These sequences allowed regional correlations 
across various depositional environments. The 
basin-wide correlation revealed a detailed strati- 

graphic architecture as shown by sedimentary 
discontinuities, variations in stratigraphical thick- 

ness, and lateral and vertical facies relationships. 
A further regional control for outcrop data 
is, thus, available. In particular, these wells 
provide additional information on the uppermost 

Cretaceous deposits that crop out only sparsely 

in the basin borders. 

Methods 

The dataset used in this study consists of the logs 
and master-logs of six oil wells: Baides, E1 Pradillo, 

Santa B~rbara, Tielmes, Tribaldos and Torralba 
(Fig. 1). These wells were drilled between 1960 
and 1980, and no core sections were available. 

More than 15 stratigraphic sections have also been 
studied along the northern Tagus Basin (Figs 1 
and 2). 

The Baides well (A in Fig. 1; Fig. 3) was drilled in 

1983 by Shell Espafia NW. Its master-log, gamma- 
ray (GR), and sonic logs were studied. The E1 

Pradillo and Santa B~trbara wells (B and C in 
Fig. 1; Fig. 4) were drilled by Shell Espafia in 
1980 and 1981, respectively, and the Tribaldos and 

Torralba wells (D and E in Fig. 1; Fig. 5) were 
drilled by Amospain in 1974 and 1974-1975, 

respectively. Master-logs, and GR and resistivity 
logs were available for these four wells. The 
Tielmes well (F in Fig. 1) was drilled by Adaro in 

1965; only its master-log is available. This well 
was considered because of its importance for 

north-south correlations, owing to its location 
between northwestern (El Pradillo) and southeastern 
(Tribaldos) wells (Fig. 1). The GR log was mainly 

used for a detailed interpretation of the sedimentary 
stacking pattern. This is because it has better vertical 

definition and is poorly affected by other factors, 
such as fluid presence, compaction, etc. The sonic 
and resistivity logs were also used to assess the rela- 

tive importance of changes in the GR log. 
The analysis and interpretation of the available 

well datasets was carried out in successive steps: 
(1) the identification of several well-known strati- 

graphic units, based on master-log analysis; (2) the 
definition of the main stratigraphic succession, 
based on the log analysis; (3) the establishment of 
well-outcrop correlations based on depositional 

and stratigraphic constraints. 
The outcrop data were obtained from vertical 

measured sections along the northern Tagus Basin 
(southern Central System), from Valdemorillo 
(SW) to Alcorlo (NE) (Figs 1 and 3). Stratigraphic 

sections were selected on the basis of accessibility 

and continuity of exposure. Individual beds were 
lithologically logged according to colour, grain 
size, sedimentary and biogenic structures, geometry 

and fossils. Attention was paid to the recognition of 
major, regionally extensive and local bounding sur- 

faces using the sequence-stratigraphic framework 
of Van Wagoner et  al. (1990). The working 

method consisted of: (1) analysing bedding patterns 
and facies; (2) defining different orders of deposi- 
tional sequences, their hierarchy and stacking 

pattern; (3) correlating the sequences between the 
sections; (4) correlating the field sections with oil- 

well data. The high-resolution correlation has to 
be consistent between the sections and wells in 
order to trace timelines. The hierarchical sequence 

stacking pattern is formed by medium- and large- 
scale depositional parasequence sets, sequences 

and megasequences: medium-scale (fourth-order) 
parasequence sets are the building blocks and 
compose large-scale third-order sequences (e.g. 

Van Wagoner et  aI. 1990; Strasser et  al. 1999), 
which in turn form second-order megasequences. 
The SW-NE correlation line (Fig. 3) provided a 

2D control for thickness and lithofacies changes 

and allowed for correlation between the Baides 
and the other wells (Figs 4-6).  
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Fig. 2. Palaeogeography of the Iberian Basin during sequence $3.4 (late Santonian to early Campanian), showing 
the location of the Iberian Basin, a marine seaway connecting the Atlantic and Tethyan domains. Based on Dercourt 
et al. (2000), Floquet & Hennuy (2001) and Segura et  al. (2004). The base of this sequence is the datum plane for 
cross-sections of Figures 3-6. 

Surface data allow a more precise interpretation 

of the well data, especially in the case of clay sedi- 

ments, which can be interpreted as shallow lagoon 

mudstones or as deeper offshore mudstones, when 

they are related to sequence boundaries or to 

maximum flooding surfaces, respectively. 

Geological framework 

Evidence from sedimentary basins around the 

Iberian microplate suggests that the Late Cretac- 

eous was a time of rising sea levels. Eustatic sea- 

level changes (of low and high frequency) produced 

within these basins facies of both deepening- and 

shallowing-upward sequences (from second to 

fifth order) that spread along the entire Iberian 

Basin (Fig. 2). The second-order eustatic cycles 

exerted, on a broad scale, a major force on sedirnen- 

tation through their influence on mean water depth 

and basin geometry. 

Second-order cycles are recorded as transgres- 

sive-regressive (T-R) long-term megasequences 

composed of alluvial-coastal siliciclastic deposits 

grading to marine carbonates and marls, and 

finally to restricted muddy coastal and sabkha 

deposits (with common intercalations of stromato- 

lites, evaporites and tidalites). Megasequences are 

composed of third-order depositional sequences, 

which consist of lowstand, transgressive and high- 

stand systems tracts. The sea-level falls related to 

the sequence boundaries were associated with the 

deposition of prograding alluvial-shoreface silici- 

clastic deposits that represent a basinward shift in 

the coastal belts (lowstand wedges). The onset of 

the transgression reworked lowstand coastal depos- 

its to form retrogradational coastal wedges that 

onlapped older sediments, whereas offshore marly 

sedimentation records transgression basinwards. 

The maximum flooding surface is marked by the 

change from retrogradational to progradational in 

the coastal wedges. Carbonate and sabkha sedimen- 

tation characterize highstand deposits. These can be 

capped by forced regressive siliciclastic wedges, by 

tidal deposits, or by emersion features such as karst 

processes, palaeosoil development, vadose cements 

on subtidal deposits, etc., suggesting a fall in the 

relative sea level and the sequence boundary. 

Sea-level falls and rises in the relative sea level 
were the primary control for the genesis of 
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Fig. 3. Stratigraphic cross-section along the northern Tagus Basin and correlation with Baides well (inset shows 
location of the cross-section in the Tagus Basin; see Fig. 1 for location of sections and well). Three second-order 
transgressive-regressive megasequences (MS-2 to MS-4), and nine third-order depositional sequences ($2.3 to $3.5) 
have been distinguished. Dark and light grey represent the transgressive and regressive stages of the megasequences, 
respectively. Gamma-ray (GR, left) and sonic logs (right), and master-log (centre) are shown Ibr Baides well. Datum 
plane is $3.4 basal boundary. 

megasequence and sequence boundaries (Segura 

et al. 2002). Sequence boundaries are inferred from 

the presence of landward erosion (updip unconformi- 

ties; Fig. 3), and parasequence stratal geometries 

with coastal onlap and toplap patterns, which 

confirm their significance as sequence boundaries. 

Major shifts in the facies belts (mainly basinwards 

in relation to sea-level falls) also support the location 

of these boundaries (Garcia et al. 1996). 

Biostratigraphic data are scarce, except for some 

intervals (Fig. 3), and correlations are mainly based 

on the sequential arrangement of lithofacies 
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Fig. 4. Correlation of E1 Pradillo and Santa Bfirbara wells along the northern Tagus Basin (inset shows location of the 

cross-section in the Tagus Basin; see also Fig. 1). GR log and master-log are shown for the E1 Pradillo well; GR and 

sonic logs and the master-log are shown for the Santa Bfirbara well. Master-log and general legend for Figures 4 - 6  are also 

shown. Datum plane is $3.4 basal boundary. 
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Fig. 5. Correlation of the Tribaldos and Torralba wells along the southern Tagus Basin (inset shows location of the 
cross-section in the Tagus Basin; see also Fig. 1 ). GR and resistivity logs and the master-log are shown. Legend as in 
Figure 4. Datum plane is $3.4 basal boundary. 

(systems tracts) and bounding surfaces (sequence and 

parasequence boundaries, transgressive surfaces, 

maximum flooding surfaces, etc.). Sequence and 

parasequence boundaries can be traced along the 

Iberian Basin, calling for the use of fossil data to 

constrain sequence ages. Several fossil groups have 

been used for chronostratigraphical purposes, includ- 

ing ammonites, benthic Foraminifera and rudists 

(Segura & Wiedmann 1982; Segura et  al. 1993; Gil 

et al. 2004). 
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Megasequences were described in wells based on 

the interpretation of both master-logs and electrical 

logs (Figs 3-6) .  The megasequence and sequence 

boundaries were mainly identified based on the 

GR logs. The log shape of a megasequence 

mainly shows a bell-shaped symmetrical signature. 

The base of the megasequence is characterized by 

maximum GR values (caused by a higher clay 

content), followed by a slow decrease in these 

values, whereas the top is characterized by a rapid 

increase in GR values. The presence in outcrops 

of both shallower and deeper fine-grained facies, 

however, has to be considered, to provide a 

correct log interpretation of these boundaries. 

Thus, in the basal siliciclastic sediments, the pre- 

sence of coastal marls and claystones in the 

Fig. 6. Correlation of the Baides, Santa Bfirbara and Torralba wells along the northeastern Tagus Basin (inset shows 
location of the cross-section in the Tagus Basin; see also Fig. 1). Legend as in Figure 4. Datum plane is $3.4 basal boundary. 
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outcrop sections suggests that an increase in GR 
values (which is usually interpreted as correspond- 
ing to fining-upward trends ending with deeper 

marine sediments) should really be interpreted as 
corresponding to these shallower fine-grained sedi- 
ments, which are usually related to megasequence 
and sequence boundaries in outcrops. 

The record of the carbonate units is composed of 

an alternation of, from base to top: outer-shelf 
marls, inner-shelf carbonates, and coastal marls 
with palaeosoils. In this facies, an increase in GR 

values is interpreted as originating from the presence 
of shallower (top coastal marls) and deeper (basal 
outer-shelf marls) claystone or marl beds, which 

are usually interpreted as representing the sequence 
boundary. Finally, the GR logs for the carbonate and 

evaporite units (mainly composed of anhydrite and 
limestones) are blocky, and only the higher, positive 

peaks in GR values are interpreted as sequence 
boundaries. Anhydrite deposits (flat GR values) 
are interpreted as shallower, sabkha deposits, 

whereas limestones are interpreted as shallow 
marine, but deeper, sediments. In any case, the log 
trend in these sediments is very difficult to interpret. 

The above considerations show the complexity of 

making a sequential or genetic interpretation of the 
GR logs in shallow platform and coastal deposits, as 

the argillaceous beds (high peaks in the GR log) 
may be interpreted as both open marine (deeper) 
sediments and coastal (shallower) sediments. To 

make a correct interpretation of a well log, it is 
therefore necessary to consider the correlation of 
this section with those of the nearest outcrops. 

Sequential analysis and correlation 

In this study, depositional sequences recognized in 

outcrop studies and their stacking were employed 
for the correlation between wells. Depositional 
sequences are the framework of stratigraphic suc- 
cession (Fig. 3). They are recognizable over all 

depositional outcrop sections and, thus, form ideal 
correlation units. For well correlation, both megase- 

quences and sequences were used. With these corre- 
lation methods, it was possible to correlate outcrops 
and wells in slightly different palaeogeographical 

positions (coastal and shallow shelf). 
Key sequence-stratigraphic surfaces have been 

defined through the correlation of log-based 
events whose significance has been established in 
outcrop sections. Primary control is provided by 

the Baides well, which provides an important 
link to the outcrops of the northern Tagus Basin 

(Fig. 3). Three second-order megasequences (MS- 
2 to MS-4) and at least nine third-order depositional 

sequences have been delimited. A basal megase- 
quence (MS-l) of mid- to late Albian age is 

recognized only in the eastern Iberian Ranges, 
and is not studied here. These megasequences cor- 
respond to Upper Cretaceous sediments, as indi- 
cated by both the reports of the wells and their 

correlation with data from outcrops, in which 
anamonites and rudists have been found and 

dated (Gil et al. 2002). 

M e g a s e q u e n c e  M S - 2  

The megasequence MS-2 ranges from 50 m in the 

west (El Pradillo well, Fig. 4) to 175 m in the east 
(Torralba well, Fig. 5). The megasequence wedges 
out farther west, and in the Valdemorillo section 
is about 10 m thick (Fig. 3). The megasequence 

MS-2 is composed of four third-order sequences 
showing a basal onlap on the Palaeozoic-Triassic 
basement (Figs 3 and 4). The thickness decrease 

of MS-2 is partially due to the absence of the 

lower third-order sequences caused by basal onlap 
(Figs 3 and 4). Thus, to the NE, MS-2 is composed 
of sequences $2.3 to $2.6 (Baides and Santa 

B~irbara wells; Figs 3 and 4), whereas westwards 
it is composed of only sequences $2.5 and $2.6 
with a reduced thickness (El Pradillo well; Fig. 4). 
Sequences $2.3 and $2.4 were also absent west- 

wards from the Pedrezuela section (Fig. 3). 
Sequence $2.6 also pinches out farther south for 
sedimentary reasons (see below) (Tribaldos and 

Torralba wells; Figs 5 and 6). The landward thick- 
ness decrease in sequences $2.5 and $2.6 causes a 
further decrease in thickness of the entire mega- 

sequence MS-2. This added decrease was caused 
by the landward reduction in the number of internal 

parasequences in sequences $2.5 and $2.6. This 
reduction was caused by both basal sequence 

onlap and toplap (erosion) related to the MS-2- 
MS-3 boundary (updip unconformity), which can 

be seen in the Valdemorillo section (Fig. 3). 
From previous studies on outcrop sections 

(Garcfa et al. 1993; Segura et al. 1993), the two 
basal sequences ($2.3 and $2.4) were related to 

Tethyan transgressions, whereas the two overlying 
sequences ($2.5 and $2.6) were related to Atlantic 

transgressions. In the more basinal wells (Torralba, 

Figs 5 and 6), MS-2 is composed of a basal alterna- 
tion of sandstones and claystones that grade 

upwards to dolostones and marls. The upper dolo- 
mitic and marly units grade landwards (westwards) 

to dolomitic sandstones, sandstones and claystones, 
reflecting a facies transition from platform (carbon- 
ate) to shoreface (siliciclastic) settings (Fig. 4), as 

can also be seen in the outcrop data (Fig. 3). 
The basal sequences ($2.3 and $2.4) are 

described in the master-logs as a basal alternation 

of sandstones and claystones and dolomitic tops 
with minor marl-claystone intercalations (Fig. 6). 
Generally, GR logs showed upward-decreasing 
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values for both sequences (e.g. Baides well, Fig. 3). 
Sequence $2.3, however, locally shows first an 
increase and then a final decrease in GR values, 
with its maximum levels located at the middle of 
the sequence (Torralba well, Fig. 5). 

These sequences are interpreted as transgres- 
sive-regressive sequences. Basal, transgressive 
deposits are composed of coarse-grained shoreface 
sediments in northwards coastal areas (e.g. Baides 
well, Fig. 6) and offshore fine-grained sediments 
basinwards (southwards; Torralba well, Fig. 6). 
This southward location of offshore facies also 
supports the Tethyan origin of these sequences. 
Highstand sediments are composed of coarse- 
grained, shoreface sediments in the north, as 
suggested by the upward decrease in GR values 
(Baides and Santa Bfirbara wells; Fig. 6), and tidal 
dolomitic facies in the south (Torralba well, 
Fig. 6). Minor higher peaks within sequences $2.3 
and $2.4 (Fig. 6) are considered to be related to 
the presence of fourth-order parasequence sets. 
Locally, the presence of low values at the base of 
$2.3 in the GR log suggests the existence of a 
basal sandy lowstand wedge in the southeastern- 
most areas (Torralba well, Fig. 6). This wedge 
was deposited in relation to a relative sea-level 
fall at the MS-1-MS-2 boundary. 

The MS-2 top sequences (sequences $2.5 and 
$2.6) both wedge out westwards (Fig. 4) and south- 
wards (Fig. 6), the latter in opposition to underlying 
sequences, which also supports their Atlantic origin. 
Thus, sequence $2.5 had a reduced thickness, being 
partially eroded by the overlying sequence $3.1 at 
the Valdemorillo section (Fig. 3), whereas sequence 
$2.6 was probably not deposited here and is not 
clearly identified in the Tribaldos and Torralba 
wells either, probably being located in the regres- 
sive sediments deposited in relation to the MS-2- 
MS-3 boundary (Figs 5 and 6). 

Sequences $2.5 and $2.6 are mainly composed of 
dolostones and limestones with minor claystone- 
marl intercalations. The $2.5-$2.6 boundary is 
located in outcrops in a very characteristic marly 
interval, located within a thick, carbonate 
package. In those wells located in platform areas 
it is difficult to locate that boundary (Baides and 
Santa B~irbara wells, Figs 3 and 4) primarily 
because master-logs do not show such thin marly 
intervals, and also because the sequence $2.5 is com- 
posed of fourth-order parasequence sets, which are 
also bounded by thin marly beds. In GR logs, all of 
these marly boundaries are shown by higher peaks 
of increasing clay content. Locally, as in the Torralba 
well (Fig. 5), this claystone-marl interval is also 
clearly identified in the resistivity log because its 
low values suggest more conductive sediments 
(claystones). Based on outcrop correlations, the 
topmost GR peak (marly interval) in log correlations 

may represent such a boundary (Figs 4-6).  In 
contrast, in the E1 Pradillo well and in the western 
outcrops, sequence $2.5 is composed of sandstones 
and claystones with a coal bed in the middle of the 
sequence (Fig. 4). 

Sequence $2.5 starts with transgressive, hemipe- 
lagic marls with ammonites of Atlantic origin 
(Segura et al. 1993), which represent the 
maximum flooding sediments of the megasequence 
MS-2. This marly interval was clearly identified in 
the Torralba, Baides and Tribaldos wells (Figs 5 
and 6), although in the Tribaldos well it is appar- 
ently located higher in the succession (Fig. 5). It 
is more difficult to identify, however, in the Santa 
Bfirbara well (Fig. 4). The claystone-marl interval 
grades upwards to shallow-marine carbonates, and 
both facies grade landwards (westwards) to the 
coastal shoreface or barrier sandy sediments, 
which alternate with lagoonal or littoral claystones 
(Fig. 4). These facies show an overall shallowing- 
upward trend. The presence of a coal bed in the 
E1 Pradillo well, identified both in the well's litho- 
logical description and in the corresponding low 
peak in the GR log and located between two clay- 
stone beds, supports the interpretation of a landward 
transition to coastal environments, where coal beds 
are usually developed. 

Further sequential interpretation based on 
outcrop data clearly suggests that sequence $2.5 is 
composed of minor-order parasequence sets, as 
can also be seen in outcrops (Gil et al. 2001; 
Garcfa-Hidalgo et al. 2003), and is further 
suggested by the well GR logs (Santa Bfirbara and 
Torralba wells, Figs 4 and 5). 

Sequence $2.6 is primarily a carbonate unit in the 
Baides and Santa Bfirbara wells (Figs 3 and 4) and 
in eastward outcrop sections (Alcorlo; Fig. 3), 
where it is composed of limestones and dolostones 
with minor marly intercalations. In outcrops, these 
carbonates grade westwards to lagoonal green 
marls and siliciclastic shoreface sediments. 
Locally, within lagoonal sediments, minor stroma- 
tolites and palaeosoil intercalations are also 
present (e.g. the Patones and Valdesotos sections, 
Fig. 3). This sequence is usually interpreted as the 
top, regressive sediment for the entire megase- 
quence (Garcfa-Hidalgo et al. 1997), showing a 
northward progradational trend, and not being 
deposited southward (or deposited there with only 
a very minor thickness) because of the lack of 
accommodation space owing to the relative sea- 
level fall at the top of the megasequence MS-2 
(Tribaldos and Torralba wells, Figs 5 and 6). 

The MS-2-MS-3 boundary is marked by a 
sudden increase in GR values (Polo et al. 2003; 
E1 Pradillo well, Fig. 4). This boundary is marked 
further eastwards by an upward increase in clay 
content separating two homogeneous intervals 
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with lower clay contents (Santa Bfirbara and 
Torralba wells, Figs 4 and 5). There are, however, 

similarities in the GR-log trend (Fig. 6), which 
allow for correlation between wells. This is 

because of the higher clay content in the carbonate 
facies (higher values in the GR log), which suggests 
an eastward presence of deeper sediments at the base 
of the overlying megasequence MS-3. These deeper 

sediments were transgressive, flooding sediments. In 
outcrop sections, however, these sediments overlie a 

very discontinuous sandy level, which is currently 

interpreted as incised fluvial deposits related to a 
lowstand wedge in the northern Iberian ranges 

(Gil 2002). The presence of this lowstand wedge 
clearly indicates the presence of that boundary. 

The sequence boundary and the transgressive 
surface of the overlying sequence coincide in the 
study area. 

M e g a s e q u e n c e  M S - 3  

Megasequence MS-3 ranges from 130 m in the west 
(El Pradillo well, Fig. 4) to about 270 m in the east 
(Torralba and Santa Bfirbara wells, Fig. 6). It is 
composed of a thin basal sandy or marly unit 

grading upwards to dolostones and limestones, 
and then to dolostones with anhydrite intercalations 

at the top. Facies are very persistent laterally, 
with the only changes in the lateral facies being 
caused by the increase in anhydrite intercalations 
(Figs 5 and 6). In field sections, it is a transgres- 

sive-regressive megasequence with a short trans- 

gressive episode at the base and a large regressive 
episode at the top (Garcfa-Hidalgo et al. 2001 ). 

Lithology and thickness agree closely with 

surface data; thus MS-3 thickness ranges from 
about 300 m in eastern sections (Alcorlo, Fig. 3) 

to about 150m in the Valdemorillo section 
(Fig. 3). In the Patones area, MS-3 rests with an 
erosive and brecciated surface on MS-2 (Gil et al. 

1999). A very thin, erosive, basal sandy unit (Somo- 

linos sands) is discontinuously recorded from 
Patones eastwards. This is interpreted as incised 

channels representing a sudden basinward shift of 
the facies belts in response to a major relative sea- 

level fall at the megasequence boundary (Garc/a- 
Hidalgo et al. 2001). Somolinos sands grade 
upwards to limestones and dolostones with minor 

marly intercalations, which in turn grade upwards 
to dolomitic breccias probably produced by anhy- 
drite dissolution. In the outcrops, MS-3 is composed 
of five third-order sequences (Gil & Garcfa 1996; 

Garc/a-Hidalgo et al. 200l), including foreshore, 

subtidal, coastal, inner platform, shoals and 
sabkha deposits (Garc/a-Hidalgo et al. 2001). All 
of these sequences are also present in well data. 

In the E1 Pradillo well, the lower boundary of 
MS-3 is located at a sudden increase in GR values 

(Polo et al. 2003; Fig. 4), which rise to 170 API 
5 m above the megasequence boundary. From this 
point, there is a rapid decrease in GR values for 

10m; however, GR values remain constant 
through the lower part of MS-3 (a c. 110 m inter- 

val). GR logs end with a generalized, homogeneous 
increase suggesting a correlative increase in clay 

content in the upper part of MS-3 (Polo et al. 

2003; Fig. 4). This is interpreted as the regressive 
episode of the entire megasequence. In such a 

regressive context, these topmost clays are inter- 
preted as low-energy coastal and littoral deposits. 
The MS-3-MS-4 boundary is also located in the 

Baides well in a GR peak, primarily based on corre- 
lation with nearby outcrop sections (Fig. 3). The 
stratigraphic succession of the master-logs for 

MS-3 and the small peaks detected in the GR logs 
are clearly correlated from the Baides to the Santa 

Bfirbara wells and then, although less clearly, to 
the Torralba well (Fig. 6), to extend the sequences 
recognized in outcrop sections (Fig. 3) to well 

data (Figs 3 and 6). 
Each sequence presents a characteristic log 

response, derived from the constituent sediments, 
with similar trends: a relative peak in GR values 

at the base of the sequence followed by a progress- 
ive lowering with constant GR values (e.g. the 
Santa Bfirbara well, Fig. 4). The peaks at the base 

of sequences are related to the presence of clays- 
tone-marls at the sequence boundary representing 
transgressive sediments. The constant, relatively 

flat log represents carbonate marine deposits in 

relation to highstands (regressive sediments) of 
each sequence. Major differences from these fea- 
tures have been observed in the Torralba well 

(Fig. 5), where the common presence of anhydrite 
causes a more complex GR pattern. In this case, 

sequence recognition is based on, in addition to 
the GR log, the resistivity log, with the master-log 

for lithological descriptions. 
In outcrop sections, the first sequence ($3.1) is 

composed of a basal siliciclastic interval (coastal 
facies) grading upwards to carbonate sediments. 

In well logs, the base of the sequence shows a 
rapid increase in GR values in the basal 5 m (El 

Pradillo and Santa Bfirbara wells, Fig. 4) with a 
gradual decrease upwards through the rest of the 
sequence. This change in trend suggests a rapid 

transgressive stage of reduced thickness in which 
the clay proportion increases, followed by a high- 
stand stage with the infilling of the accommodation 

space created in the previous stage. The presence of 
anhydrite beds (described in the master-log of the E1 
Pradillo and Santa Bfirbara wells, Fig. 4) indicates 

the top of the sequence, suggesting an overall 

shallowing trend. 
The second sequence ($3.2) is composed of alter- 

nating limestones and dolostones; only in the 
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Torralba well (Fig. 5) are some anhydrite beds 

found at the top. Although the GR log is blocky, 
the presence of small peaks suggests an upward 

increase in clay content, supporting a transgres- 
sive-regressive interpretation for this sequence, as 
in the field sections. This trend in the GR log is 
similar to that of the log of the entire mega- 

sequence, but on a smaller scale (e.g. Tribaldos 

well, Fig. 5). 
The third sequence ($3.3) is also composed of 

limestones and dolostones, except in the Torralba 
well, where it is composed of an anhydrite-dolo- 

stone alternation. The sequence is characterized 
by the homogeneous aspect of the GR log, with 

low values (about 20 API) bounded by two rela- 
tively higher peaks (about 40 API) in all the 
wells. This homogeneity is also recognized in the 
sonic log, with values decreasing slightly down- 

ward from 60 to 50ms/foot  ~ (Baides well, 
Fig. 3). In this sequence, small variations in the 

GR values are interpreted as minor-order parase- 
quence sets and parasequences (fourth and fifth 
order), which are hardly noticeable in the sonic log. 

Sequence $3.3 thins laterally with a complex 
pattern. At the northern outcrops, it is clearly 
eroded by the $3.4 sequence, with an unconformity 

being noted in the field sections (Valdemorillo 

section, Fig. 3). This probably corresponds to the 
intra-Santonian unconformity, an event also 

described in other areas of the Iberian microplate 

(Reicherter & Pletsch 2000). 
The boundaries of the overlying two sequences 

($3.4 and $3.5) are similar to those of the previous 

ones. The logs, especially the GR log, present very 
homogeneous trends, with minor peaks that are 
probably related to the presence of minor-order 

parasequences. Sequence $3.4 is mainly composed 

of dolostones (Baides and Santa Bfirbara wells, Figs 
3 and 4) and of a dolostone-anhydrite alternation 
(El Pradillo, Tribaldos, Tielmes and Torralba 
wells, Figs 4-6).  The anhydrite content is higher 

than in underlying $3.3, but as in that sequence 
there is an increase to the SE in anhydrite content, 

reflecting a facies transition from marine to 
coastal sabkha environments in that direction 
(Fig. 2). The trend of increasing anhydrite 
content, which started in sequence $3.2 (Torralba 

well, Fig. 5), reaches its highest point in sequence 
$3.5, which is mainly composed of anhydrites and 

dolostones in all of the wells studied (Fig. 6). 
In clear contrast to the wells, anhydrite deposits 

have not been observed in outcrop sections, where 

each sequence is composed of a thick carbonate 
package and a thin marly top interval. Only 
sequence $3.5 is composed of a thick dolomitic 

brecciated unit. Dolomitic breccias (Cuenca brec- 

cias) have been described in the southeastern 
Iberian Ranges as being formed by evaporite and 

carbonate dissolution and collapse (Mel6ndez 

1975; Y6benes 1975). The presence of the breccias 
and the absence of evaporites in outcrop sections 
suggests a similar origin, evaporite dissolution, for 

this brecciated unit. 
The systems tracts arrangement within third- 

order depositional sequences is conditioned by 

the long-term, second-order, sea-level curve. 
Thus, the basal sequence $3.1 is composed of a 
lowstand (located farther north), a transgressive, 

and a thin highstand systems tract. The overlying 
sequence $3.2 is composed of a transgressive and 
a highstand systems tract. The maximum flooding 

surface of this sequence is also the maximum 
flooding surface for the entire megasequence. In 

contrast, the overlying sequences ($3.3-$3.5) 
are mainly composed of highstand deposits. The 
boundaries of these sequences also reflect their 
location in the second-order highstand, when 

less accommodation space is available for 
sequence development, mainly towards coastal 

areas. Thus, $3.3 and $3.4 basal boundaries are 
locally erosive, coastal unconformities in some 
sections (Pedrezuela, $3.2, and Valdemorillo, 

$3.4, Fig. 3). 

Megasequence MS-4 

Megasequence MS-4 has a highly variable thick- 

ness as a result of the overlying unconformity; 
maximum thickness is about 250 m at the Torralba 

well (Fig. 5). This megasequence is primarily com- 
posed of claystones, carbonates and anhydrites. The 

overlying unit is described in the master-log of 
the Torralba well as the Garumnian Formation, 
which is considered to be of continental origin 

and to have a latest Cretaceous-Eocene age. The 
clays and sands located at the top in the E1 Pradillo, 

Santa Bfirbara and Tribaldos wells probably corre- 

spond to this unit (Figs 4 and 5). 
The GR logs of MS-4 show homogeneous low 

values probably because of the evaporite content, 
as in the underlying sequences (Fig. 6). Sequential 

interpretation of MS-4, however, is far from clear 
because correlative surface deposits are poorly 
studied and not totally understood, owing to the 

lack of continuous and uncovered exposures. The 
presence, as in MS-3, of minor peaks in the GR 

log, which can be interpreted as originating from 
an increase in the clay content, suggests the possible 
presence of several third-order sequences in the 
Santa B~rbara and Torralba wells (Figs 5 and 6). 

The minor peaks in the GR log are considered to 
originate from the presence of carbonate marine 

facies (according to the master-log). 
This is a shallow-marine-coastal-continental 

megasequence in which the high clay content is 
interpreted as corresponding to continental facies. 
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In outcrops of the Patones area (Fig. 3), this mega- 

sequence correlates to a red argillaceous unit with 
gypsum beds at the top whose basal contact has 
been considered a cartographic unconformity 

(Portero et  al. 1990). In the Iberian Ranges, MS-4 
probably corresponds to the Villalba de la Sierra 
Formation, a unit composed of marls, siltstones 

and anhydrites with an attributed Campanian- 

Maastrichtian age (Segura et  al. 2002). A unit with 
a similar age, but mainly composed of sandstones, 
claystones, gypsum and chert levels, has also been 
described in outcrops of the southern Duero Basin 

(del Olmo Sanz & Martinez-Salanova 1989), over- 
lying Cretaceous dolostones. This latter unit has 

yielded vertebrate fauna and dinosaur eggs that indi- 
cate a Campanian-Maastrichtian age (Buscalioni & 

Sanz 1987; B uscalioni & Martinez-Salanova 1990). 
The stratigraphic position and lithological features 
of this unit are coincident with the megasequence 

MS-4 identified in the wells and support its Cretac- 
eous (probably Campanian) age. 

Conclusions 

The Upper Cretaceous sequence of central Spain 
is commonly regarded as an example of an intracon- 

tinental succession. Important parts of this succes- 
sion, however, are at present located below Tertiary 
basins and can only be studied by using old oil- 

exploration well data, which are, thus, essential to 
complement and constrain stratigraphical and 

sequential information from surface studies. In this 
study, regional stratigraphical cross-sections based 

on six wells and several outcrop sections were pro- 
duced for the first time. Detailed logs revealed up to 

now unrecognized sedimentary cycles of various 
scales in these wells, where the GR log serves as a 

useful tool in identifying the vertical facies succes- 
sions, cycles and cycle hierarchies. 

The main points raised by this work are the fol- 
lowing: (1) Environmental interpretation from 

logs must be carefully checked against outcrop 
data. This is because high peaks in GR logs, 

usually considered to indicate open marine facies, 
may correspond to either open marine or muddy 
coastal deposits. The former correspond to the 

maximum flooding surfaces of depositional 
sequences, whereas the latter correspond to 

sequence boundaries. (2) Latest Cretaceous sedi- 
mentation extended farther west than previously 
considered, covering wide areas considered up to 

now to be part of the exposed Hesperian Massif. 
These areas correspond to carbonate marine and 

muddy coastal deposits where organic matter 
accumulation could be potentially high. Such 
areas could, thus, be considered potential target 

areas for oil or gas exploration. 

Three transgressive-regressive second-order 

megasequences have been distinguished. The basal 
megasequence (MS-2) has a Cenomanian-mid- 
Turonian age (Gil et  al. 2004), being composed of 

five third-order depositional sequences. Sedimen- 
tation started with continental-coastal sands and 
sandstones onlapping Hercynian basement and 

Triassic rocks in a retrogradational pattern ($2.3 

and $2.4, Figs 3 and 4). These sediments grade 
basinwards to shallow carbonate deposits, a tran- 
sition that can be envisaged between the Tribaldos 
and Torralba wells (Fig. 5). A major palaeogeogra- 

phical change occurred towards the end of Cenoma- 
nian time, with the tilt of the Iberian microplate in 

relation to the opening of the Bay of Biscay. A 
rapid Atlantic transgression occurred, drowning 

the underlying platform. Deep hemipelagic marls 
(the basal part of sequence $2.5, Figs 3-5) with 
open marine fauna (ammonites, echinoderms, pele- 

cypods, etc.) of Atlantic affinity were deposited 
(Segura et al. 1993). This unit is considered the 

maximum transgressive event of the megasequence 
(Segura et al. 1993). During the subsequent 
regression, a thick carbonate unit developed, with 
at least two progradational units: the top of sequence 
$2.5 along the southern cross-section (Tribaldos- 

Torralba wells, Fig. 5), and sequence $2.6 when 
the main carbonate sedimentation area moved north- 
wards towards the Baides (Fig. 3) and Santa B~rbara 

(Fig. 4) wells. This unit, in the Iberian Ranges, 
shows a rapid northward progradation with large 

clinoform development (Segura et al. 1993). 
An important relative sea-level fall occurred in 

relation to the MS-2-MS-3 boundary. Marine sedi- 
mentation shifted farther northwards and the study 
area remained as a littoral, low-energy area with 

mainly lowstand marly sedimentation correspond- 
ing to the basal part of sequence $3.1, which 

appears discontinuously westwards (Fig. 3). 
Sequence $3.2 records a renewed Atlantic trans- 
gression, and the maximum flooding surface for 

the entire megasequence occurred then: open 
marine marls and carbonates completely covered 
the study area (mid- to late Coniacian). These 

marine facies grade southwards to littoral marl 
with palaeosoils, whereas to the east they grade to 
sabkha environments with evaporite and claystone 

sedimentation. Overlying this, there is the develop- 
ment of a very thick carbonate unit (late Coniacian 

to early Campanian; sequences $3.3, $3.4 and 
$3.5), locally with calcarenite bars and rudist bio- 
herms grading eastwards and southeastwards to 

sabkha environments (Fig. 2). The coastal facies of 
this platform were extended farther westwards 

(Fig. 2), in relation to the underlying Cenomanian- 

Turonian platforms. 
The MS-3-MS-4 boundary is related to a relative 

sea-level fall. The presence of an unconformity 
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related to this boundary is problematic, although it 

has been mentioned locally (Portero et al. 1990). 

MS-4 facies were very homogeneous, mainly with 

continental and coastal (sabkha) deposits, and 

marine sediments were never again deposited in 

the central parts of the Iberian Basin, including 

the study area (Figs 4 and 5). Minor, very thin car- 

bonate intercalations occur, however, and they 

probably represent tidal sediments rather than 

open marine facies. MS-4 age is poorly constrained, 

but the scarce fauna indicate a probable Carnpanian 

age. Thus, during the last 10 Ma of the Cretaceous, 

sedimentation kept pace with subsidence to con- 

stantly maintain the same sedimentary environ- 

ments, suggesting that other causes, rather than 

solely eustatic causes, had an effect on 

sedimentation. 
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Miocene to present major fault linkages through the Adriatic indenter 
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Abstract: From the Miocene onwards, the Alpine and South Alpine domains have been closely 
coupled within the framework of fault kinematics and geodynamic processes related to the con- 
tinuing indentation of the Adria plate against Europe. In this study, the post-Oligocene evolution 
of a wide sector of the North Adriatic indenter border and nearby areas is re-examined in an exten- 
sive regional context by means of structural, geochronological and seismotectonic data. The Adria 
northern edge roughly corresponds to the Periadriatic lineament which is characterized in the 
central-eastern Alps by an abrupt change of orientation from east-west to NNE-SSW at the 
North Giudicarie line. Several strike-slip fault linkages have developed along the northern and 
southern sections of this major fault since the Miocene. In the Alpine domain, fault connections 
facilitated tectonic unroofing of the deeper nappes (Penninic units) in the Tauern window and a 
westward crustal stretching of the upper nappes (Austroalpine units) in the Brenner detachment 
hanging wall. In the Southern Alps, several fault linkages are observed, which are related to reac- 
tivation of inherited faults by the indentation process. These processes began during the early 
Miocene, were fully developed in the latest Miocene-early Pliocene, and are very probably 
still continuing. The final result is a complex shear zone of 250 km length, that in the southern 
part is considered as an incipient divide between the nearly stationary westernmost part of the 
North Adriatic indenter and the still northward-pushing main body of the Adria plate. 

The Alps are composed of a Europe-vergent colli- 

sional wedge (Alpine domain sensu stricto) and a 

south-propagating fold-and-thrust belt (South 

Alpine domain). The Alpine domain is the 

product of a complex subduction-collisional history 

between the lower Em'opean plate and the upper 

Adria (Africa) plate, whereas the Southern Alps 

developed during the last stages of the collision. 

Interpretations of seismic reflection and refraction 

data across the Alps indicate that a rigid wedge of 

Adriatic lower crust, named the North Adriatic inden- 

ter, was pushed into the Austroalpine-Penninic 

wedge in Neogene time (Nicolas et al. 1990; 

Fantoni et al. 1993; Pfiffner & Hitz 1997; Schmid 

et al. 1997; Lammerer & Weger 1998). The aim of 

this paper is to re-examine the strike-slip fault 

system extending from the North Giudicarie line to 

the Schio-Vicenza line in an extensive regional 

context, partly corresponding to the boundary of the 

North Adriatic indenter in the Italian Alps. This revi- 

sion is based on structural, geochronological, geophy- 

sical and seismological data provided by decades of 

detailed studies in the Alps. The relationships 

between the tectonic evolution of the Southern Alps 

and the Austroalpine-Penninic collisional wedge 

during the last stages of the Alpine orogenesis are 

closely examined, as well as their interactions with 

the accreting Apennine orogen. In addition, particular 

emphasis is placed on the role of the inherited Meso- 

zoic structures in creating tectonic linkages between 

major strike-slip faults in the boundary zone of the 

Adriatic indenter. 

The Alpine orogenic wedge and the 

South Alpine fold-and-thrust belt 

The Alpine orogenic belt originated from the 

Cretaceous -present  convergence between the 

Adriatic upper plate and the subducting European 

lower plate, including the Mesozoic Tethyan 

ocean (e.g. Dewey et al. 1989; Kurz et al. 1998; 

Dal Piaz et al. 2003). It is composed of a Europe- 

vergent collisional wedge (Alpine domain sensu 

stricto) and a south-propagating fold-and-thrust 

belt (South Alpine domain) separated by a major 

fault system called the Periadriatic lineament 

(Fig. 1). 

The collisional wedge of the eastern Alps is com- 

posed of the Adria-derived Austroalpine continental 

basement and cover system, and the Penninic unit 

of the Tauern window, which includes the ophio- 

lite-bearing Glockner nappe and the underlying 

Europe-derived continental basement (Central 

From: MORATTI, G. & CHALOUAN, A. (eds) 2006. Tectonics of the Western Mediterranean and North Africa. 
Geological Society, London, Special Publications, 262, 245-258. 
0305-8719/06/$15.00 �9 The Geological Society of London 2006. 
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Fig. 1. Structural map of central-eastern Southern Alps. Inset: northern part of Adriatic indenter and main 
units. EF, European Foreland; J, Jura; HD, Helvetic-Dauphinois; PN, Penninic; AU, Austroalpine; SA, Southern 
Alps; Po, Po Plain; AP, Apennines; D, Dinarides; PB, Pannonian Basin; P, Periadriatic lineament. 

Gneiss) and cover units (Fig. 2). During the subduc- 
tion-collisional wedge development, the Periadria- 

tic lineament was the active tectonic boundary 
between the Alpine exhuming wedge and the 

South Alpine rigid lithosphere, of which the 
frontal part (Austroalpine) was involved in the col- 
lisional wedge. The nappe stack was affected by 
subduction-related eclogite- to blueschist-facies 

metamorphism (scattered relics) of Eocene age 
(Penninic zone, Zimmermann et  al. 1994) and a 

pervasive Barrovian (amphibolite- to greenschist- 
facies) overprint of Oligocene age (Tauern crystal- 

lization of Sander 1912; Christensen et  al. 1994). In 
Oligocene time, during the continuing Adria- 

Europe convergence, rapid uplift took place 

together with magmatism along or near the Peria- 
driatic lineament (von Blackenburg & Davies 
1995; Dal Piaz 1999; Rosenberg 2004). Only the 

post-Oligocene evolution of the Alpine domain is 

of paramount importance for our purpose. From 
this time onward, the rigid Southern Alpine litho- 

sphere indented the inner sector of the orogenic 

wedge, causing the rapid tectonic extrusion and 
cooling of the Penninic nappes previously softened 

by the Barrovian metamorphism. Consequently, the 

continuing north- south shortening caused the verti- 
cal exhumation of the Penninic units at the Tauern 
window (facilitated by erosion), tectonic unroofing 

along the Brenner detachment, and orogen-parallel 
escape of the Brenner footwall toward the opening 
Pannonian basin (Selverstone 1988; Ratschbacher 

et  al. 1991a,b; Frisch et  al. 2000). In the mean 
time, the upper part of the indenter, detached 
from the underlying lithosphere, was involved in 

the antithetic South Alpine fold-and-thrust belt pro- 
pagating towards the Po Plain. From the Miocene 
onward, the tectonic histories of the Alpine colli- 

sional nappe stack and the Southern Alps may be 
considered together because both are concurrently 

deformed under the same regional stress field. 
The Southern Alps and the Austroalpine domain 

preserve the original Mesozoic northwestern 

passive margin of the Adria plate (e.g. Bertotti 
et  al. 1993). During the first stages of the Alpine 

orogeny (Late Cretaceous-Early Paleocene), the 
central and western Southern Alps constituted the 

slightly deformed hinterland of the Europe- 
vergent Austroalpine-Penninic collisional wedge. 
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Fig. 2. Geological map of Innsbruck-Verona transect, showing Neogene fault kinematics and focal mechanisms. Fission- 

track dating shows the Early Miocene onset of the Brenner detachment (from Grundman & Morteani 1985; Ftigenschuh et al. 

1997, 2000). Fault kinematics: 1, Early Miocene to Pliocene (at least until 3 Ma) Brenner detachment kinematics (Behrmann 

1988; Selverstone 1988,1993; Ftigenschuh et al. 1997; Bistacchi et al. 2003); 2, Mid-Miocene (c. 17 Ma) to Pliocene Passiria 
fault kinematics (Mtiller et al. 2001; Spiess et al. 2001; Viola et al. 2001); 3, Mid-Miocene to Pliocene kinematics of fault at 

North Giudicarie hanging wall (Fellin et al. 2002); 4, Mid-Miocene (c. 13 Ma) to Pliocene kinematics of North Giudicarie line 

and faults near its hanging wall (Prosser 2000; Fellin et al. 2002; Viola et al. 2004); 5, Mid-Miocene (c. 13 Ma) to Pliocene 

Trento-Cles system kinematics (Prosser 2000; Viola et al. 2004); 6, Mid-Miocene (c. 13 Ma) to Pliocene kinematics of 

Tormeno-Gamonda fault arrays (Zampieri et al. 2003); 7, Messinian (c. 8 Ma) to Pliocene Schio-Vicenza fault kinematics 

(Castellarin & Cantelli 2000; Zampieri et al. 2003); 8, Presumed Mid-Miocene Schio-Vicenza fault kinematics. Focal 

mechanisms: a, 2004.11.24, 45~ 10~ h = 18 km, Mi = 5.2, Sal6 (www.ingv.it/seismoglo/RCMT/); b, 
1975.01.11, 45~ 10~ h ----- 12 kin, M = 4, Gardone (Slejko et al. 1987); c, 1986.04.15, 45~'46'N, 10~ 

h = 15 km, M = 3.2, Tremosine (Slejko e t a L  1987); d, 1976.12.13, 45~ 10~ h = 2 km, M = 4.5, Riva (Slejko 

et  al. 1987); e, 1968.06.22, 45~ 1 l~ h = 24 kin, M ----- 4.5 Pasubio (Slejko et al. 1987); f, 1968.06.22, 45~ 

11~ h = 23 km, M = 4.1 Pasubio (Slejko etal .  1987); g, 2001.07.17, 46~ l l~ h = 1.6 kin, M = 5.1 Merano 

(Pondrelli et al. 2004; Caporali et al. 2005); h, 1982.05.01, 47~ 47~ h = 7 km, M = 3.8 Innsbruck (Slejko et al. 

1987); i, 1965.07.08, 47~ 11~ h = 5 krn, M = 3.3 Mittenwald (Slejko et al. 1987). 
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In detail, pre-Mid-Eocene south-vergent structures 
cut by the Adamello intrusion are recorded only 
in the central sector of the Southern Alps (Brack 

1981). In the Eocene-Early Oligocene phase, the 
easternmost sector was deformed by Dinaric SW- 

vergent thrusts. Later, from the Miocene onward 
(Neoalpine phase), the whole of the Southern Alps 

was shortened as a south-vergent fold-and-thrust 

belt, which developed as a retro-wedge (Doglioni 
& Bosellini 1987; Castellarin & Cantelli 2000). 

The Southern Alps are subdivided into two main 
sectors by the NNE-SSW-trending Giudicarie belt 
(Fig. 1). The western sector exposes a complete 

crustal section, from the classic Ivrea lower crust to 
the post-Variscan Permian-Mesozoic cover. The 

eastern sector exposes low-grade basement and 

Permo-Mesozoic cover sequences, well represented 
in the Dolomites (Bigi et al. 1990). To the east, the 
Southern Alps are bounded by NW-trending Dinaric 
Palaeogene thrust fronts (Idria and Cividale lines), 

reactivated during the Neoalpine phase as dextral 
strike-slip faults (Fig. 1). The main tectonic features 

of the eastern Southern Alps are the Neogene south- 
vergent thrusts, i.e. the Valsugana (Serravallian- 
Tortonian), Belluno (Tortonian-Messinian?) and 
Bassano (Messinian-Pliocene) thrusts (Venzo 

1941; Castellarin et al. 1992; Selli 1998) and, to 
the west, the NW-trending Schio-Vicenza and 

north-trending Trento-Cles strike-slip faults (Figs 1 
and 2). 

Many pre-Alpine extensional structures have 

been recognized from the analysis of syntectonic 
sediments (e.g. Castellarin 1972; Bertotti et al. 

1993) and structures that crop out (e.g. Doglioni 
1992; Zampieri 1995b). These normal faults, trend- 
ing north-south to NNE-SSW, are derived from 

multiple tectonic phases, i.e. the early Permian and 
Mid-Triassic tectonomagmatic events (Cassinis & 

Perotti 1993; Dal Piaz & Martin 1998), Jurassic 
extension of the passive margin of the Apulian 
microplate (Bertotti et al. 1993), and Palaeogene 

rifting coupled with magmatism (Zampieri 1995a). 
The major map-view undulations of the Neogene 
SSE-vergent thrusts have been explained by inver- 

sion of these inherited normal faults (Doglioni 
1992). The Giudicarie belt itself is the main 
example of a transpressive fault zone controlled by 

pre-existing Jurassic normal faults (Castellarin 
et al. 1993; Prosser 1998, and references therein). 

The Giudicarie boundary of the Adriatic 

indenter and related fault systems in 

the South Alpine and Alpine domains 

The western edge of the corner of the Adriatic 
indenter is marked by the North Giudicarie fault 
and a complex network of faults with dominant 

transcurrent kinematics, at a high angle to the 

east-west general trend of the chain (Figs 1 and 
2). This crustal-scale shear zone includes the 
major strike-slip faults of the Southern Alps and 

the main faults of the Alpine domain sensu stricto 

involved in differential exhumation of nappes 
during the last stage of Alpine orogenesis. 

The  S c h i o - V i c e n z a  l ine  a n d  its t ec ton ic  

l i n k a g e  wi th  the T r e n t o - C l e s  s y s t e m  

Within the Southern Alps fold-and-thrust belt, the 

Lombardian and Veneto-Friuli sectors and related 
forelands (i.e. the Po and Veneto-Friuli Plains) are 
separated by the Euganeo-Berico-Lessinian wedge, 

which is a morphological and structural divide. This 

high ('Adige embayment' of Lanbscher 1996) is 
bounded to the east by the NW-trending Schio- 
Vicenza line and to the west by the frontal sector of 
the Giudicarie belt. The Schio-Vicenza fault probably 

originated as a Palaeogene extensional structure on 
the Dinaric foreland bulge (Doglioni & Bosellini 

1987). South of Schio this fault shows a southward- 
decreasing top down-to-the-east throw connected to 
the development of the eastern Southern Alps foredeep 
(Finetti 1972; Pellegrini 1988). Many researchers have 

suggested that the post-Tortonian kinematics of the 
Schio-Vicenza line was sinistral (Semenza 1974; 

Zanferrari et al. 1982; De Vecchi et al. 1986; Castel- 
latin & Cantelli 2000; Zampieri et al. 2003). On the 
other side of the Adige embayment, the Giudicarie 

belt is composed of a series of late Miocene ESE- 

vergent thrust sheets and NNE-SSW to north-south 
strike-slip faults, involving a large area between the 

Trento-Cles strike-slip systems and the South Giudi- 
carie line (Fig. 2). All these structures are totally or 

partly the result of strike-slip reactivation on inherited 
Permian-Mesozoic normal faults (e.g. Picotti et al. 

1995; Prosser 1998). 
It is well established that faults are commonly 

composed of numerous discrete segments overlap- 
ping in en echelon geometry. Their mechanical 
linkage occurred by ductile strain structures (soft 

linkage), which may evolve into breaking faults 
connecting the initial segments (hard linkage) 

(e.g. Peacock & Sanderson 1991). In the area 
between Schio and Trento (Fig. 2), the processes 
of strike-slip reactivation and linkage of various 

fault segments are clearcut. A north-south-trending 
fault zone connects the Schio-Vicenza line with 

the Trento-Cies line via the Calisio line. These 
fault segments formed during earlier extensional 
events (Permian for the Calisio fault; Jurassic for 

the others), but they also were reactivated as 
normal faults in the Palaeogene. Finally, they 
were reactivated as sinistral strike-slip faults in 

the Neogene, when the eastern Southern Alps shor- 
tened (Zampieri et al. 2003). Pre-existing structures 

are an important mechanical anisotropy, which may 
be responsible for strain partitioning into strike-slip 
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and dip-slip displacements along different struc- 

tures (e.g. Tikoff & Teyssier 1994). Consequently, 

the inherited normal faults, oblique to the direction 

of shortening, played a key role in adsorbing the 

strike-slip component of the transpression. In the 

stepovers between fault segments, restraining and 

releasing structures developed at various scales. 

At the kilometre scale, the most impressive evi- 

dence of soft linkage between fault segments is 

observed at the right step between the two conjugate 

Gamonda and Tormeno faults (Figs 2 and 3). In the 

overlap zone, Jurassic to Early Cretaceous sedi- 

ments, filling a narrow graben, were shortened in 

a direction nearly parallel to the strike of the 

normal faults. The shortening has been accommo- 

dated by the development of an array of east- to 

ENE-trending folds associated with thrusts and 

reverse faults (Fig. 3). 

Fig. 3. Contractional stepover between Tormeno and Gamonda faults (location of the stepover structure is shown 
in Fig. 1). (a) Digital terrain model (DTM) perspective view looking NW. (b) Detail of fold-and-thrust structures inside 
stepover area (looking W). HW, hanging wall of the west-dipping Tormeno fault; FW, footwall of the west-dipping 
Tormeno fault. (e) Core of a major anticline (axis trending east-west), showing space accommodation structures 
(location shown in (b)). (d) Line drawing of contractional structures in core of the major box fold (location shown in (b)) 
(after Zampieri et  al. 2003). 
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At a regional scale, the Schio-Vicenza line may 
be directly connected with the north-trending 
Trento-Cles line along the Adige valley, as 
suggested by Semenza (1974). If this hypothesis is 
correct, then the Trento-Cles-Schio-Vicenza 
fault system is a regional structure displaying a pro- 
minent right bend (Figs 1 and 2). Alternatively, the 
linkage between the Trento-Cles and the Schio- 
Vicenza strike-slip faults has been accomplished 
through the development of a restraining stepover 
limited to the east by the Calisio-Tormeno- 
Gamonda fault array (Monte Cornetto di Folgaria 
pop-up) (Zampieri et al. 2003) (Figs 1 and 2). 

The  N o r t h  G i u d i c a r i e  l ine  a n d  the  r e l a t e d  

f o o t w a l l  a n d  h a n g i n g - w a l l  f a u l t  s y s t e m s  

The North Giudicarie fault is the moderately (45 ~ 
WNW-dipping tectonic boundary between the Aus- 
troalpine nappe-stack and the Southern Alps (low- 
grade pre-Alpine basement, Permian-Mesozoic 
sedimentary cover and scattered Oligocene intru- 
sions). The North Giudicarie line had two distinct 
northern sections (Fig. 2) of different ages: (1) the 
NE-trending Merano-Mules fault, which is the kin- 
ematic linkage with the east-west Pusteria line, still 
the tectonic boundary between the Austroalpine 
nappe stack and the Southern Alps (Oligocene; 
Mtiller et al. 2001); (2) the NNE-trending Passiria 
fault, dissecting the Austroalpine units and connect- 
ing the Giudicarie line to the Brenner detachment 
through the NE-trending Giovo line (Miocene to 
present, Viola et al. 2001; Caporali et al. 2005). 
Several Alpine faults, dismembering the high- 
grade pre-Alpine basement of the Austroalpine 
nappes, are present in the hanging wall of the 
North Giudicarie fault and show the same average 
trend (e.g. the Pejo and Rumo faults). In the North 
Giudicarie footwall, a major north-south-trending 
fault system (the Trento-Cles fault system) is 
present. All these faults, together with some minor 
ones, constitute the North Giudicarie system, 
which underwent three main post-nappe deforma- 
tional phases. The first was Late Cretaceous- 
Early Paleocene extension, recorded only in some 
faults (Pejo and Rumo mylonitic horizons) 
(Martin et al. 1991, 1998; M/filler et al. 2001; 
Viola et al. 2003). The second involved Oligocene 
dextral activity along the North Giudicarie and 
Merano Mules faults, and is well constrained by 
radiometric ages on mylonites, pseodotachylytes 
and cross-cutting relationships with the Oligocene 
intrusive rocks (Prosser 1998; Mtiller et al. 2001). 
Only since the Early Miocene, during the third 
deformational phase, has the North Giudicarie 
system kinematics been closely related to the 
Southern Alpine strike-slip systems on one side 

and to the Brenner detachment on the other. In 
this period, NNW compression reactivated the 
North Giudicarie fault as an ESE-vergent thrust 
(Martin et al. 1991), and the sinistral strike-slip 
component was accommodated in its footwall by 
the inherited Mesozoic Trento-Cles fault system 
(Figs 2 and 4c,d) (Prosser 1998; Viola et al. 

2004). An Early Miocene (21-17 Ma) nucleation 
and sinistral strike-slip kinematics has been demon- 
strated for the Passiria fault by fission-track dating 
and by the 20 km displacement of the older Giovo 
deformation belt and minor Oligocene intrusive 
bodies (M/filler et al. 2001; Spiess et al. 2001; 
Viola et al. 2001). Similarly, the north to NNE 
faults in the North Giudicarie hanging wall also 
underwent sinistral kinematics in the same period, 
as demonstrated by ductile to brittle kinematic indi- 
cators (Fellin et al. 2002). Therefore, during the 
Miocene, the connection between the Giudicarie 
and Brenner faults was accomplished through the 
Passiria and Giovo faults (Fig. 2). 

The  B r e n n e r  l o w - a n g l e  d e t a c h m e n t  a n d  

t e c t o n i c  e x h u m a t i o n  in the  T a u e r n  w i n d o w  

At the mountain-belt scale, detachment activity at 
the Brenner line is due to the tectonic unroofing 
and eastward escape of the Tauern window units 
toward the extensional Pannonian basin (Fig. 1) 
(Ratschbacher et al. 1991a,b). Therefore, under- 
standing the Brenner fault kinematics is of para- 
mount importance in constraining the onset of 
differential tectonic denudation in the Eastern 
Alps and the activity of Alpine sensu stricto and 
South Alpine faults. 

The Brenner west-dipping low-angle detachment 
(Fig. 4a and b) is the western tectonic boundary of 
the Tauern window and brings the Austrolpine base- 
ment and cover nappes (hanging wall), characterized 
by Cretaceous Alpine metamorphism, into contact 
with deeper Penninic units of the window (footwall), 
which record a dominant greenschist- to amphibolite- 
facies Alpine metamorphic imprint of Oligocene age. 
Its extensional activity is therefore consistent with a 
considerable gap in radiometric age: mica ages in 
the Austroalpine hanging wall go back to the Late 
Cretaceous (Frank et al. 1987, and references 
therein), whereas Oligocene to Miocene Rb/Sr ages 
in phengite and garnet are recorded inside the 
Tauern window (Frank et al. 1987; von Blackenburg 
et al. 1989; Christensen et al. 1994). Similarly, the 
Late Cretaceous-Early Miocene zircon and apatite 
fission-track ages in the Austroalpine nappe contrast 
with the Mid- to Late Miocene ages at the Brenner 
detachment footwall (Fig. 2) (Grundman & 
Morteani 1985; F/figenschuh et al. 1997, 2000). In 
addition, numerous ductile to brittle kinematic 
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Fig. 4. Fault examples from Brenner area to Adige valley (locations shown in Fig. 1). (a) Panoramic view of 
Brenner detachment area (looking north). (b) Brenner detachment SC' structures in the Penninic calcschists showing 
top-to-the-west movement. (c) NNE-trending strike-slip fault zone in Jurassic carbonates of Doss di Dalum (Brenta 
group, South Giudicarie system). Cliff face is c. 300 m high. (d) Panoramic view of Colme di Vignola positive flower 
structure (a few kilometres south of Ala) related to a NNE strike-slip fault of the Giudicarie Belt. 

indicators constrain the top-to-the-west sense of shear 

of the Brenner detachment (Fig. 4b) (Behrmarm 1988; 

Selverstone 1988, 1993; Ftigenschuh et al. 2000; 

Bistacchi et al. 2003). All these data indicate that 

denudation of the Tauern window along the Brenner 

low-angle detachment began in the Early Miocene 

(Behrmann 1988; Selverstone 1988,1993; von Black- 

enburg et al. 1989). The onset of lateral escape is 

further constrained by the dextral strike-slip defor- 

mations along the Pustertal fault system, which are 

coeval with or postdate the Late Oligocene intrusive 

bodies (Mancktelow et al. 2001). Nevertheless, in 

the light of the amount of displacement and regional 

tectonic influence, some workers believe that this 

process became important only after the Mid- 

Miocene (von Blackenburg et al. 1989; Ftigenschuh 

et al. 1997; Frisch et al. 2000). 

Presen t  tectonic  act iv i ty  f r o m  the B r e n n e r  

d e t a c h m e n t  to the S c h i o - V i c e n z a  sys tem 

The South Alpine front between Schio and Gemona 

(Fig. 1) is the site of active thrusting related to the 

Neogene collisional convergence between Adria 

and Europe. The northeastern part of the Adriatic 

plate moved approximately toward the NNW, bor- 

dered to the NE by NW-trending dextral strike- 

slip faults (Idria and Cividale lines) and to the SW 

by the NW-trending sinistral Schio-Vicenza line 

(Figs 1 and 2). 

In the eastern Alps the present regional velocity 

and strain fields, derived from global positioning 

system (GPS) data, in situ stress measurements 

(borehole break-outs) and seismotectonic data, indi- 

cate the maintenance of a compression running 
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Fig. 5. Horizontal velocities of permanent GPS stations computed in ITRF2000 reference system (Altamimi et al. 

2002), as interpreted by Caporali et al. (2003, 2005). Error ellipses are lcr. Velocities are defined with respect 
to values predicted by Nuvel 1 A NNR (De Mets et al. 1994) Eulerian pole for Eurasia and, in this sense, are relative 
to a rigid Eurasian plate. 

approximately N W - S E  to N N W - S S E  as in the 

Miocene (Mfiller e t  al. 1992; Zoback 1992; 

Bressan e t  al. 1998; Caporali e t  al. 2002, 2003; 

Oldow e t  al. 2002; Pondrelli e t  al. 2002, 2004; Bat- 

taglia e t  al. 2004) (ht tp: / /www.ingv.i t /seismoglo/  

RCMT/). The velocities reported by Caporali e t  al. 

(2002) have been improved with additional data up 

to November 2004 and are shown in Figure 5 with 

respect to a stable Eurasian plate. The velocities of 

permanent GPS stations east of the Schio-Vicenza 

fault and near the Adriatic Sea coastline, i.e. within 

the eastern sector of the North Adriatic indenter, 

are directed northwards. The velocities of the perma- 

nent stations north of the Pusteria line, i.e. within the 

stable Eurasian plate, are much lower. This decrease 

in horizontal velocity north of the Pusteria line is 

clear evidence of continuing compressional strain 

in the Friuli area, and sinistral shear strain along 

the Giudicarie and Schio-Vicenza fault systems. 

The eastward pattern of a few permanent GPS 

stations between longitudes of 8~ and 10.5~ in 

Figure 5 needs further investigation, as it may indi- 

cate a new scenario for the present-day tectonic 

flow in the Po Plain. This structural setting is 

consistent with the concept of an active northward 

indentation of the Adria plate against Europe 

(Renner & Slejko 1994; Regenauer-Lieb & Petit 

1997; Bressan e t  al. 1998), whereas its westernmost 

part is nearly stationary (Oldow et  al. 2002; Battaglia 

e t  al. 2004) or migrating eastward (Fig. 5). 
According to the historical catalogue of the 

Istituto Nazionale di Geofisica e Vulcanologia 

(Valensise & Pantosti 2001; http://80.117.141.2/ 

cft/  and http://emidius.mi.ingv.it /CPTI/),  an 

earthquake of estimated magnitude 4.9 was 

recorded near Vipiteno in 1924. Based on the his- 

torical data of Schorn (1902), Lenhardt (2002) 

reported large earthquakes (up to M c. 7) in 

the Innsbruck area, related to the active Inntal line 

(Fig. 2, Reiter et  al. 2002). Toward the Giudicarie 

system, the seismicity tends to be mostly at instru- 
mental level except for the 2001 Merano earthquake 

(M = 4.8), and becomes stronger further south, 

between Verona and Vicenza (e.g. Verona 1117, 

M c. 6.4; Vicenza 1303, M c. 5; Lake Garda 2004, 

M = 5.5). Here it is associated with north-south 

strike-slip splays of the Giudicarie line, thrusts 

of the Giudicarie belt and the Schio-Vicenza 
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strike-slip system (Slejko et al. 1989; Valensise 

& Pantosti 2001; (http://80.117.141.2/cft/ 
and http://www.ingv.it/seismoglo/RCMT/). The 

Schio-Vicenza line itself has been classified 

as a potential source for earthquakes exceeding 
M 5.5 (Valensise & Pantosti 2001; Galadini et al. 

2002). 
From the kinematic viewpoint, focal mechanisms 

along the Inntal line show clear sinistral kinematics, 
indicating the continuing eastward lateral escape of 

the Tauern window block (Slejko et al. 1987, 1989), 
whereas in the Southern Alps all focal mechanisms 
point to regional NNW-SSE compression and 
more complex fault kinematics (both compressional 

and strike-slip) (Slejko et al. 1987, 1989; Pondrelli 
et al. 2004; http://www.ingv.it/seismoglo/ 
RCMT) (Fig. 2). In addition, the recent event at 

Merano (M = 4.8, 17 July 2001) fits the sinistral 
strike-slip activity along the Passiria line (Pondrelli 

et al. 2004; Caporali et al. 2005), clearly indicating 
the northward indentation of the Adria plate into the 

Eurasian plate (Rennet & Slejko 1994; Regenauer- 
Lieb & Petit 1997; Bressan et al. 1998). Hence, it is 
conceivable that the seismicity follows fault arrays 
connecting the Inn valley at Innsbruck to the Adige 

valley across the Brenner Pass, continuing south 

along the Passiria-Giudicarie system through Vipi- 
teno and Merano, and to the Schio-Vicenza 

system. 

Discussion 

Fig. 6. Geodynamic sketch of evolution of the northern 
Adriatic indenter. 

Tec ton i c  l i n k a g e  f r o m  the B r e n n e r  

d e t a c h m e n t  to the S c h i o - V i c e n z a  s y s t e m  

As previously emphasized, the North Giudicarie 

system is closely related to the post-nappe evolution 
of the orogenic wedge, whereas the block bounded 
by the South Giudicarie and Schio-Vicenza-  
Trento-Cles fault systems ('Adige embayment' of 

Laubscher 1996) as a whole separates the 
Veneto-Friuli from the Lombardian Southern Alps. 

During the Serravallian-Tortonian NNW-SSE 

contraction, the Giudicarie belt acted as an oblique 
ramp for the south-vergent Lombardian thrusts 
(Trevisan 1938; Castellarin et al. 1986; Picotti 

et al. 1995). Therefore, the deformation was parti- 

tioned inside the belt into sinistral north-south- 
trending strike-slip faults and several SSE-vergent 
thrusts. This kinematics completely fits the coeval 
strike-slip activity of the North Giudicarie-Passiria 

and Trento-Cles lines, which are in turn connected 
to the Brenner extensional activity. In fact, on the 

basis of the attitude and kinematics of the North 
Giudicarie-Passiria fault system, it is very probable 

that, from the Mid-Miocene onward, the lateral 
extrusion of the Penninic nappe stack in the 

Tauern window toward the Pannonian basin has 
also been coupled with a shallower westward 
crustal stretching of the Brenner fault hanging wall, 

both developing under the same regional stress 
pattern (NNW-SSE Compression) (Fig. 6). This 

hypothesis is strongly supported by the coeval 
nucleation of the Brenner detachment and the onset 
of the sinistral kinematics along the Giudicarie- 
Passiria fault array. In addition, it is very unlikely 

that during the lateral escape of the Penninic units 
of the Tauem window toward the east, the hanging 

wall of the Brenner detachment has remained static, 
as it should has been affected by a westward move- 
ment related to tectonic unroofing process. In this 
framework, the deformation along the North 

Giudicarie-Passiria faults has been kinematically 

transferred to the Lombardian frontal thrusts 
through the Giudicarie belt. Furthermore, the 30 km 
of shortening in the Giudicarie belt and the eastern 
side of the Lombardian thrusts during the Mid-Late 

Miocene (balanced cross-sections by Picotti et al. 

1995) reflects comparable deformation further north 

in the same period, as proven by recent studies on 
the Giudicarie-Passiria and Trento-Cles systems 
(Prosser 1998; Viola et. al. 2001). Therefore, the 
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North Giudicarie-Passiria system represents the SE 

boundary of a great estward crustal stretching block 
at the Brenner detachment hanging wall. At the 
same time, given its NW-SE trend, the Schio- 

Vicenza line probably acted as a right-lateral strike- 

slip fault (Fig. 6). 
From the Messinian onward, the northern sector 

of the Schio-Vicenza fault inverted its kinematics 

and acted as a sinistral transfer fault, connecting 
the Bassano and Montello frontal thrusts (Fig. 1) 
with the Giudicarie transpressional belt, where 
post-Tortonian out-of-sequence reactivation 

occurred (Semenza 1974; Zanferrari et al. 1982; 
Picotti et al. 1995; Castellarin & Cantelli 2000). 

Therefore, from the latest Miocene onward there 
was kinematic linkage between the Schio- 

Vicenza and Trento-Cles lines and this complex 
fault system became a major crustal shear zone 
bounding to the west the Veneto-Friuli block, 

which is moving toward the NW to NNW 
(Fig. 6). This model approaches the conclusion of 

Boccaletti et al. (2005), who interpreted this shear 
zone as a lithospheric structure separating the 
Adria plate into two blocks in the context of the 
post-Pliocene Apennine evolution. 

The Adige embayment  high 

The triangle between the southern sectors of Giu- 

dicarie belt and the Schio-Vicenza line includes 

the Lessini and Berici Mountains and the Euga- 
nean Hills (Fig. 1). This structural high, called 

the 'Adige embayment' by Laubscher (1996), 
was only slightly affected by the Neogene Alpine 
compression (Cantelli & Castellarin 1994). 

Consequently, the Palaeogene intracontinental 
rifting and related magmatism are well preserved 

(Zampieri 1995a, 2000). The high structural pos- 
ition of this embayment separates the central and 
eastern Southern Alps (and their foreland basins). 
It may be interpreted as a flexural outer rise of 

the Apennine foredeep basin, controlled by subsur- 
face loads acting on the Adriatic subducted slab 

(Royden et al. 1987) or by a thicker crust (or litho- 
sphere) with minor eastward rollback (Doglioni 
1993). The Late Miocene-Pliocene uplift of the 

Adige embayment partly prevented the contem- 
poraneous development of south-propagating 

frontal thrusts in this sector. Therefore, the promi- 
nent extensional evidence in the southern part of 
the Schio-Vicenza line, revealed by morphostruc- 

tural (Pellegrini 1988) and geological (Zanferrari 
et al. 1982) analysis and seismic profiles (Finetti 
1972), may be interpreted as the concurrent 

effect of subsidence caused by the load of the 

South Alpine thrust sheets and of uplift of the 
hinge zone of the Apennine flexure (Fig. 6). 

A steady-state faul t  kinematics f rom the 

Miocene to the present  

According to Dewey et al. (1989) and Mazzoli & 
Helman (1994), Africa and Europe changed their 

convergence direction from NNW to NW during 
the Messinian. Nevertheless, the relations between 
Africa and Adria are still a matter of debate and 
the change in Africa-Europe convergence direction 

through time does not necessarily imply an equival- 

ent change in Adria-Europe motion. According to 
the kinematic data collected by Platt et al. (1989) 
in the Alpine orogenic wedge, Adria-Europe con- 
vergence remained roughly NW-directed from the 

Late Cretaceous to the present. In contrast, some 
workers have highlighted an overall change in 

regional compression from NNW to NW along the 
Giudicarie belt in the latest Miocene and have 

related it directly to the equivalent variation of 
Africa-Europe convergence at the Miocene- 
Pliocene transition (the 'Adria phase' of Castellarin 

& Cantelli 2000). Actually, the seismotectonic 
and GPS data agree with the Miocene fault kin- 
ematics and NW to NNW convergence between 
the northeastern part of the Adria plate and 
Europe, suggesting that no major changes happened 

from the Miocene to the present. In addition, 
Bressan et al. (1998) showed how the present defor- 
mation inside the Friuli area may be partitioned 

according to 'a cone in cone' model, which accounts 
for the NNW-SSE compression along the reacti- 

vated south-vergent frontal thrusts, the dextral trans- 
pression reactivating the Dinaric structures to the 

east, and the NW-SE compression recorded in the 
central and western sector of the Veneto-Friuli 
South Alpine belt. In this view the palaeostress 

changes recorded during the Messinian along the 
Giudicarie belt could be explained by local stress 

reorientation unrelated to Africa-Europe relative 
movements. Therefore, in our opinion, from the 
Miocene to the present the Alpine collisional 
wedge and South Alpine fold-and-thrust belt under- 

went the same tectonic process driven by NW 

migration of Adria towards Europe; faults should 
have kept the same overall kinematics through 
time, except for changes caused by the onset of lin- 
kages (e.g. inversion of Schio-Vicenza kinematics 

from dextral to sinistral in the Late Miocene). 

Conclusions 

From Miocene time, the Alpine collisional wedge 
and South Alpine fold-and-thrust belt have been 

welded together, and the fault kinematics in the two 
domains has been closely linked. In particular, 

several linkage systems between the major faults 

developed, mainly in the South Alpine domains, as 
a result of strike-slip reactivation of inherited 
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normal faults. From the Early Miocene onward, the 

Brenner detachment was connected through the 

Giovo and Passiria faults to the North Giudicarie 

line, and its splays in the South Alpine domain are 

represented by the Trento-Cles system. In turn, 

during the Late Miocene (Messinian), the linkage 

between the latter fault system and the Schio-  

Vicenza fault was completed, via the Permian 

Calisio line and several Mesozoic north-south fault 

segments (e.g. Gamonda and Tormeno faults; 

Fig. 6). As a whole, these complex fault systems 

may be viewed as a single sinistral transcurrent 

shear zone 250 km long and 25 km wide. The 

southern sector of this crustal structure may be con- 

sidered as an incipient separation zone between the 

westernmost part of the Adriatic indenter, almost 

completely involved in the lithospheric flexure of 

the Apennine subduction (Lombardian sector), and 

the main body of the Adriatic plate. The northeastern 

portion of the Adria plate (Friuli area) was less influ- 

enced by the lithospheric flexure, the hinge zone of 

which probably corresponds to the rising Adige 

embayment. To the south (Adriatic Sea sector) the 

space available for the flexure of the Adriatic litho- 

sphere is wider, as the central Apennine and 

Dinaric fronts are more distant than those of the 

northern Apennines and Southern Alps. Conse- 

quently, a sharp discontinuity (the Schio-Vicenza 

line) has developed between the Friuli and Lombar- 

dian sectors, whereas a wider deformation zone can 

be envisaged further south in the Adriatic offshore 

(the Middle Adriatic Ridge of Argnani et al. 1993). 

This conclusion is supported by GPS velocity 

fields, GPS-derived strain rates and focal mechan- 

isms, which show continuous active migration of 

the Adriatic plate toward Europe, whereas its wes- 

ternmost part remains nearly stationary. From the 

Miocene onward, the Alpine collisional nappe stack 

has been involved in the concurrent processes of 

northward propagation of this separation zone of 

the Adria plate and the westward stretching of the 

Brenner fault hanging wall related to the tectonic 

unroofing of the Tauern window. 
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Palaeogeography of the Upper Cretaceous-Eocene carbonate 

turbidites of the Northern Apennines from provenance studies 
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Abstract: The Upper Cretaceous Helminthoid Flysch (HF) of the Northern Apennines consists of 
thick and regionally widespread deep-water carbonate turbidite successions, deposited during the 
initial stages of Alpine collision. The HF spans the time from Turonian to Early Eocene and is 
mainly composed of intrabasinal carbonate ooze mixed with clay; siliciclastic terrigenous beds 
are also present, but they are a volumetrically minor component of the successions. Petrographic 
and sedimentological signatures indicate that the HF was deposited in distinct basins located 
below the carbonate compensation depth. Bulk composition and heavy minerals of terrigenous 
beds indicate provenance from different crustal levels of the European and Adria plates. The pet- 
rographic and palaeobathymetric characteristics of these turbidites indicate the coexistence of an 
active-margin tectonic setting, a palaeogeographical position suitable for carbonate ooze pro- 
duction and storage, and limited supply of terrigenous detritus into the basin. Palaeotectonic 
reconstructions and stratigraphic data suggest that Adria represented a vast repository of penecon- 
temporaneous carbonate mud; the presumably intense seismic activity related to the pre-colli- 
sional Alpine orogeny promoted large-scale failures of shelf and/or slope biogenic muddy 
sediments, resulting in the deposition of a large volume of carbonate turbidites. Only occasionally, 
turbidity currents probably linked to exceptional fluvial floods generated pure terrigenous beds 
with different petrographic signatures for each HF succession. 

The oceanic crust of the Tethyan domain and its 

overlying sediments have been extensively 

involved in the long-lasting subduction processes 

that ultimately led to the Eocene continental col- 

lision in the /kips (Coward & Dietrich 1989). 

Large volumes of carbonate turbidites, known in 

the Apennines as Helminthoid Flysch (HF), were 

deposited within deep-sea trenches and on the 

remnant ocean basin floor (Abbate & Sagri 1970; 

Argnani et al. 2004) during the period preceding 

collision between Africa and Europe (Dewey 

et al. 1973, 1989). Sedimentary successions com- 

parable with the HF crop out in a fairly continuous 

belt along the Alpine system, from the Northern 

Apennines to the Eastern Alps (Fig. la; Rowan, 

1990) and span the time from Turonian to Early 

Eocene. 

Within orogenic regions, large volumes of silici- 

clastic turbidites typically record the emersion and 

erosion of primordial mountain belts as a result of 

the initial stages of collision. Pelagic-hemipelagic 

sediments, deposited at low sedimentation rates, 

usually underlie the siliciclastic turbidites within 

deep-water basins, characterizing the pre-orogenic 
sedimentary successions (e.g. Pettijohn 1957, 

Chapter 13). The thick and regionally widespread 

Helminthoid Flysch turbidite successions of the 

Alps and Northern Apennines represent, to some 

extent, an exception to this commonly encountered 

evolution. 
The HF of the Northern Apennines is mainly com- 

posed of intrabasinal carbonate ooze mixed with clay 

(Scholle 1971; Fontana et al. 1994). Siliciclastic ter- 

rigenous beds are also present, but they represent a 

volumetrically minor component in the majority of 

the successions. The petrographic and sedimentologi- 

cal features of the HF suggest that these successions 

were deposited in distinct basins located below the 

carbonate compensation depth (CCD; Scholle 1971; 

Hesse & Butt 1976) that probably corresponded to 

confined sectors of ocean floor bounded by transform 

fault walls (Fontana et al. 1994). 

From: MORATTI, G. & CHALOUAN, A. (eds) 2006. Tectonics of the Western Mediterranean and North Africa. 
Geological Society, London, Special Publications, 262, 259-275. 
0305-8719/06/$15.00 �9 The Geological Society of London 2006. 
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rotations experienced by these units during empla- 

cement of the Ligurian Nappe. Therefore, on the 

basis of palaeocurrents only, it is not possible to 

infer the source areas of the diverse sedimentary 

components of the HF successions. In spite of 

these uncertainties, however, a number of compo- 

sitional features, such as the occurrence of hemi- 

pelagic beds devoid of carbonate, and the 

petrographic and sedimentological attributes of tur- 

bidite beds, place some constraints on the Late Cre- 

taceous-Eocene  palaeogeography for this sector of 

the Apennine Tethys. 

This paper aims to: (1) compile stratigraphic, sedi- 

mentological and compositional characteristics of 

the HF cropping out in the Northern Apennines to 

provide a more detailed palaeogeographical recon- 

struction of the Apennine sector of the Alpine 

Tethys for the Late Cretaceous to Eocene period; 

(2) show that the occurrence of the peculiar carbon- 

ate turbidites can be related to the concomitant 

occurrence of an active-margin tectonic setting and 

a palaeogeography suitable for nannoplankton 

production and storage. 

Fig. 1. (a) Main outcrops of the Helminthoid Flysch in 
the Alps and Northern Apennines. The names of the 
Helminthoid Flysch units considered in this paper are 
shown within grey boxes. The outcrop of Lombardian 
Flysch (LF) is also indicated. (b) Simplified sketch of the 
stack of units within the Northern Apennines showing 
the relative position of the flysch units described in the 
text (modified from Abbate et at. 1994). The Internal 
Ligurian units are shown in light grey, whereas the 
External Ligurian are shown in white. S-V, Solignano- 
M. Venere; Cs, Cassio; D-S, M. Dosso-M. Sporno. 

The Helminthoid Flysch: sedimentological 

and compositional characteristics 

The HF consists of several distinct litho- 

stratigraphic units cropping out in the Apennine 

mountain belt from Liguria to Tuscany. The 

HF successions generally consist of an alternation 

of pure carbonate, pure siliciclastic and mixed 

(siliciclastic-carbonate) turbidite beds and ofhemi-  

pelagic claystones (Fig. 2); the proportion of these 

different types of beds varies remarkably within 

In places the HF successions include dismem- 

bered and physically isolated remnants of oceanic 

rock associations. These oceanic rocks (Ligurian 

unit) are located in the topmost position of the 

Apennine chain as a result of the long history of 

deformation and subsequent uplift that affected 

the Northern Apennine chain (Fig. l b; Abbate & 

Sagri 1970; Rodgers 1997). Palaeocurrent data 

show a remarkably dispersed pattern of transport 

directions (Rowan 1990, and references therein), 

This dispersion of palaeocurrents might reflect 

different provenance of bed types in the various 

studies (Rowan 1990, and references therein), but 

it may often be the product of tectonic block 

Fig. 2. The Helminthoid Flysch exposed in a superb 
outcrop in the Northern Apennines (M. Solignano 
Flysch, type locality). The thick carbonate turbidite beds 
(light beds) stand out within the dominantly siliciclastic 
part of the succession. The view is to the north. 
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Fig. 3. Chronostratigraphy of flysch units dealt with in this paper, with ages taken from various sources (Rio et al. 

1983; Rio 1987; Rio & Villa 1987; Bersezio & Fornaciari 1989; Cobianchi et al. 1991; Fontana 1991; Abbate et al. 

1994; Pandolfi 1996). Chronostratigraphic scale is slightly modified fiom International Commission on Stratigraphy 
(2004). The maximum thickness of flysch units is also indicated, in parentheses when poorly constrained. 

each stratigraphic unit. The HF sedimentation style 

dominated this sector of the Tethys Ocean for a long 

time span (Fig. 3), from Turonian (S. Remo) to 

Campanian-Maastrichtian time (M. Cassio, 

Solignano, M. Venere, Gottero, M. Antola, 

M. Caio, Elba), and also during the Early Palaeo- 

gene (M. Sporno, M. Dosso and Marne Rosate 

units) (Tables 1 and 2). 

This study is based on a detailed bed by bed, 

high-resolution stratigraphy of significant portions 

of five of the major HF successions (M. Cassio, 

M. Caio, M. Antola, Solignano and M. Venere- 

Monghidoro) at the type localities (Fontana et al. 

1994; Fontana & Stefani 2003; Argnani et al. 2004). 

B u l k  c o m p o s i t i o n  

The composition of 14 turbidite units, ranging in 

age from Turonian to Eocene, has been taken into 

account, with the aim of reconstructing the 

palaeogeographical picture. Moreover, the Lombar- 

dian turbidite successions have also been con- 

sidered because of some compositional affinities 

with the Apennine units. Petrographic data have 

been plotted for comparison (Fig. 4a) where a 

uniform point counting approach was applied by 

previous investigators; in the remainder of cases, 

the data have been reported only in Tables 1 and 2. 

In general, bulk composition and aphanitic lithic 

fragments indicate a dominant provenance from a 

continental basement exposing granites and low- 

to medium-grade metamorphic rocks. Clasts of 

dolostone and pelagic limestone often indicate the 

presence of a sedimentary cover (e.g.M. Cassio 

and Pietraforte successions; Elter et al. 1966), 

whereas shallow-water coeval bioclasts with cav- 

ities filled by glaucony (e.g.M. Cassio succession) 

indicate a coeval active carbonate platform system 

adjacent to the turbidite basin. In some instances 
(e.g.M. Caio succession) laterally discontinuous 
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Table 1. Chronostratigraphic and petrographic data for  Upper Cretaceous units 

Upper Cretaceous Composition Rock Fine-grained 
Helminthoid units of the terrigenous classification lithic fragments 

arenite framework 

Heavy minerals 

Pietraforte QFL § CE Litharenite Ls: DOLOSTONE, 
(Late Turonian- Maastrichtian) 3 8 - 3 - 5 9  LIMESTONE, 

chert 
Lm: low-grade 

Lv: acidic 
Elba QFL § CE Arkose Lm: LOW-GRADE 
(Campanian- Maastrichtian) 5 5 - 4 1 - 4  Lv: acidic 

Ls: shale 
Gottero QFL + CE Arkose Lm: low-grade 
(Late Campanian- Early 50-  33-17 Lv: acidic 

Paleocene) 
M. Venere QFL § CE Arkose Lm: LOW- 

(Campanian-Maastrichtian) 58-29-13  

Monghidoro QFL § CE 

to lithic MIDDLE- 
arkose GRADE 

Lv: ACIDIC 
Ls: dolostone, 

limestone, shale 

Arkose Lm: LOW- 
to lithic MIDDLE- 
arkose GRADE 

Lv: ACIDIC 
Ls: dolostone, 

limestone, 
shale 

(Maastrichtian- Danian) 

M. Caio (petrofacies 1-3) 
(Campanian-Maastrichtian) 

M. Cassio 
(Campanian-Maastrichtian) 

Solignano 
(Campanian-Maastrichtian) 

53 -37 -10  

QFL + CE 

60-21 - 19 

ZTR-GARNET 
picotite 

pyroxene 

ZTR-GARNET 
monazite-xenotime 

ZTR-GARNET 
EPIDOTE 
sphene 
GARNET-ZTR 
STAUROLITE 
CHLORITOID 

monazite-xenotime 

GARNET-ZTR 
STAUROLITE 
CHLORITOID 

monazite-xenotime 

Lithic arkose Ls: DOLOSTONE GARNET-ztr 

QFL § CE Arkose 

4 8 - 4 5 - 7  
QFL + CE Litharenite 

16-24-60  

QFL + CE Arkose 
62 -21 -17  to lithic 

arkose 

QFL + CE Arkose 
52 -32 -16  to lithic 

arkose 

M. Antola QFL § CE Arkose 

(Campanian-Maastrichtian) 5 8 - 3 7 - 5  

S. Remo QFL § CE 
(Cenomanian- Maastrichtian) 55 -25 -20  

limestone; Lm: 
low-grade 

Lm: LOW-GRADE ZTR-GARNET 
monazite-xenotime 

SERPENTINITE PICOTITE 
SHALE, lime ztr-garnet 
stone 

Ls: LIMESTONE, GARNET-ZTR 
DOLOSTONE, STAUROLITE 

shale 
Lm: low-grade monazite-xenotime 
Lm: LOW-GRADE GARNET-ZTR 
Lv: ACIDIC STAUROLITE 
Ls: dolostone CHLORITOID 

monazite-xenotime 
Lm: LOW-GRADE ZTR 
Lv: ACIDIC MONAZITE 

XENOTIME 
garnet 

Lithic arkose Lv: acidic ZTR-garnet 
to felds Lm: low-grade epidote-sphene 

pathic 
Ls: chert 

Ostia QFL + CE Litharenite Ls: LIMESTONE, ZTR-PICOTITE 
(Coniacian- Santonian) 6 0 - 4 - 3 6  DOLOSTONE, sphene-epidote 

CHERT 
Lombardian Flysch QFL + CE Litharenite Lm: low-grade ZTR-GARNET 
(Turonian-Campanian) 55 -20-25  to lithic Ls: LIMESTONE, STAUROLITE 

26-3-71  arkose DOLOSTONE, chromite 
chert 

Q, quartz; F, feldspars; L + CE, total fine-grained lithic tYagments plus carbonate rock fragments. Lm, metamorphic lithic fragments; Lv, vol- 
canic lithic fragments; Ls, sedimentary lithic fragments. Capital letters indicate abundant and/or characteristic components. Compositional 
data from Mezzadri (1964), Gazzi (1965), Valloni & Zuffa (1984), Bersezio & Fornaciari (1989), Lana (1990), Bernoulli & Winkler 
(1990), Fontana et al. (1990, 1994, 1998), Fontana (1991), Zacchino (1994), Montalti (1995), Pandolfi (1996), and Daniele & Plesi (2000). 
Classification of arenite framework after Zuffa (1980, 1987). 
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Table 2. Chronostratigraphic and petrographic data for Palaeogene units' 
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Palaeogene Composition Rock Fine-grained 
Helminthoid units of the terrigenous classification lithic fragments 

arenite framework 

Heavy minerals 

Marne Rosate QFL + CE Quartzarenite Lm: low-grade 
(Paleocene-Eocene) 86-6-8  serpentinite 

Lv: acidic 
Ls: dolostone 

M. Dosso QFL + CE Litharenite Ls: CHERT-dolostone 
(Paleocene-Eocene) 68-9-23 Lm: LOW-GRADE 

M. Spomo QFL + CE Quartzarenite Lm: low-grade 
(Paleocene-Eocene) 79-9-12 Lv: acidic 

Ls: dolostone 

ZTR-GARNET 
STAUROLITE 
picotite 

ZTR-GARNET 
STAUROLITE 
chloritoid 
picotite 
ZTR-GARNET 
STAUROLITE 
picotite 

Q, quartz; F, feldspars; L + CE, total fine-grained lithic fragments plus carbonate rock fragments. Lm, metamorphic lithic fragments; Lv, 
volcanic lithic fragments; Ls, sedimentary litbic fragments. Capital letters indicate abundant and/or characteristic components. Compo- 
sitional data from Mezzadri (1964), Gazzi (1965), Valloni & Zuffa (t984), Bersezio & Fornaciari (1989), Lana (1990), Bernoulli & 
Winkler (1990), Fontana et al. (1990, 1994, 1998), Fontana (1991), Zacchino (1994), Montalti (1995), Pandolfi (1996), and Daniele 
& Plesi (2000). Classification of arenite framework after Zuffa (1980, 1987). 

rudite to arenite beds with dominant serpentinite 

grains and Lower Cretaceous lime-mudstone 

clasts with calpionellids point to intrabasinal 

sources composed of oceanic fracture-zone rock 

assemblages. 

Among the Cretaceous units, the terrigenous 

components of pure siliciclastic and mixed beds 

show variable compositions from arkose, to lithic 

arkose, to litharenite (Table 1 and Fig. 4a). The are- 

nites of siliciclastic beds of M. Antola, M. Venere, 

Monghidoro, and partially of the M. Caio (M. Caio 

2; Fig. 4a) formations are composed of purely sili- 

ciclastic grains with an arkosic to subarkosic com- 

position; lithic types are low- to medium-grade 

metamorphic rocks and minor acidic volcanic 

rocks. Arenites of the M. Cassio, Solignano, and 

part of M. Caio (M. Caio 1; Fig. 4a) units are 

more lithic in composition and share as a distinctive 

characteristic the presence of carbonate rock frag- 

ments in the terrigenous lithic assemblage, associ- 

ated with subordinate low-grade metamorphic and 

volcanic rocks. The arenitic component of the 

basal interval of the M. Cassio mixed megabeds 

also contains significant amounts of coeval bio- 

clasts. The M. Caio unit shows also a third type of 

siliciclastic bed made up of serpentinite and calpio- 

nellid limestone rock fragments (M. Caio 3; 

Fig. 4a). The M. Gottero and S. Remo units are 

arkosic and lithic-arkosic to feldspathic in compo- 

sition, respectively (Vanossi 1965; Pandolfi 1996). 

The arenites of the Elba flysch are arkosic in com- 

position and are characterized by large amounts of 

low-grade metamorphic rock fragments and subordi- 

nately by acidic volcanic rock fragments and shale 

clasts (Aiello et al. 1977; Montalti 1995). The Pietra- 

forte Formation has a litharenitic composition, with 

abundant dolostone and limestone grains and subordi- 

nate low-grade metamorphic and acidic volcanic rock 

fragments (Fontana 1991). A similar composition has 

been documented for the older Ostia sandstones 

(Mezzadri 1964; Valloni & Zuffa 1984). 

Among the Palaeogene units, the terrigenous are- 

nitic beds of the Marne Rosate and M. Sporno units 

are quartzarenitic in composition and characterized 

by low-grade metamorphic rock fragments, acidic 

volcanic rocks and dolostones (Fontana et aI. 

1998). The M. Dosso beds are litharenitic, but 

characterized by abundant quartz grains (more 

than 50%) and a lithic association with chert and 

low-grade metamorphic rocks (Lana 1990). 

Finally, the Cretaceous turbidite successions 

cropping out in the Lombardian Southern Alps are 

litharenite to lithic arkose, and include high 

amounts of terrigenous carbonate rock fragments 

and subordinate chert and low-grade metamorphic 

rock fragments (Bersezio & Fornaciari 1989; 

Bernoulli & Winkler 1990). 

H e a v y  mineral  associat ion and  p r o v e n a n c e  

The stable and ultrastable fractions of heavy 

mineral associations have proven to be useful for 

characterizing the terrigenous sources; in general, 

the heavy minerals do not show dissolution 

features. 

Most of the investigated units share as a common 

characteristic medium to high amounts of zircon, 

tourmaline and rutile (ZTR, Table 1; Fig. 4b), 

with petrofacies 1 and 3 in the M. Caio succession 

being a remarkable exception (Fig. 4b). Moreover, 

the heavy mineral associations of the M. Cassio, 

M. Venere, Solignano, Monghidoro, M. Dosso 
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Fig. 4. Petrography of Helminthoid Flysch units. (a) Q, F, L + CE triangular diagrams distinguishing between Upper 
Cretaceous (left) and Palaeogene (right) units. Q, total quartz; F, feldspar; L § CE, non-carbonate fine-grained lithic 
fragments § terrigenous carbonate lithic fragments. (b) Heavy mineral distribution. The class 'Others' is dominated by 
anatase and brookite; a small percentage of epidote and zoisite is present in Monte Caio, Monte Antola and Monte 
Cassio, whereas sphene occurs in Solignano, Marne Rosate and M. Sporno. Numbers 1, 2 and 3 under M. Caio heading 
indicate the petrofacies M. Caio 1, M. Caio 2 and M. Caio 3, respectively. Spinel is mainly picotite. 
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and M. Sporno units contain staurolite, garnet and 

in some cases chloritoid. Noteworthy amounts (gen- 

erally less than 10-15%) of monazite and xenotime 

are present in the M. Antola, M. Caio, Solignano, 

M. Cassio and Monghidoro units. 

Data on heavy mineral associations allow us to 

outline diverse provenances from granitic rocks 

(monazite plus xenotime), metamorphic rocks of 

various rank (garnet, staurolite and chloritoid) and 

ophiolitic rocks (picotite). High values of the ultra- 

stable group ZTR, together with abundant sedimen- 

tary lithic fragments in the framework of some units 

such as Pietraforte and Ostia, suggest an extensive 

recycling from older arenitic successions. On the 

other hand, the occurrence of large amounts of pico- 

tite in the M. Caio 3 succession, very abundant in 

the ophiolitic clastic beds together with penecon- 

temporaneously deformed clasts of calpionellid 

limestone, confirms the presence of oceanic rock 

associations (i.e. serpentinized mantle peridotite) 

acting as intrabasinal sources. 

In particular, the occurrence of staurolite, charac- 

teristic of medium- to high-grade metamorphic 
rocks, is considered indicative of denudation of 

the deep levels of the Adriatic crust, which are cur- 

rently widely exposed in the Alps (Frey et al. 1999). 

Staurolite is abundant in some Cretaceous flysch 

units of the Lombardy basin (Bernoulli & Winkler 
1990), where palaeocurrents suggest an eastern pro- 

venance (Bernoulli & Winkler 1990; Bersezio & 

Fornaciari 1994). The heavy mineral associations 

of the Lombardian successions are characterized 

by abundant ZTR, garnets and staurolite. Moreover, 

one of the Lombardian units (Varesotto Flysch) is 

also characterized by high amounts of chromite 

(Bernoulli & Winkler 1990). The source area of 

these heavy mineral associations was probably in 

the pre-Gosau orogen of the Eastern Alps, where 

both oceanic basement and deep continental base- 

ment of Adriatic affinity were exposed since the 

beginning of the Late Cretaceous (Winkler 1996; 

Neubauer et al. 2000). 

Previous studies of the HF successions also con- 

sidered the presence of staurolite and chloritoid as 

indicative of a provenance from the deep crustal 

levels of the basement of the Austroalpine or 

Southern Alps, i.e. from Adria (Elter et al. 1966; 

Sassi et al. 1978; Bernoulli & WinNer 1990; 

Neubauer et al. 1999). The fact that the European 

source rocks did not supply staurolite is confirmed 

by the absence of this mineral in the proximal turbi- 

dites of the M. Gottero and Elba successions 

(Nielsen & Abbate 1984; Zacchino 1994), which 

were deposited close to the Corsica-Sardinia 

block. In fact, for the sedimentary successions con- 

sidered in this study, the areas surrounding 

the Corsica-Sardinia block represent the main 

European provenance. 

The occurrence of monazite and xenotime is 

compatible with a European provenance where 

only shallower granitic crustal levels were exposed. 

In the Palaeogene flysch units (M. Sporno, Marne 

Rosate, and M. Dosso), staurolite occurs together 

with picotite, suggesting a contribution from sedi- 

ments recycled from older successions that were 

already exhumed in the Western Alps. Such recy- 

cling is also supported by the occurrence of garnet 

and abundant quartz together with a high ZTR 

content. 

Interpretation 

P r o v e n a n c e  o f  the  c las t i c  de t r i tu s  

In our palaeogeographical reconstructions the pro- 

venance from deep crustal rocks is related to the 

occurrence of a major fracture zone located along 

the Adria margin. It has been inferred that this frac- 

ture zone became a transform boundary during sub- 

sequent convergence (Argnani 2002); an event that 

would have further enhanced its original relief. In 

this interpretation, therefore, the deep crustal 

signal recorded in the petrography of some of the 

Upper Cretaceous sedimentary successions can be 

related to a localized source within the Adria 

region. 

The other region that appears to supply lower 

crustal material during the Late Cretaceous is 

located further to the east along the Adria margin, 

in the current Eastern Alps, where the pre-Gosau 

Cretaceous orogeny had been completed and the 

orogen was undergoing erosion. The dismantling 

of the Cretaceous orogen of the Eastern Alps shed 

lower crustal material towards the west, feeding, 

besides the Rheno-Danubian Flysch, also the Lom- 

bardian Flysch, where rock fragments and heavy 

minerals from both lower continental crust and 

oceanic basement occur together (Bernoulli & 

Winkler 1990; Faupl & Wagreich 1992; Bersezio 

& Fornaciari 1994). It seems therefore that the 

Late Cretaceous exposure of lower crust was 

limited to specific tectonic settings. 

Following a different approach, an asymmetric 

rift model has been recently applied to account for 

the evolution of the Mesozoic sedimentary succes- 

sions that are currently piled up in the northern 

Apennines (Marroni et al. 2001). Within this 

scheme Adria would represent the footwall plate 

of a lithospheric-scale rift. The inferred exposure 

of lower continental crust along the footwall plate 

is assumed to supply the sediments that were depos- 

ited close to the Adria margin (Bracciali et al. 

2003). 

The current magma-poor passive continental 

margins are characterized by the occurrence of an 
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array of fault blocks tilted towards the continent and 

resting on a subhorizontal detachment (Whitmarsh 
et al. 2001). Although this structural arrangement 
has been used to support an asymmetric rifting 

model (Froitzheim & Manatschal 1996; Manatschal 
& Bernoulli 1999), the outcome of recent numerical 

modelling shows that the geometry observed at 
magma-poor passive margins can be better repro- 
duced without adopting lithospheric-scale asym- 
metric rifting (Nagel & Buck 2004). Moreover, 

the asymmetric rift model predicts a footwall and 

a hanging-wall plate displaying remarkedly differ- 
ent fault geometry, which would extensively 

expose deep crustal rocks of the footwall plate at 

the distal continental margin. At the Galicia distal 
margin, however, the exposed continental crust is 
mainly made up of upper crustal rocks (Whitmarsh 

et al. 2001) and the same applies to the Alps where 
only limited lower crustal rocks are exposed 

(Muentener & Herman 2001). 
To sum up, the occurrence of heavy minerals and 

rock fragments that are typical of the lower crust 

within some of the HF sediments is perhaps better 
accounted for by localized source areas, rather than 
by a widespread, cylindrical exposure all along the 
Adria passive margin. The origin of the localized 

exposure of lower crustal rocks can be explained 
within the regional tectonic setting proposed here. 

T r i g g e r  m e c h a n i s m s  o f  t u r b i d i t y  c u r r e n t s  

An intriguing question concerning the HF succes- 
sions examined here and their sedimentary features 
is that of the trigger mechanisms of the turbidity 
currents. Possible mechanisms that we discuss 

include high-magnitude earthquakes and the tsuna- 
mis generated by them (see Heezen & Ewing 1952; 

Mutti et al. 1984; Pickering et al. 1991), destabili- 
zation of gas hydrates, and exceptional fluvial 

floods (see Mutti et al. 1996). This last process 
could be relevant for the transport of purely extra- 

basinal siliciclastic sediments. 
An important constraint for the mechanisms of 

sediment remobilization comes from mixed mega- 

beds, which are the thickest beds in the succession, 
suggesting a close correlation between the magnitude 
of the triggering event and the capacity to activate, 
during the same event, multiple sources, terrigenous 

and intrabasinal. The coexistence of terrigenous 

siliciclastic fine sands and clay, sand-sized shallow- 
water benthic fauna, pelagic Foraminifera, fine 
sponge spicules and coccolith micrite in mixed beds 
constrains the source areas in continental margin 

shelves and slopes. 
Large-scale sediment failures affecting continen- 

tal margins and slopes, possibly characterized by 
multiple linked slumps over a large area (Pearce 
& Jarvis 1992), and/or the 'concurrence of tributary 

turbidity currents' (Rupke 1976), are processes that 
can account for the origin and composition of the 
HF beds. These processes can be triggered by 

events such as earthquakes, tsunamis, exceptional 
fluvial floods, and destabilization of gas hydrates. 
It should be emphasized, however, that earthquakes 

probably represent the main factor promoting sub- 
marine landslides (Hampton et al. 1996). 

Pure terrigenous sand beds can possibly be 
related to exceptional fluvial floods that enter the 
basin as hyperpycnal flows and are turned into tur- 

bidity flows (Mutti et al. 1996). 
In principle, terrigenous turbidites of small 

volume can subsequently engulf much larger 

volumes of slope carbonate muds (e.g. Fukushima 
et al. 1985). However, the limited extent of land 

area and the probably subdued relief of Adria 
suggest that the contribution of exceptional floods 

was probably rather limited. 
Gas hydrate dissociation can also cause the 

mobilization and downslope transport of enormous 

quantities of mud (McIver 1982; Paull et al. 1996; 
Henriet & Mienert 1998; Nisbet & Piper 1998). 
However, the role of gas hydrate in destabilizing 
sediments is hard to establish (Buffet 2000). More- 
over, it is difficult to assess what triggered hydrate dis- 

sociation, particularly for events occurring in the 

Cretaceous-Palaeogene. At present, we cannot rule 
out gas hydrate dissociation as a triggering mechan- 

ism to mobilize carbonate muds along the Adria con- 
tinental slope; a major role, however, seems unlikely. 

Tsunamis are capable of sweeping large portions 
of the continental shelf, possibly mobilizing vast 

amounts of unconsolidated sediments (Bryant 
2001), which may flow downslope as turbidity cur- 
rents. For tsunamis that occurred in the past the best 

tracers are marine sediments and biogenic remains 

that were laid down on continental deposits of 
coastal areas by anomalously large waves (Bryant 
2001). For the time interval we are interested in, 
i.e. the Late Cretaceous-Palaeogene, this kind of 

evidence is extremely difficult to come by. Instru- 
mental monitoring carried out during the last 

century indicates that the majority of large-scale 
tsunamis originate from large earthquakes displa- 
cing the sea floor (Bryant 2001). Submarine land- 
slides can also cause large tsunamis, but because 

of the lower energy involved compared with earth- 
quakes (Ruff 2003), their effects should cover a 

relatively limited region, rather than affecting 
basins as a whole. On the other hand, large volcanic 
eruptions can produce huge tsunamis that affect 

wide regions, with the 1883 Krakatoa explosion as 
a chief example (Holmes 1944, pp. 470-473). 

Such a triggering event, however, should deliver 
abundant volcaniclastic sediments into the basin; 

this petrographic tracer has not been found within 
the HF successions. Therefore, to sum up, tsunamis 
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could possibly have contributed to trigger the HF 

turbidites, but in such an event they can be seen 
as the ultimate result of earthquakes. The ground 
shaking caused by earthquakes is thus the triggering 

mechanism that seems to satisfy both the sedimen- 
tological and compositional features of the HF tur- 
bidites and the regional tectonic setting. 

Plate coupling in subduction zones and 

magnitude of earthquakes 

During Africa-Europe convergence, the consump- 

tion of the oceanic domain and the progressive 
involvement of continental lithosphere in the sub- 

duction process led to increased coupling between 
the converging plates. This increased plate coup- 

ling, in turn, favoured the occurrence of large and 
frequent earthquakes (e.g. Ruff & Kanamori 
1983). A similar increase in plate coupling can 
occur when continental slivers or allochthons 

enter the subduction zone. This process, which we 
call onset of collision, heralded the continental col- 

lision sensu stricto that led to the formation of the 
Alps. The occurrence of continental allochthons 

within the Alpine Tethys is now widely accepted 
(e.g. Dal Piaz 1999); the extent and distribution of 
these continental slivers, however, is difficult to 

constrain, and the same applies to the precise 
timing of their subduction. According to the most 

recent reviews of geochronological data (e.g. 
Gebauer 1999), the subduction of continental 
slivers or allochthons located within the Alpine 

Tethys certainly occurred in the Early Paleocene 

(Danian), with the involvement of the Sesia- 

Lanzo unit. An independent indication of the 
timing of the onset of collision comes from the 
intra-plate compressional deformation of Western 

and Central Europe. In this respect, the extensive 
inversion tectonics affecting the NW European 

basins since the Late Cretaceous (Ziegler 1990) 
can be taken as evidence of an increasing coupling 
of the Alpine orogen with its foreland. Within 

this tectonically active setting the amply available 
carbonate muds deposited along the Adriatic and 

European slopes above the CCD could be remobi- 
lized in several ways, together with terrigenous sedi- 
ment, ultimately being deposited within the basin as 

thick turbidite beds. The observation that the thickest 
turbidite strata are mixed beds suggests that the trig- 
gering events of the largest magnitude can simul- 
taneously mobilize sediments from diverse parts of 

the continental slopes and shelves. 
In conclusion, it is inferred that the presumably 

intense seismic activity related to the pre-collisional 
Alpine orogeny promoted large-scale failures of 

shelf or slope biogenic muddy sediments, resulting 
in the deposition of large volumes of predominantly 
carbonate turbidites. Only occasionally, terrigenous 
turbidite currents probably linked to exceptional 

fluvial floods generated pure terrigenous beds with 

different petrographic signatures. 

Palaeogeographical reconstructions 

Two kinematic reconstructions have been produced 
(Fig. 5; Argnani 2002), taking into account the 

Fig. 5. Plate kinematic reconstructions of the central Mediterranean. (a) Maastrichtian (magnetic anomaly 31); 
(b) Ypresian (magnetic anomaly 24). The present coastline of Italy is outlined for reference, to help locate the Adria 
promontory. (See text for further discussion.) The square frames enclose the areas that are shown enlarged in Figure 6. 
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position of Africa with respect to Europe, as derived 

from the magnetic anomalies in the Atlantic Ocean 
(Dewey et  al. 1989). The two time intervals that are 
represented are the Maastrichtian, with reference to 

magnetic anomaly 31 (68 Ma), and the Ypresian, 
with reference to magnetic anomaly 24 (53 Ma). 
In these reconstructions Adria has been considered 

as a promontory of the African plate, according to 

recent reviews of palaeomagnetic data (Channell 
1996; Muttoni et al. 2001) that show similar palaeo- 
poles for Adria and Africa throughout the Meso- 

zoic. In fact, although an independent Adria plate 
has been required in recent reconstructions to 

account for the Mesozoic arrangement of plates in 

the Eastern Alps (e.g. Neugebauer et al. 2001), it 
has been shown that this assumption is not a neces- 
sity (Wortmann et al. 2001). Besides taking Adria 

as a promontory, the major difference with respect 
to most of the previous recostructions (e.g. Dercourt 

et  al. 1993) consists in the polarity of subduction, 
which is assumed to change along the plate bound- 

ary, from a southward Alpine subduction to a north- 
ward Apennine subduction (Fig. 5; Argnani 2002). 

The two time intervals that have been represented 
here, Maastrichtian and Ypresian, are relevant to 
the HF palaeogeography (Fig. 6), although from 

Campanian to Rupelian time the relative position 
of Africa with respect to Europe undergoes only 
minor changes, with a limited north-south conver- 

gence. The main change concerns the size of the 
orogen, which grows substantially from Maastrich- 

tian to Ypresian, including the emplacement of the 
Alpine units of Corsica (Fig. 5). As better shown in 

the palaeogeographical reconstruction (Fig. 6), 
during the Maastrichtian to Ypresian time interval 
the Antola (and San Remo) and Gottero flysch 

units were accreted to the Alpine subduction 
prism. In the subsequent evolution, because of the 

northward motion of Adria, the Apennine subduc- 
tion replaced the Alpine subduction to the east of 
Corsica (Argnani 2002), leading to the involvement 

of the Antola and Internal Ligurian units (Gottero 
included) within the growing Apennine edifice 

(Fig. lb). 
Stratigraphical, sedimentological and compo- 

sitional data put some constraints on the location 
of the Late Cretaceous-Eocene Helminthoid 

Flysch within the proposed palaeogeographical 

frame (Fig. 6). 
The sediment supplied into the HF basins was 

derived from multiple sources of detritus, which 
include the following: (1) major intrabasinal 

sources from outer shelf or slope areas and 
pelagic plateaux, which supplied coeval biogenic 

carbonate sediment (phytoplankton and zooplank- 
ton), mainly fine-grained; (2) minor intrabasinal 

sources, possibly transform ridges, which supplied 
the ophiolitic-derived materials in the M. Caio 

unit; (3) minor intrabasinal shelf areas, where intra- 
basinal allochems, glaucony and terrigenous detri- 

tus were assembled; resedimentation of these 
components formed the hybrid arenite (Zuffa 
1980) that represents the basal intervals of the 

M. Cassio mixed beds (Zuffa et al. 2003); 
(4) minor siliciclastic terrigenous sources from hin- 
terland rock units (crystalline basement plus minor 

sedimentary cover). 
Estimates of the amount of sediments supplied 

to the basin from the various sources indicate that in 
the M. Cassio and M. Antola successions intrabasinal 
areas provided 60-70% of the sediment. Terrigen- 
ous siliciclastic sources contributed approximately 

20-30% of the sediment in the M. Caio and 

M. Antola, 50% and 70% in the M. Venere and 
Solignano, respectively, and 35% in the M. Cassio 
successions (Fontana & Stefani 2003). Ophiolitic 

sources supplied less than 5% of the detritus in the 

M. Caio succession. 
The large amount of penecontemporaneous 

carbonate mud that is present in the HF is the first 

evidence to be accounted for. Palaeotectonic recon- 
structions and stratigraphic data suggest that during 

the Late Cretaceous Adria represented a vast repo- 
sitory of penecontemporaneous carbonate mud 
(e.g. Vai 1992). Its position, isolated and remote 

from the African and European mainlands, favoured 
the accumulation of intrabasinal sediments, particu- 
larly carbonates. Shallow-water carbonate plat- 

forms and pelagic basins occurred along the 
African continental margin (Channell et al. 1979; 
Zappaterra 1994). The Apulian and the Dinaric plat- 

forms, with the intervening Umbria-Marche 
pelagic basin, were the main features of the Adriatic 

promontory in Late Cretaceous time (Zappaterra 
1994), bounding the southeastern side of the 

closing Tethyan ocean. Within this setting, Adria 
appears as an extensive carbonate domain prone 
to major production and storage of carbonate sedi- 

ments (Bernoulli 2001). Besides the palaeogeogra- 
phical setting of the central Mediterranean, global 
factors also contributed to the availability of car- 

bonate sediments. The relatively high sea level that 

characterized the Late Cretaceous (Haq et al. 1988) 
broadened the extent of shallow seas and, together 

with a warmer climate, favoured by the position of 
the continents and oceans (van Andel 1994), probably 

led to an increased nannoplankton production at a 
global scale. In addition to penecontempora- 

neous carbonates, the sources of the minor extra- 
and intra-basinal terrigenous sediments can be 
accounted for within the proposed palaeogeographi- 

cal reconstructions. 
Kinematic reconstructions indicate that the 

Alpine Tethys Ocean opened at a rather slow rate 
of a few centimetres a year (Dewey et al. 1973, 
1989). In such a slow-spreading setting, fracture 
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Fig. 6. Palaeogeographical reconstructions of the region encompassing the Northern Apennines and Western Alps. 
The location of Helminthoid Flysch units and sediment dispersal patterns in the Northern Apennine Tethys are also 
indicated. (a) Maastrichtian palaeogeography with suggested locations of the Helminthoid units. The dashed rectangle 
indicates the area shown enlarged in (b). (b) Enlarged view of the central area of (a) with abbreviation of name and 
provenance for each turbidite unit; key for abbreviations is shown in (a). (c) Ypresian palaeogeography with location of 
the M. Dosso and M. Sporno units. The extent of the Alpine foredeep basin is from Kempf & Pfiffner (2004). It should 
be noted that the mid-ocean ridge and fracture zone pattern depicted in (a) and (b) represents a fossil system, as 
spreading was no longer active during Maastrichtian time. 

zones are expected to be abundant (Macdonald & 

Fox 1990; Phipps Morgan & Parmentier 1995), 

exposing oceanic mantle and crustal rocks and the 

related sedimentary cover (Auzende et al. 1994). 

Moreover, deeper crustal levels are probably 

exposed where fracture zones intersect the conti- 

nental margin (Fig. 6a; Clift & Lorenzo 1999). As 

the passive continental margin begins to approach 

the subduction zone, during convergence,  fracture 

zones are also likely to be reactivated. Therefore, 

it seems that the exposure of  crustal rocks along 

fracture zones can account for at least some of  the 

terrigenous detritus that characterizes the HF, parti- 

cularly the clastic sediments f rom the Adria domain 

(Fontana et al. 1994). 

The extrabasinal siliciclastic materials entering 

the basin represent only small amounts of  sediments 

when compared with the dominant  intrabasinal 
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carbonates. In some instances beds made up of pure 
extrabasinal material occur within the HF succes- 

sions. These siliciclastic sediments indicate a 
limited availability of sediment sources outside 

the basin, and reflect an adjacent land area of 
limited extent and of subdued relief. In fact, it is 
only later, when the collision progressed (in 
Oligo-Miocene time), and the relief of the Alpine 

mountain chain developed, that abundant siliciclas- 

tic sediments filled the foredeep basins of the Alps 
and Apennines (Gandolfi et al. 1983; Homewood 

et al. 1986; Ricci Lucchi 1986). 
The Ypresian palaeogeographical reconstruction 

(Fig. 6c) shows a well-developed Alpine collisional 
orogen, with a foredeep basin located on the European 

foreland (Kempf & Pfiffner 2004). The Apennine sub- 

duction, on the other hand, is characterized by a broad 
accretionary wedge (see also Gasinski et al. 1997), 

which, at this stage, included the sediments of 

several of the flysch units represented in the Maas- 
trichtian palaeogeographical reconstruction. The 
Dosso and Sporno HF units represent the final stage 

of deep-water sedimentation below the CCD across 
the passive Adriatic continental margin. The clastic 

turbidite sediments belonging to the Canetolo, 
Macigno, and Marnoso-arenacea units (Ricci 

Lucchi 1986; Boccaletti et al. 1990; Argnani & 
Ricci Lucchi 2001), which were deposited from 

mid-Eocene to Miocene time, record the progressive 
encroachment of the accretionary wedge onto the 

Adriatic continental margin (e.g. Argnani 2002, and 

references therein). 
The traces of mid-ocean ridge and fracture zones 

are not represented in the Ypresian palaeogeogra- 
phical reconstruction because at that time the topo- 
graphy of the residual oceanic floor was probably 

mantled by sediments. 

P a l a e o t e c t o n i c  s e t t i n g  

Structural and tectonic data are also useful to help 
constrain the location of HF and other flysch 
units; particularly the Antola and Gottero flysch 

units within the Maastrichtian palaeogeography. 

The HF units are currently part of the northern 
Apennine tectonic stack (Fig. lb), and their empla- 
cement seems mainly a result of east-verging thrust 

faults originated within an accretionary prism (e.g. 
Costa & Frati 1995). However, the deformation 
and structuring of the Internal Ligurian units, to 

which the Gottero unit belongs, can be related to 
underplating of oceanic crust and sediment cover 
along an east-dipping subduction zone (Marroni & 

Pandolfi 1996), supporting an initial Alpine ver- 
gence. Moreover, structural data indicate that the 

Antola unit was emplaced onto the underlying 
units (e.g. Gottero unit) with a top-to-the-west 
shear (Alpine vergence) during the Eocene 

(Marroni et al. 1999); only subsequently were the 
Antola sediments folded with vergence to the east 

(Apennine vergence). The above-mentioned lines 
of evidence support a location of the Antola and 

Gottero ttysch units in front of the advancing 
Alpine subduction zone during the Maastrichtian 
(Fig. 6a and b), with the Gottero flysch closer to 
the Corsica terrigenous source areas. A similar rela- 

tive position of the Antola and Gottero flysch units 
was presented by Abbate & Sagri (1984) and 

Vescovi et al. (1999), although the former envi- 
saged a west-dipping subduction, whereas the 

latter workers considered that the subduction zone 
dips to the east. Both contributions, however, 
shared the view that the Antola and Gottero 
(Abbate & Sagri 1984) or Antola and Cassio 

(Vescovi et al. 1999) flysch were deposited within 
a forearc setting. The depositional characteristics 

of the HF (Fontana et al. 1994; Argnani et al. 

2004) and the stratigraphic relationships with their 

immediate substrate (Abbate & Sagri 1970; 
Marroni et al. 1992), however, do not support a 

forearc depositional setting. The most relevant mor- 
phological feature in the Maastrichtian reconstruc- 

tion is the steep scarp located along the 
continental part of the major fracture zone 
(Fig. 6a and b). Along this feature, which has 

been interpreted as separating the Alpine and Apen- 
nine subduction zones having opposite polarity 
(Argnani 2002), the Adriatic basement and sedi- 

mentary cover were probably exposed, allowing 
for the particular petrographic composition of the 

M. Cassio and Solignano-M. Venere HF. More- 
over, the steep gradient of the slope and the close- 

ness of the source areas can better explain 
the occurrence of the Salti del Diavolo conglomer- 

ates, which occur stratigraphically below the 
M. Cassio flysch. These conglomerates have proxi- 

mal sedimentological features and contain clasts of 
sedimentary rocks ranging in age from Permian 
to Late Cretaceous (Vescovi et al. 1999) and of 

Variscan granites (Sames 1967). 
The Maastrichtian palaeogeographical recon- 

struction presented here (Fig. 6a and b) partly mod- 

ifies an earlier attempt that we recently proposed 
(Argnani et al. 2004). Although the tectonic frame- 
work and the guiding principles are the same, we 

have here included more flysch units and we have 
taken into account more critically the structural 
data, considering all individual flysch units in the 

entire Apennine edifice. The main difference con- 
cerns the relative position of the Cassio, Caio and 
Solignano-Monte Venere units, which now better 

fit their observed order in the Apennine tectonic 

stack (Fig. lb). In particular, the outcrops of 
lower crust representing the source of staurolite 
are now located along the main fracture zone 
(Fig. 6a and b). The M. Caio basin, which was 
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previously located closer to the European margin 

because of its lack of staurolite, has now been 

located next to the margin of Adria, but far from 

the main fracture zone; this location is more con- 

sistent with the east-verging stack of Apennine 

units in which the M. Caio unit occupies a lower 

position (Fig. lb). 

Conclusions 

Large volumes of intrabasinal sediments (coeval 

shelf or slope carbonate mud), often mixed with 

minor extrabasinal siliciclastic sands (mixed 

beds), were resedimented in confined sectors of 

the oceanic floor, below the CCD, during the Late 

Cretaceous subduction of the Alpine Tethys. Intra- 

basinal and minor extrabasinal source areas also 

contributed to the sedimentation of pure terrigenous 

and pure carbonate intrabasinal turbidite beds, 

which are intercalated with mixed beds, where ter- 

rigenous and carbonate constituents coexist. In spite 

of their moderate recurrence frequency, mixed beds 

dominate the total thickness. 

Heavy minerals and the bulk composition of the 

terrigenous component indicate two main source 

areas: (1) the European continental margin, and 

(2) the Adria continental margin. The European 

source area supplied the Gottero and Elba basins, 

whereas Adria and its basement supplied the 

M. Cassio, Solignano and M. Venere basins. In 

addition, the occurrence of rare laterally discontinu- 

ous ophiolitic-derived material in the M. Caio unit 

indicates source rocks located in an intra-oceanic 

position. 

The sediment sources and the depositional areas 

of the HF successions have been located within 

palaeogeographical reconstructions that take into 

account the relative plate position between Africa 

and Europe during the Maastrichtian and Ypresian, 

unlike previous attempts that lack such as approach 

(e.g. Gardin et al. 1994). During the Late Cretac- 

eous the closure of the Tethyan oceanic domain 

was progressively accomplished, leading to the 

Eocene continental collision. Sediments eroded 

from the Alpine orogen (synorogenic sediments 

sensu stricto) appeared only late in the stratigraphic 

record, but the wide Adria margin provided abun- 

dant penecontemporaneous carbonate sediments to 

be remobilized. In this setting the deposition of 

large volumes of intrabasinal sediments has been 

promoted by large-scale sediment failures, trig- 

gered by earthquakes during the Late Cretaceous 

incipient collision, perhaps with a contribution 

from tsunamis. These mechanisms caused mobiliz- 

ation and downslope transport of enormous quan- 

tities of sediment stored on shelves and slopes 

through multiple interlinked slumping over large 

areas. Exceptional fluvial floods may have been 

responsible for the deposition of beds with a pure 

terrigenous sand framework. 

The HF of the Northern Apennines illustrates how 

the favourable coincidence of a tectonically active 

setting (incipient Alpine collision) and enhanced 

carbonate production and storage (Adria carbonate 

domain) has promoted the widespread occurrence 

of thick pre-orogenic carbonate turbidites. 

We gratefully acknowledge G. Daniele and G. Plesi, who 
helpfully contributed with several discussions and sugges- 
tions. The thorough and extremely constructive reviews of 
R. Hesse and W. Winkler greatly improved the quality of 
the manuscript. D. Rio kindly helped us with adjusting 
the Cretaceous chronostratigraphy. We acknowledge 
financial support from Ministero dell' Istruzione 
Universita' e Ricerca. 

References 

ABBATE, E. & SAGRI, M. 1970. The eugeosynclinal 
sequences. Sedimentary Geology, 4 (Special 
Issue), 251 - 340. 

ABBATE, E. & SAGRI, M. 1984. Le unit~ torbiditiche 
cretacee dell'Appennino Settentrionale ed i 
margini continentali della Tetide. Memorie della 
Societ~ Geologica Italiana, 24, 115-126. 

ABBATE, E., PRINCIPI, G., SAGRI, M., ET AL. 1994. 
Appennino Ligure-Emiliano. Guide Geologiche 
Regionali, Societh Geologica Italiana, Milan. BE-MA. 

AIELLO, E., BRUNI, P. & SAGRI, M. 1977. Depositi 
canalizzati nei flysch cretacei dell'Isola d'Elba. 
Bollettino della Societh Geologica Italiana, 96, 
297-239. 

ARGNANI, A. 2002. The northern Apennines and the 
kinematics of Africa-Europe convergence. Bollet- 
tino della Societh Geologica Italiana, Special 
Volume, 1, 47-60. 

ARGNANI, A. & RICCI LUCCttl, F. 2001. Tertiary silici- 
clastic turbidite systems of the northern Apennines. 
In: VAI, G. B. & MARTINI, I. P. (eds) A n a t o m y  o f  an 

Orogen: the Apennines and Adjacent Mediterra- 
nean Basins. Kluwer, Dordrecht, 327-350. 

ARGNANI, A., FONTANA, D., STEFANI, C. & ZUFFA, 
G. G. 2004. Late Cretaceous carbonate turbidites 
of the Northern Apennines: shaking Adria at the 
onset of Alpine collision. Journal of Geology, 
112, 251-259. 

AUZENDE, J.-M., CANNAT, M., GENTRE, P., ET AL. 

1994. Observation of sections of oceanic crust 
and mantle cropping out on the southern wall of 
Kane FZ. Terra Nova, 6, 143-148. 

BERNOULLI, D. 2001. Mesozoic-Tertiary carbonate 
platforms, slopes and basins of the external 
Apennines and Sicily. In: VAI, G. B. & MARTINI, P. 
(eds) Anatomy of an Orogen: the Apennines and Adja- 
cent Mediterranean Basins. Kluwer, Dordrecht, 
307-326. 

BERNOULLI, D. & WINKLER, W. 1990. Heavy mineral 
assemblages from Upper Cretaceous South- and 
Austroalpine flysch sequences (Northern Italy and 
Southern Switzerland): source terranes and 



272 A. ARGNANI ETAL. 

palaeotectonic implications. Eclogae Geologicae 
Helvetiae, 83, 287-310. 

BERSEZIO, R. ~; FORNACIARI, M. 1989. Cretaceous 
sequences in the Lombardy basin: stratigraphic 
outline between the lakes of Lecco and Iseo. 
Memorie della Societgl Geologica Italiana, 40, 
187-197. 

BERSEZIO, R. & FORNACIARI, M. 1994. Syntectonic 
Upper Cretaceous deep-water sequences of the 
Lombardy Basin (Southern Alps, Northern Italy). 
Eclogae Geologicae Helvetiae, 87, 833-862. 

BOCCALETTI, M., CIARANFI, N., COSENTINO, O., 
ET AL. 1990. Palinspastic restoration and paleogeo- 
graphic reconstruction of the peri-Tyrrhenian area 
during the Neogene. Palaeogeography, Palaeocli- 
matology, Palaeoecology, 77, 41-50. 

BRACCIALI, L., MARRONI, M., PANDOLFI, L. & 
Roccm,  S. 2003. Petrography and geochemistry 
of western Tethys Mesozoic sedimentary covers 
(Alpine Corsica and Northern Apennines); a valu- 
able tool in constraining sediment provenance 
and margin configuration. Ofioliti, 28, 69. 

BRYANT, E. 2001. Tsunamis, The Underrated Hazard. 
Cambridge University Press, Cambridge. 

BUFFET, B. A. 2000. Clathrate hydrates. Annual 
Review of Earth and Planetary Sciences, 28, 
477-507. 

CHANNELL, J. E. T. 1996. Palaeomagnetism and 
palaeogeography of Adria. In: MORRIS, A. & 
TARLING, D. H. (eds) Palaeomagnetism and Tec- 
tonics of the Mediterranean Region. Geological 
Society, London, Special Publications, 105, 
119-132. 

CHANNELL, J. E. T., D'ARGENIO, B. & HORVATH, F. 
1979. Adria, the African promontory in Mesozoic 
Mediterranean paleogeography. Earth-Science 
Reviews, 15, 213-292. 

CLIFT, P. D. & LORENZO, J. M. 1999. Flexural unload- 
ing and uplift along the Cote d'Ivoire-Ghana 
transform margin, equatorial Atlantic. Journal of 
Geophysical Research, 104(B 11), 25257-25274. 

COBIANCHI, M., DI GIULIO, A., GALBIAT|, B. & 
MOSNA, S. 1991. I1 'Complesso di Base' del 
Flysch di San Remo nell'area di San Bartolomeo, 
Liguria occidentale (Nota preliminare). Atti Tici- 
nensi, 34, 145-154. 

COSTA, E. & FRATI, G. 1995. Evoluzione strutturale 
delle Liguridi esterne tra la media Val Ceno e la 
Val d'Arda (Appennino settentrionale, province 
di Parma e Piacenza). Studi Geologici Camerti, 
Special Volume, 1995(1), 325-336. 

COWARD, M. & DIETRICH, D. 1989. Alpine 
tectonics--an overview. In: COWARD, M., 
DIETRICH, D. & PARK, R. (eds) Alpine Tectonics. 
Geological Society, London, Special Publications, 
45, 1-29. 

DAL PIAZ, G. V. 1999. The Austroalpine-Piedmont 
nappe stack and the puzzle of Alpine Tethys. 
Memorie di Scienze Geologiche, 51(1), 155-176. 

DANIELE, G. & PLESI, G. 2000. The Ligurian Hel- 
minthoid flysch units of the Emilian Apennines: stra- 
tigraphic and petrographic features, paleogeographic 
restoration and structural evolution. Geodinamica 
Acta, 13, 1-21. 

DERCOURT, J., RICOU, L. E. & VRIELYNCK, B. (eds) 
1993. Atlas Tethys Paleoenvironment Map. 
Gauthiers-Villars, Paris. 

DEWEY, J. F., PITMAN, W. C., III, RYAN, W. B. F. & 
BONNIN, J. 1973. Plate tectonics and the evolution 
of the Alpine systems. Geological Society of 
America Bulletin, 84, 137-180. 

DEWEY, J. F., HELMAN, M. L., TURCO, E., HUTTON, 
D. H. W. & KNOTT, S. D. 1989. Kinematics of 
the western Mediterranean. In: COWARD, M. P., 
DIETRICH, D. & PARK, R. G. (eds)Alpine Tec- 
tonics. Geological Society, London, Special Publi- 
cations, 45, 265-283. 

ELTER, G., ELTER, P. STURANI, P. & WEIDMANN, M. 
1966. Sur la prolongation du domaine ligure de 
l'Apennin dans le Montferrat et les Alpes et sur 
l'origine de la nappe de la Simme s.1. de Prealpes 
romandes et chablaisienne. Archives des Sciences, 
Gen~ve, 19, 279-377. 

FAUPL, P. & WAGREICH, M. 1992. Cretaceous flysch 
and pelagic sequences of the Eastern Alps: corre- 
lations, heavy minerals, and palaeogeographic 
implications. Cretaceous Research, 13, 378-403. 

FONTANA, D. 1991. Detrital carbonate grains as prove- 
nance indicators in the Upper Cretaceous Pietra- 
forte Formation (northern Apennines). 
Sedimentology, 38, 1085-1095. 

FONTANA, D. & STEFAN1, C. 2003. Extrabasinal and 
intrabasinal sources in siliciclastic-carbonate tur- 
bidite systems of the northern Apennines. In: 
VALLONI, R. & BASU, A. (eds) Quantitative Prove- 
nance Studies in Italy. Memorie Descrittive della 
Carta Geologica d'Italia, 61, 41-48. 

FONTANA, D., STEFAN1, C., ZUFFA, G. G. & TATEO, F. 
1990. II Flysch di Solignano nel quadro dei Flysch 
a Elmintoidi (Maastrichtiano inferiore, Appennino 
settentrionale). Giornale di Geologia, 52, 99-120. 

FONTANA, D., SPADAFORA, E., STEFANI, C., 
STOCCHI, S., TATEO, F., VILLA, G. & ZUFFA, 
G. G. 1994. The Upper Cretaceous Helminthoid 
Flysch of the Northern Apennines: provenance 
and sedimentation. Memorie della Societgl 
Geologica ltaliana, 48, 237-250. 

FONTANA, D., FAGGIANO, G. & MARASTONI, M. 1998. 
Sedimentation pattern and composition of Tertiary 
Ligurian Flysch of the northern Apennines: the 
Monte Sporno and Marne rosate di Tizzano for- 
mations. Memorie di Scienze Geologiche, 50, 
165-176. 

FREY, M., DESMONS, J. & NEUBAUER, F. 1999. The 
new metamorphic map of the Alps. Schweizerische 
Mineralogische und Petrographische Mitteilungen, 
79, 1-4. 

FROITZHEIM, N. & MANATSCHAL, G. 1996. Kin- 
ematics of Jurassic rifting, mantle exhumation, 
and passive-margin formation in the Austroalpine 
and Penninic nappes (eastern Switzerland). Geo- 
logical Society of America Bulletin, 108, 1120- 
1133. 

FUKUSHIMA, Y., PARKER, G. & PANT1N, H. M. 1985. 
Prediction of ignitive turbidity currents in Scripps 
submarine canyon. Marine Geology, 67, 55-81. 

GANDOLFI, G., PAGANELLI, L. & ZUFFA, G. G. 1983. 
Petrology and dispersal pattern in the Marnoso- 



NORTHERN APENNINE CARBONATE TURBIDITES 273 

Arenacea Formation (Miocene, Northern Apennines). 
Journal of Sedimentary Petrology, 53, 493-507. 

GARDIN, S., MARINO, M., MONECHI, S. & PRINCIPI, G. 
1994. Biostratigraphy and sedimentology of 
Cretaceous Ligurid Flysch: palaeogeographical 
implication. Memorie della Societgt Geologica 
ltaliana, 48, 219-235. 

GASINSKI, A., SLACZKA, A. & WINKLER, W. 1997. 
Tectono-sedimentary evolution of the upper Preal- 
pine nappe (Switzerland and France); nappe 
formation by Late Cretaceous-Paleogene accre- 
tion. Geodinamica Acta, 10, 137-157. 

GAZZI, P. 1965. I minerali pesanti nei flysch arenacei 
del M. Ramaceto e M. Molinatico (Appennino set- 
tentrionale). Mineralogica Petrografica Acta, 11, 
197 -212. 

GEBAUER, D. 1999. Alpine geochronology of the 
Central and Western Alps: new constraints for a 
complex geodynamic evolution. Schweizerische 
Mineralogische und Petrographische Mitteilungen, 
79, 191-208. 

HAMPTON, M. A., LEE, H. J. & LOCAT, J. 1996. Sub- 
marine landslides. Reviews in Geophysics, 34, 
33 -59. 

HAQ, B. U., HARDENBOL, J. & VAIL, P. R. 1988. Meso- 
zoic and Cenozoic chronostratigraphy and cycles 
of sea-level changes. In: WILGUS, C. K., 
HASTINGS, B. S., KENDALL, C. G. ST. C., POSA- 
MENTIER, H. W., Ross, C. A. & VAN WAGONER, 
J. C. (eds) Sea-Level Changes--an Integrated 
Approach. Society of Economic Paleontologists 
and Mineralogists, Special Publications, 42, 
71-108. 

HEEZEN, B. C. & EWING, M. 1952. Turbidite currents 
and submarine slumps, and the 1929 Grand Bank 
earthquake. American Journal of Science, 250, 
849-873. 

HENRIET, J.-P. & MIENERT, J. 1998. Gas hydrates; the 
Gent debates; outlook on research horizons and 
strategies. In: HENRIET, J.-P. & MIENERT, J. (eds) 
Gas Hydrates. Geological Society, London, 
Special Publications, 137, 1-8. 

HESSE, R. & BUTT, A. 1976. Paleobathymetry of Cre- 
taceous turbidite basins of the East Alps relative to 
the calcite compensation level. Journal of Geology, 
84, 505-533. 

HOLMES, A. 1944. Principles of Physical Geology. 
Nelson, London. 

HOMEWOOD, P., ALLEN, P. A. & WILLIAMS, G. D. 1986. 
Dynamics of the Molasse Basin of western Switzer- 
land. In: ALLEN, P. & HO~4EWOOD, P. (eds) Foreland 
Basins. International Association of Sedimentolo- 
gists, Special Publications, 8, 199-217. 

INTERNATIONAL COMMISSION ON STRATIGRAPHY 
2004. International Stratigraphic Chart. www. 
stratigraphy.org/chus.pdf. 

KEMPF, O. & PFIFFNER, A. 2004. Early Tertiary evol- 
ution of the North Alpine Foreland basin of the 
Swiss Alps and adjoining areas. Basin Research, 
16, 549-567. 

LANA, C. 1990. La successione di M. Dosso, Appen- 
nino parmense (Paleocene-Eocene medio). 
Degree in Geological Sciences thesis, Universit~ 
degli Studi di Bologna. 

MACDONALD, K. C. & Fox, P. J. 1990. The mid-ocean 
ridge. Scientific American, 262, 72-79. 

MANATSCHAL, G. & BERNOULLI, D. 1999. Architec- 
ture and tectonic evolution of nonvolcanic 
margins: present-day Galicia and ancient Adria. 
Tectonics, 18, 1099-1119. 

MARRONI, M. & PANDOLFI, L. 1996. The 
deformation history of an accreted ophiolite 
sequence: the Internal Liguride units (Northern 
Apennines, Italy). Geodinamica Acta, 9, 13- 29. 

MARRONI, M., MONECHI, S., PERILLI, N., PRINCIPI, 
G. & TREVES, B. 1992. Late Cretaceous flysch 
deposits of the Northern Apennines, Italy: age of 
inception of orogenesis-controlled sedimentation. 
Cretaceous Research, 13, 487-504. 

MARRONI, M., MOLLI, G., PANDOLFI, L. & TAINI, A. 
1999. Foliated cataclasites at the base of the 
Antola unit (Italy): structural features and geologi- 
cal implications. Comptes Rendus de l'Acad~mie 
des Sciences, 329, 135-141. 

MARRONI, M., MOLLI, Q., OTTRIA, G. & PANDOLFI, 
L. 2001. Tectono-sedimentary evolution of the 
External Liguride units (Northern Apennines, 
Italy): insights in the pre-collisional history of a 
fossil ocean-continent transition zone. Geodina- 
mica Acta, 14, 307-320. 

MCIVER, R. D. 1982. Role of naturally occurring gas 
hydrates in sediment transport. AAPG Bulletin, 
66, 789-792. 

MEZZADRI, G. 1964. Petrografia delle 'Arenarie di 
Ostia'. Rendiconti Societgt Mineralogica Italiana, 
20, 193-220. 

MONTALTI, A, 1995. I1 Flysch dell'Elba: composizione 
principale e sedimentologia. Degree in Geological 
Sciences thesis, Universit~ degli Studi di Bologna. 

MUENTENER, O. & HERMAN, J. 2001. The role of lower 
crust and continental mantle during formation of 
non-volcanic passive margins: evidence from the 
Alps. In: WILSON, R. C. L., WHITMARSH, R. B., 
TAYLOR, B. & FROITZHEIM, N. (eds) Non-volcanic 
Rifting of Continental Margins. Geological Society, 
London, Special Publications, 187, 267-288. 

MUTTI, E., RICCI LUCCHI, F., SEGURET, M. & 
ZANZUCCHI, G. 1984. Seismoturbidites; a new 
group of resedimented deposits. Marine Geology, 
55, 103-116. 

MUTTI, E., DAVOLI, G., TINTERRI, R. & ZAVALA, C. 
1996. The importance of fluvio-deltaic systems 
dominated by catastrophic flooding in tectonically 
active basins. Memorie di Scienze Geologiche, 
48, 233-291. 

MUTTONI, G., GARZANTI, E., ALFONSI, L., CIRILLI, S. 
& GERMANI, D. 2001. Motion of Africa and Adria 
since the Permian: paleomagnetic and paleocli- 
matic constraints from northern Libya. Earth and 
Planetary Science Letters, 192, 159-174. 

NAGEL, T. J. & BUCK, W. R. 2004. Symmetric alterna- 
tive to asymmetric rifting models. Geology, 32, 
937-940. 

NEUBAUER, F., HOINKES, G., SASSI, F. P., HANDLER, 
R., HOCK, V., KOLLER, F. & FRANK, W. 1999. 
Pie-Alpine metamorphism of the Eastern Alps. 
Schweizerische Mineralogische und Petrogra- 
phische Mitteilungen, 79, 41-62. 



274 A. ARGNANI ET AL. 

NEUBAUER, F., GENSER, J. & HANDLER, R. 2000. The 
Eastern Alps: result of a two-stage collision 
process. Mitteilungen der Oesterreichischen 
Geologischen Gesellschafi, 92, 117-134. 

NEUGEBAUER, J., GREINER, B. & APPLE, E. 2001. 
Kinematics of the Alpine-West Carpathian 
orogen and palaeogeographic implications. 
Journal of the Geological Society, London, 158, 
97-110. 

NIELSEN, H. T. t% ABBATE, E. 1984. Submarine-fan 
facies associations of the Upper Cretaceous and 
Paleocene Gottero Sandstone, Ligurian 
Apennines, Italy. Geo-Marine Leners, 3, 193-197. 

NISBET, E. & PIPER, D. J. W. 1998. Giant submarine 
landslides. Nature, 392, 329-330. 

PANDOLFI, L. 1996. Le arenarie del M. Gottero nella 
sezione di punta Mesco (Campaniano sup.- 
Paleocene inf., Appennino settentrionale): analisi 
stratigrafica e petrografica della parte prossimale 
di un sistema torbiditico. Atti Sacietgz 
Toscana Scienze Naturali, Memorie, A, 103, 
197-208. 

PAULL, C. K, BUELOW, W. J., USSLER, W., |II & 
BOROWSKI, W. S. 1996. Increased continental- 
margin slumping frequency during sea-level 
lowstands above gas hydrate-bearing sediments. 
Geology, 24, 143-146. 

PEARCE, T. H. & JARVIS, I. 1992. Composition and 
provenance of turbidite sands, late Quaternary, 
Madeira abyssal plain. Marine Geology, 109, 
21-51. 

PETTIJOHN, F. J. 1957. Sedimentary Rocks, 2nd ed. 
Harper & Row, New York. 

PHIPPS MORGAN, J. • PARMENTIER, E. M. 1995. 
Crenulated seafloor: evidence for spreading-rate 
dependent structure of mantle upwelling 
and melting beneath a mid-oceanic spreading 
center. Earth and Planetary Science Letters, 129, 
73 -84. 

PICKERING, K. T., SOH, W. & TAIRA, A. 1991. Scale of 
tsunami-generated sedimentary structures in deep 
water. Journal of the Geological Society, London, 
148, 211-214. 

RIcc! LUCCHI, F. 1986. The Oligocene to Recent fore- 
land basins of the Northern Apennines. In: ALLEN, 
P. & HOMEWOOD, P. (eds) Foreland Basins. Inter- 
national Association of Sedimentologists, Special 
Publications, 8, 165-185. 

Rro, D. 1987. Eth ed osservazioni litostratigrafiche sul 
flysch di tipo 'alberese' dell'Appennino parmense. 
In: Riassunti del Convegno 'La geologia del 
Versante Padano dell'Appennino settentrionale'. 
STEM Mucchi Ed., Modena. 

RIO, D. & VILLA, G. 1987. On the age of the 'Salti del 
Diavolo' conglomerates and of the M. Cassio 
flysch 'basal complex' (Northern Apennines, 
Parma province). Giornale di Geologia, 49, 63-73. 

RIO, D., VILLA, G. & CANTADORI, M. 1983. Nanno- 
fossil dating of the Helminthoid Flysch Units in 
the Northern Apennines. Giornale di Geologia, 
45, 57-86. 

RODGERS, J. 1997. Exotic nappes in external parts of 
orogenic belts. American Journal of Science, 297, 
174-219. 

ROWAN, M. G. 1990. The Upper Cretaceous 
Helminthoid Flysch of the Northern Apennines 
and Maritime Alps: correlation and provenance. 
Ofioliti, 15, 305-326. 

RUFF, L. J. 2003. Some aspects of energy balance 
and tsunami generation by earthquakes and 
landslides. Pure and Applied Geophysics, 160, 
2155-2176. 

RUFF, L. & KANAMORI, H. 1983. Seismic coupling and 
uncoupling at subduction zones. Tectonophysics, 
99, 99-117. 

RUPKE, N. A. 1976. Large-scale slumping in a 
flysch basin, southwestern Pyrenees. Journal of 
the Geological Society, London, 132, 121-130. 

SAMES, C. W. 1967. Sui conglomerati medio-cretacei 
della geosinclinale emiliana e la loro importanza 
per la paleogeografia. Bollettino della Societ~ 
Geologica Italiana, 86, 49-59. 

SASSI, F. P., BORSI, S., DEE MORO, A., ZANFERRARI, A. 
t~ ZIRPOLI, G. 1978. Contributions to the geody- 
namic interpretations in the Eastern Alps. In: 
CLOSS, H., ROEDER, D. & SCHMIDT, K. (eds) Alps, 
Apennines, Hellenides. Schweitzerbart, Stuttgart, 
154-160. 

SCHOLLE, P. A. 1971. Sedimentology of fine-grained 
deep-water carbonate turbidites. Monte Antola 
Flysch (Upper Cretaceous). Northern Apennines, 
Italy. Geological Society of America Bulletin, 
82, 629-658. 

VAI, G. B. 1992. I1 segmento calabro-peloritano dell'oro- 
gene ercinico. Disaggregazione palinspastica. Bollet- 
tino della Societ~ Geologica ltaliana, 111, 109-129. 

VALLONI, R. & ZUFFA, G. G. 1984. Provenance 
changes for arenaceous formations of the northern 
Apennines, Italy. Geological Society of America 
Bulletin, 95, 1035-1039. 

VAN ANDEL, T. H. 1994. New Views on an Old Planet, 
a History of Global Change. Cambridge University 
Press, New York. 

VANOSSI, M., 1965. Studio sedimentologico del Flysch 
ad Elmintoidi della valle Argentina (Liguria occi- 
dentale). Atti dell' Istituto Geologico della Univer- 
sith di Pavia, 16, 36-71. 

VESCOVI, P., FORNACIARI, E., RIO, D. & VALLONI, R. 
1999. The Basal CompLex of the Helminthoid 
Monte Cassio Flysch: a key to the Eoalpine 
tectonics of the northern Apennines. 
Rivista Italiana Paleontologia e Stratigrafia, 105, 
101-128. 

WHITMARSH, R. B., MANATSCHAL, G. & 
MINSHULL, T. A. 2001. Evolution of magma-poor 
continental margins from rifting to seafloor spread- 
ing. Nature, 413, 150-154. 

WINKLER, W. 1996. The tectono-metamorphic evol- 
ution of the Cretaceous northern Adriatic margin 
as recorded by sedimentary series (western part 
of the Eastern Alps). Eclogae Geologicae Helve- 
tiae, 89, 527-551. 

WORTMANN, U., WEISSERT, H., FUNK, H. & HAUCK, J. 
2001. Alpine plate kinematics revisited: the Adria 
Problem. Tectonics, 20, 134-147. 

ZACCH1NO, G. W. M. 1994. ll Flysch dell'Elba: sedi- 
mentologia e minerali pesanti. Degree in Geologi- 
cal Sciences thesis, University of Bologna. 



NORTHERN APENNINE CARBONATE TURBIDITES 275 

ZAPPATERRA, E. 1994. Source-rock distribution model 
of the Periadriatic region. AAPG Bulletin, 78, 
333-354. 

ZmGLEg, P. A. 1990. Geological Atlas of Western and 
Central Europe. Shell International Petroleum 
Maatschappij, The Hague. 

ZUFFA, a. G. 1980. Hybrid arenites, their composition and 
classification. Journal of Sedimentary Petrology, 50, 
21-29. 

ZUFFA, a. G. 1987. Unravelling hinterland and offshore 
palaeogeography from deep-water arenites. In: 

LEG6ETT, J. K. & ZUFFA, G. G. (eds) Marine 
Clastic Sedimentology. Graham & Trotman, 
London, 39-61. 

ZUFFA, G. G., FONTANA, D., MORLOTTI, E., PREMOLI 
SILVA, I., SIGHINOLFI, G. P., STEFANI, C. & 
FONTANI, L. 2003. Anatomy of carbonate turbidite 
mega-beds (M. Cassio Formation, Upper Cretac- 
eous, northern Apennine, Italy). In: VALLONI, R. 
& BAStJ, A. (eds) Quantitative Provenance 
Studies in Italy. Memorie Descrittive della Carta 
Geologica d'Italia, 61, 129-144. 



The Argille Varicolori unit in Lucania (Italy): a record of tectonic 

offscraping and gravity sliding in the Mesozoic-Tertiary Lagonegro 

Basin, southern Apennines 

L. M A T T I O N I  1'2, E. T O N D I  3, P. S H I N E R  4, P. R E N D A  5, S. V I T A L E  6 & G. C E L L O  3 

llnstitut Franfais du Pdtrole, 4 Av. de Bois Preau, 92852 Rueil Malmaison, France 

2present address." Beicip Franlab, Rueil Malmaison, France (e-mail." luca.mattioni@beicip.fr) 

3Dipartimento di Scienze della Terra, Universitgt di Camerino, Via Gentile III da Varano, 62032 

Camerino, Italy 

4Shell Italia E&P, Via Due Macelli 66, 00187 Rome, Italy 

5Universit& di Palermo, Dipartimento di Geologia e Geodesia, Palermo 90133, Italy 

6Dipartimento di Scienze della Terra, Universitgt 'Federico H' di Napoli, Largo S. Marcellino 

10, 80138 Napoli, Italy 

Abstract: Detailed geological mapping and new stratigraphic and structural data collected in the 
Lucania area of the southern Apennines allowed us to assess the deformation history of I1 
Monte-Corleto Perticara zone, in the High Agri Valley (Lucanian Apennines, southern Italy) 
where red and green shales (known as Argille Varicolori or Argille scagliose) crop out. Our obser- 
vations suggest that: (1) 'chaotic' facies within the Argille Varicolori may be attributed to a broken 
formation generated by overthrusting of Apenninic Platform units onto already deformed Lagone- 
gro basin strata; (2) gravity sliding phenomena at the thrust front enhanced the development of 
debris flow and the emplacement of olistostromes at distances of up to tens of kilometres from 
the leading edge of the Apenninic Platform thrust; (3) the above processes probably ended in 
mid-Miocene time, as suggested by observed structural and stratigraphic relationships among 
accreted terranes and synorogenic deposits. The evolutionary model envisaged here could also 
be relevant in other active convergent zones, where seismic and drilling data are sparse, and in 
subaerial fossil margins where broken formations occur. 

M~langes and broken formations (tectonic 

m61anges with no exotic blocks; Cowan 1985) are 

a common constituent of many convergent 

margins and also occur in other tectonic settings 

such as foreland basins and strike-slip zones 

(Byrne 1984; Cowan 1985; Needham 1995; Harris 

et al. 1998). Because of their chaotic nature, it is 

often difficult to understand their internal geometry 

and genesis, and to reconstruct their evolutionary 

history (Needham 1995). Furthermore, the study 

of m61anges in active settings is particularly proble- 

matic because seismic images do not allow us to 

discriminate between mesoscale structures of 

different type and age. For this reason, convergent 

margins, even fossil ones, should be investigated 

in detail to unravel their progressive deformation 

history and to assess the different mechanisms of 

emplacement of offscraped and accreted sediments 

(e.g. Vannucchi & Bettelli 2002). 

In this paper, we focus on a sector of the 

southern Apennines of peninsular Italy where 

extremely tectonized varicoloured shaly sequences 

are extensively exposed. These terranes are known 

in the geological literature as Argille Varicolori 

or Argille scagliose unit (Ogniben 1969, and 

references therein); however,  in spite of their 

abundance, the interpretation of the relationships 

among the Argille Varicolori unit and other tecto- 

nostratigraphic units making up the southern 

Apennines has often been problematic. Because 

of this, various hypotheses have been put 

forward for the palaeogeographical  attribution 

and the evolutionary history of these terranes 

(see, e.g. Mostardini & Merlini 1986; Casero 

et al. 1988; Pescatore et al. 1988; Carbone et al. 
1991; Monaco & Tortorici 1995; Gallicchio 

et al. 1996; Monaco et al. 1998; Pescatore et al. 
1999; Lentini et al. 2002). In this study, we 

approach the problem by focusing on the geostruc- 

tural characteristics of the varicoloured shaly suc- 

cessions exposed in I1 Monte -Cor le to  Perticara 

zone, which is a key area where the geological,  

biostratigraphic and tectonic properties of the 

Argille Varicolori unit have been assessed. 

From: MORATTI, G. & CHALOUAN, A. (eds) 2006. Tectonics of the Western Mediterranean and North Africa. 
Geological Society, London, Special Publications, 262, 277-288. 
0305-8719/06/$15.00 �9 The Geological Society of London 2006. 
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Geological setting 

The Lucanian Apennines are part of the southern 
Apennine fold-and-thrust belt of mainland Italy, 
which, in turn, is a major tectonic element of the 

Africa-verging mountain system of the central 
Mediterranean (Fig. 1). This segment of the Apen- 
ninic chain was formed as a consequence of the 

convergent motion between the African and Euro- 
pean plates since the Late Cretaceous (Dewey 

et al. 1989). In the first stages of accretion, the 
tectonic wedge involved the Cretaceous to Palaeo- 
gene sedimentary cover and the underlying base- 
ment of the Neotethyan domain (Cello et  al. 1990; 

Monaco et al. 1998; Cello & Mazzoli 1999, and 
references therein). The tectonic units derived from 

these accretionary stages (e.g. the ophiolite-bearing 

Liguride units; Cello et  al. 1991, 1996) were sub- 
sequently emplaced onto the Afro-Adriatic continen- 
tal margin and then involved in the contractional 
deformation that affected the Mesozoic domains of 

the southern sectors of the continental margin from 
Miocene time. 

The understanding of the original Mesozoic 
palaeogeography of the southern Apennines rep- 
resents a key tool in any attempt to reconstruct the 

structure and geodynamic evolution of this sector 

of the peri-Mediten'anean area. Simple models 
(Ogniben 1969; Mostardini & Merlini 1986; Cello 
& Mazzoli, 1999, and references therein) that 
suggest the presence of a unique Meso-Cenozoic 

pelagic basin (the Lagonegro basin) interposed 

between two shallow-water carbonate platforms 
(known as the Apenninic, or Internal, and Apulian 
Platforms) are opposed to other, more complex, 

palaeotectonic restorations in which the pre-oro- 
genic palaeogeography of the Afro-Adriatic conti- 
nental margin is formed by a series of carbonate 
platforms alternating with deep basins (e.g. 

D'Argenio et  al. 1975; Sgrosso 1988). Furthermore, 

Marsella et  al. (1995) reviewed the palaeogeogra- 
phical and structural position of the Lagonegro 
basin and proposed that it may be placed west of 

the Campania-Lucania platform, hence joining 
the Neotethyan ocean, This interpretation, 
however, is not in agreement with the data of Pesca- 

tore et  al. (1999), which seem to corroborate the 
idea of a pre-orogenic position of the Lagonegro 

basin between two carbonate platforms. The 
present-day setting of the Lucanian Apennines is 
shown in Figure 2. As may be seen, the deepest tec- 

tonostratigraphic units consist of Mesozoic-Ter- 
tiary shallow-water carbonates stratigraphically 

overlain by upper Messinian and Pliocene terrige- 
nous marine deposits (see also Mostardini & 
Merlini 1986). The carbonate rocks are part of the 
so-called 'buried Apulian belt' (Cello et  al. 1989) 
and represent the reservoir for major oil-fields 

located in the area (e.g, Shiner et al. 2004, and 
references therein). Available subsurface data 

show that above these units there occurs a 
m~lange zone of several hundreds of metres thick- 
ness including overpressured sediments of 

Miocene-Early Pliocene age (Mazzoli et  al. 2001). 

Fig. 1. Geological sketch map of the southern Apennines. A-A', trace of the regional cross-section shown in 
Figure 2. Box shows location of the study area (Fig. 3). 
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Fig. 2. Detail of geological section across the southern Apennines in the Lucania region, modified after Mazzoli et al. 

(2000). 

As a whole, this deepest part of the Lucanian chain 

is separated from the upper portion of the thrust belt 
by a major d6collement, which carries, in its hanging 

wall, allochthonous units derived from the defor- 
mation of the Triassic to Palaeogene shallow-water 
carbonate platform and pelagic basin successions 

(Apenninic Platform and Lagonegro basin, respect- 
ively), as well as the stratigraphically overlying 

Neogene foredeep and thrust-top basin deposits 

(e.g. Mostardini & Merlini, 1986; Cello et  al. 

1989, 2000; Mazzoli et  al. 2001). Within the alloch- 
thon, a major thrust separates the Apenninic Plat- 
form units from the underlying Lagonegro basin 

units. It is noteworthy that the main structures invol- 
ving the Mesozoic Lagonegro basin unit are charac- 

terized by roughly north-south-trending buckle 
folds bounded on their eastern and western sides by 
(either emergent or blind) thrusts and backthrusts 

(Cello et al. 2000; Mazzoli et  al. 2001). These 'pop- 
up' and associated 'pop-down' structures are cut by 

the major thrust surface located at the base of the 
Apenninic Platform unit. In our opinion, this obser- 
vation has fundamental implications for defining the 

evolutionary model of the area, and therefore it will 
be discussed in detail in the following sections. 

The Argille Varicolori unit is exposed in the 

frontal zones of the southern Apennines and is 

mainly composed of Upper Cretaceous-Oligocene 
red and green shales, often extremely sheared. The 

various successions cropping out in the Lucanian 
Apennines are sometimes collectively termed the 

'Sicilide complex' (Ogniben 1969), and are associ- 
ated with similar units (terranes of 'Sicilide affinity' 
of Bonardi et  al. 1988) included in the so-called 

'Liguride complex' that crop out in the most internal 
sector of the southern Apennines (i.e. north of the 
Cilento peninsula). The strong convergence in lithol- 

ogy and age among these terranes has led to the pro- 

liferation of different interpretations concerning the 
palaeogeographical attribution and structural history 

of the Argille Varicolori unit. As a consequence, 
some palaeotectonic models suggest an internal 

origin (i.e. west of the Internal Platform) for the vari- 
coloured shaly successions of the 'Sicilide complex' 

(Lentini 1979; Carbone et  al. 1991; Lentini et  al. 

2002, and references therein; see also Cinque et  al. 

1993; Monaco et  al. 1998), whereas other palaeogeo- 

graphical reconstructions place these units in a more 
external position and suggest that they are part of 

the uppermost portion of the Lagonegro basin succes- 
sion (Mostardini & Merlin 1986; Casero et al. 1988; 
Pescatore et  al. 1988, 1999; Piedilato et al. 2000). In 

particular, based on the stratigraphic relationships 
between the varicoloured shales and the coeval depos- 

its attributed to the uppermost part of the Lagonegro 
basin succession (i.e. the 'Flysch Rosso' or Monte 
Malomo Fm; Scandone 1967), Pescatore et  al. 

(1988) suggested that the varicoloured shales 
exposed in the Lucanian Apennines should be 
placed in a palaeogeographical position occupying 

the central and deeper parts of the Lagonegro basin. 
This same conclusion was independently reached by 
Mostardini et  al. (1988), who performed geochemical 

and mineralogical analyses on cuttings from several 
deep wells drilled for hydrocarbon exploration. A 

clear affinity between varicoloured shales and under- 
lying Lagonegro basin sediments in the area of the 

present study is also shown by clay mineralogy data 
(Aldega et al. 2003). Further evidence supporting 
the hypothesis of an 'external' origin for the Argille 

Varicolori unit has been provided by Mostardini & 
Merlini (1986) and Casero et  al. (1988). Based on 

the interpretation of a large amount of subsurface 
data, those workers considered the Upper Cretaceous 

to Oligocene varicoloured shales as the detached 
uppermost part of the Lagonegro basin succession; 

they also suggested that the detachment of the Cretac- 
eous-Oligocene section from its Mesozoic substra- 

tum occurred during the early phases of contraction 
and basin inversion. 
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New geological data 

The study area is characterized by large exposures 

of deformed Lagonegro successions (Fig. 3) of 

Late Triassic to Early Cretaceous age. Based on 

stratigraphic and structural analysis, the Lagone- 

gro basin terranes cropping out in the study area 

have been included in the so-called Caldarosa 

unit (Mattioni 2001; Mazzoli et  al. 2001). This 

unit is characterized by a Mesozoic succession 

showing peculiar lithostratigraphic properties 

(mainly in terms of facies and thickness) with 

respect to nearby Lagonegro basin successions. 

Within the study area, the most ancient rocks of 

the Lagonegro basin unit consist of grey calcilu- 

rites with bands and nodules of chert (Calcari 

con Selce Formation, Upper Triassic; Scandone 

1967) grading upwards into a succession of radi- 

olarian cherts and siliceous argillites (Scisti 

silicei Formation, Jurassic; Scandone 1967). The 

latter are stratigraphically overlain by siliceous 

marls and shales (Galestri Formation, Lower 

Cretaceous; Scandone 1967). 

Detailed field mapping at a scale of 1:10 000 

allowed us to distinguish two facies within the 

Argille Varicolori unit exposed in I1 Monte- 

Corleto Perticara zone. They were recognized on 

the basis of their lithological characteristics and 

their internal deformation and structural position. 

We distinguished and mapped 'chaotic' facies, 

which are characterized by extremely tectonized 

rocks retaining little or no internal coherence, and 

'well-bedded' facies, which are well organized 

and display a coherent stratigraphy. The two facies 

occupy different stratigraphic positions within the 

Argille Varicolori unit. The 'well-bedded' facies gen- 

erally overlie the Lower Cretaceous Galestxi Fm of 

the Mesozoic Lagonegro basin successions. The 

contact between the two units can be observed south 

of M. Tangia (Lentini et al. 2002; Fig. 3) and in 

several other places in the surrounding areas; it is 

also clearly seen on available seismic lines. 

Fig. 3. Geological map of the study area. Location of the geological cross-sections of Figure 6 and of the stratigraphic 
log of Figure 7 is also shown. 
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Within the study area we did not detect any indi- 

cation that the above contact is tectonic in nature; 

hence, following Pescatore et al. (1988, 1999), we 

suggest that it is a stratigraphic contact and that 

the 'well-bedded' facies of the Argille Varicolori 

unit can be interpreted as the Upper Cretaceous to 

Oligocene part of the Lagonegro basin succession. 

From a lithological point of view, the 'well- 

bedded' facies consists of red, green and brown 

shales and marls (including centimetre-thick grey 

marly limestone beds), with local intercalations of 

red shales and marls with interbedded calcirudites, 

calcarenites, calcilutites, marly limestones and 

bedded cherts (similar to portions of the so-called 

Flysch Rosso) as well as the so-called Monte Sant'- 

Arcangelo member (Lentini et al. 2002). The latter 

comprises centimetre-thick whitish marly lime- 

stones alternating with grey, green and red shales 

containing greyish calcarenites and calcareous con- 

glomerates with subordinate graded sandstones and 

siltstones. 

The main structures affecting this portion of 

the Argille Varicolori unit are roughly north- 

south-trending folds ranging in size from a few 

metres to several tens of metres. These features 

may be seen at M. Malomo, where the succession 

is exposed in a broad north-south-trending anti- 

cline. The fabrics associated with these major struc- 

tures include a discontinuously developed slaty 
cleavage in the shaly lithologies, and both spaced 

pressure solution cleavage and extension fractures 

in the more competent units. Extension fractures 

consist mainly of tension gashes associated with 

bedding-parallel shear on fold limbs (related to flex- 

ural slip folding; Ramsay 1967) as well  as radial 

fractures in the outer arc of fold hinge zones 

(related to a component of tangential-longitudinal 

strain; Ramsay 1967). These features all suggest 

that folds originated by buckling (e.g. Ramsay 

1981). A dispersed bedding pattern is generally 

observed around major fold structures, which, 

however, maintain a general subcylindrical geome- 

try (Fig. 4). In the study area, the overall thickness 

of the 'well-bedded' facies reaches a maximum 

value of about 750 m. 

Unconformably overlying these successions, 

synorogenic siliciclastic deposits belonging to the 

Corleto Sandstones Fm occur (Fig. 3). These 

consist of up to 300 m thick turbidites of both sili- 

ciclastic (quartzo-feldspathic) and (subordinate) 

carbonate composition. Biostratigraphic analyses 

of samples collected in the Corleto Perticara area 

suggest a Late Oligocene-Early Miocene (Aquita- 

nian) age for this formation. 

The 'chaotic' facies of the Argille Varicolori unit 

systematically occurs on top of the Corleto Sand- 

stones Fin (Fig. 3). The 'chaotic' facies consists 

of a m61ange of pervasively deformed rocks 
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Fig. 4. Orientation data (lower-hemisphere, equal-area 
projection) of bedding in the Argille Varicolori unit. 
(a) Poles to bedding relative to the 'well-bedded' facies. 
(b) Poles to bedding relative to the 'chaotic' facies. 

showing a block-in-matrix fabric (Cowan 1985). 

The matrix is mainly represented by highly tecto- 

nized red and green shales with disrupted bedding 

within which competent blocks and fragments of 

various sizes and shapes occur. The latter consist 

of dismembered chert, limestone and rare sandstone 
beds, as well as blocks of whitish marly limestones, 

greyish calcarenites (locally containing Nummulites 

and Lepidocyclina) and calcareous microconglome- 

rates alternating with grey, green and red shales 

(Fig. 5a and b). The 'chaotic' facies also includes 

very large blocks (up to tens of metres in size) of 

shallow-water limestones (refer to the geological 
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(a) 

Mio: Syn-orogenic successions 
AP: Apenninic Platform unit 
AVch: Argille Varicolori unit, 'chaotic' facies 

-~ .  _.s Unconformable stratigraphic contact 

Highty dipping tectonic contact between 
)"-- "r'- the Apenninic Platform unit and the Argille 

Varicolori unit, 'chaotic' facies 

(b) (c) 

Fig. 5. (a) View of the contact (dashed line) between the 'chaotic' facies of the Argille Varicolori unit (AVch) and the 
carbonate rocks of the Apenninic Platform unit. The contact is marked by a very steep, NW-SE-trending surface (see 
text for explanation). (b) The 'chaotic' facies of the Argille Varicolori unit in the study area. Arrows indicate coherent 
blocks included within a red and green highly tectonized shaly matrix. (e) Detail of debris flow within the 'chaotic' 
facies of the Argille Varicolori unit. 

map of Fig. 3), locally containing rudists. Biostrati- 

graphic data from rock samples cut from these 

blocks indicate a general Late Cretaceous age 

(A. Mancinelli, pers. comm.). The contact 

between the 'chaotic' facies of the Argille Varico- 

lori unit and the carbonates of the Apenninic Plat- 

form unit, as shown in Figure 5c and in cross- 

section B - B '  of Figure 6, is of tectonic origin, It 

consists of a NW-SE-or iented ,  NE-dipping steep 

surface where extremely tectonized red shales are 

crushed against carbonate rocks of the Apennine 

Platform unit. This contact is part of the leading 

edge of a regional thrust extending from Montetto 

to the NW (see Fig. 3) to San Martino d'Agri to 

the SE, a few kilometres outside the study area 

(see Carbone et  al. 1991), and can be observed at 

II Monte area (Fig. 5c) where the strongly recrystal- 

lized rudstones of Late Cretaceous age are involved 

in a hanging-wall anticline (Cello et  al. 2002). 

Along the contact, several blocks of carbonate 

rocks, ranging in size from a few decimetres to 

tens of metres, are included within the 'chaotic'  

facies of the Argille Varicolori unit; these have 

been interpreted as olistoliths derived from carbon- 

ates of the nearby Apenninic Platform unit. 

The thickness of the 'chaotic' facies is difficult to 

assess; however, stratimetric considerations suggest 

an average thickness of 350-400  m. Furthermore, 

from the map of Figure 3, one may observe that 

the 'chaotic'  facies extends in outcrop regularly 

from the contact with the leading edge of the Apen- 

ninic Platform unit (i.e. at I1 Monte) to the Lauren- 

zana and Corleto Perticara areas. 

The relationships between the 'well-bedded' and 

'chaotic' facies of the Argille Varicoiori unit can be 

observed at several locations within the study area; 

east of the village of Corleto Perticara, for example, 

a SW-vergent overturned anticline involving 

the Monte Sant 'Arcangelo member (belonging to 

the 'well-bedded' facies) is bounded to the SW by 

a back-thrust (see the cross-section C - C '  of 

Fig. 6). Field observations indicate that along the 

gently NE-dipping normal limb, the marly lime- 

stones of the Monte Sant 'Arcangelo member are 

involved in parasitic folds, of several metres 

wavelength, and are stratigraphically overlain by 
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Fig. 6. Geological sections across the study area; locations are shown in Figure 3. 

the arenaceous-pelitic turbidite beds of the Corleto 
Sandstones Formation, which, in turn, are overlain 
by the 'chaotic' facies (Fig. 7). A further example 
occurs near the village of Corleto Perticara, where 

red and green marls (including centimetre-thick 

grey marly limestone beds) belonging to the 
'well-bedded' facies of the ArgiUe Varicolori unit 
are stratigraphically overlain by quartzo-feldspathic 

sandstones and pelitic levels belonging to the 
Corleto Sandstones Fm. The latter, in turn, are over- 
lain by 'chaotic' facies, the contact being well 

exposed at Tempa S. Mafia (Fig. 3). 
Both the 'well-bedded' and 'chaotic' facies of the 

Argille Varicolori unit are sometimes unconform- 
ably overlain by the Langhian-lower Tortonian 

Gorgoglione Fm (Pescatore 1988) (Figs 3 and 6). 

This consists of turbiditic, arenaceous (of litho-are- 
nitic and arkosic composition) and pelitic beds, 

which are thought to represent the terrigenous evol- 
ution of the Burdigalian-Langhian Albidona Fm 

(Pescatore 1988; Fig. 3). In detail, the stratigraphic 

contact above is well exposed at Serra Dievolo 
(Fig. 3), where the Gorgoglione Fm rests uncon- 

formably on red, green and brown shales, and 
marls belonging to the 'well-bedded' facies of the 
Argille Varicolori unit. North of I1 Monte (Fig. 3), 

highly tectonized red and green shales including 
several blocks of carbonate rocks are overlain by are- 
naceous and pelitic strata of the Gorgoglione Fm. 

To the NE of the village of Corleto Perticara, 
several roughly NW-SE-trending thrusts and back- 

thrusts cut through rocks belonging to both the 
'chaotic' and 'well-bedded' facies. These structures 

superimpose the latter onto the Gorgoglione 
Formation, hence producing inversion of the orig- 
inal stratigraphic relationships. Furthermore, the 
activation of these younger features introduces a 

systematic dispersion in the bedding attitude of 
the Mesozoic-Oligocene Lagonegro terranes, as it 
can be observed from the stereographic projections 

of Figure 4b. 
Following this late thrusting episode, the study 

area was affected by strike-slip tectonics; this 
event is well documented by the occurrence of a 
regional roughly WNW-ESE-trending sinistral 

fault known as the Scuorciabuoi Fault (Bonini & 
Sani 2000, and references therein). 

Discussion and conclusions 

The Argille Varicolori unit cropping out at I1 
Monte-Corleto Perticara area was investigated in 
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Argille Varicolori unit, 'chaotic' facies: 
red, green and grey shales,  inc luding 
dismembered chert, limestones and rare 
sands tone  beds, as wel l  as b locks of 
variable size of whitish marly limestones, 
grey ish ca lcaren i tes  and ca lcareous 
microconglomerates. 

Corleto Sandstones Fro: sandstones of 
quartzo-feldspathic composition, alternating 
with grey marls and thin levels of white 
marly imestones. 

Monte Sant' Arcangelo member (Argille 
Varicolori unit, 'well-bedded' facies): marly 
limestones alternating with grey, green and 
red shaled containing greyish calcarenites 
and calcareous conglomerates, with 
subordinate sandstones and siltstones, 

Fig. 7. Stratigraphic log showing the relationships between 'well-bedded' and "chaotic' facies of the Argille 
Varicolori unit and the Upper Oligocene-Lower Miocene Corleto Sandstones Fin at Fosso Cupo. Location of the log is 
shown in Figure 3. 

detail to assess its stratigraphic characteristics and 

structural position. The results of our analysis 

show that the Argille Varicolori unit includes 

two rock facies. The first facies consists of a 
"well-bedded' succession (including the Monte 

Sant'Arcangelo member, as well as intercalations 

similar to the so-called 'Flysch Rosso'), which 

lies stratigraphically over Mesozoic Lagonegro 

basin strata, whereas the second facies is character- 

ized by a chaotic succession resting in tectonic 

contact above the Corleto Sandstones Fm (Upper 

Oligocene-Aquitanian). The timing of emplace- 

ment of the 'chaotic' facies is clearly constrained 

by the position of the underlying Corleto Sand- 

stones Fm, and hence an Early Miocene age for 

their emplacement is suggested. 

The 'well-bedded' facies of the Argille Varicolori 

unit are involved in a series of roughly north-south- 

trending buckle folds ranging in size from a few 

metres to several tens of metres (Cello et  al. 2000; 

Mazzoli et  al. 2001). These folds show trends and 

structural fabrics that are similar to those affecting 

the Triassic-Lower Cretaceous section of the Lago- 

negro basin succession (Mazzoli et al. 2001). This 

suggests that these features developed during an 

early deformation phase that affected the Lagonegro 

basin succession. 

The 'chaotic' facies consists of a broken 

formation of mixed tectonic and sedimentary 

origin. Compositional data from different portions 

of this 'chaotic' body reflect the lithological vari- 

ations existing within the underlying 'well- 

bedded' facies, whereas the nature and age of the 

largest blocks of shallow-water limestones 

embedded within the chaotic matrix suggest that 

one can rule out the possibility that they represent 

outliers of the Apenninic Platform thrust sheet; 

rather, they can be best interpreted as olistoliths 

deposited in the Argiile Varicolori basin from tbe 

nearby carbonates of the Apenninic Platform unit. 

The possible steps in the deformation history of 

the study area are depicted schematically in 

Figure 8. During late Oligocene-Early Miocene 

times, the Lagonegro successions underwent early 
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Mio: Syn-orogenic successions 
(Burdigalian-Tortonian) 
AP: Apenninic Platform unit 
(J urassic-Cretaceous) 
AVch: Argille Varicolori unit, 'chaotic' facies 
(Cretaceous-Oligocene) 

CS: Corleto Sandstones Fm. 
(Upper Oligocene-Lower Miocene) 
AVb: Argille Varicolori unit, 'well-bedded' facies 
(Cretaceous-Oligocene) 
Gal: Galestri Fm(Lower Cretaceous) 
ScS: Scisti silicei Fm (Jurassic) 

Fig. 8. Schematic reconstruction of the Late Oligocene-Mid-Miocene evolution of the study area. (a) During Late 
Oligocene times, the area was affected by the development of a series of north-south-trending folds involving the 

Mesozoic to Oligocene Lagonegro basin succession. (b) The emplacement of the Apenninic Platform unit onto the 

Lagonegro unit produced extensive offscraping of Lagonegro strata and the development of a tectonic mrlange in the 

frontal zone of the leading edge of the Apenninic Platform thrust sheet. (c) The accretion of the tectonic mdlange was 

accompanied by gravity sliding phenomena responsible for the activation of large debris flows and the emplacement of 

olistostromes at great distances from the leading edge of the Apenninic Platform thrust sheet. The deposition of the 

synorogenic successions of Miocene age (Albidona and Gorgoglione Formations) finally seals both the tectonic 
mrlange and the carbonates of the Apenninic Platform unit, as well as the Lagonegro Basin unit, by means of a regional 

unconformable contact. 
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contraction and were deformed mostly by roughly 

north-south-trending buckle folds (Mazzoli etal.  

2001; Fig. 8a). Gravity sliding affecting the Cretac- 

eous-Tertiary, dominantly pelitic, part of the 

Lagonegro basin successions started to occur at 

this stage. Following this contractional episode, 

the thrust emplacement of the Apenninic Platform 

unit over Lagonegro basin units occurred. 

Relative chronological constraints for this thrusting 

episode are given by consistent observations indi- 

cating that the main thrust surface clearly truncates 

pre-existing folds within the underlying Lagonegro 

basin unit. This is emphasized by the occurrence of 

tectonic contacts cutting across different strati- 

graphic levels of the Lagonegro basin succession, 

and by the presence of a tectonic wedge made of 

offscraped material, resulting from the disruption 

of the Lagonegro terranes, and of olistoliths 

derived from gravity-induced sliding phenomena 

(Fig. 8b). 
During the accretionary process, the tectonic 

wedge was probably characterized by a water-mud 

mixture with low values of internal cohesion and 

great internal instability. This may have enhanced 

the development of further gravity sliding phenom- 

ena, the activation of large debris flows, and the 

emplacement of olistostromes at great distances 

from the leading edge of the Apenninic Platform 

thrust. The emplacement of the 'chaotic' facies prob- 

ably ended in mid-Miocene time, as suggested by the 

observation that they underlie the terrigenous deposits 

of the Gorgoglione Fm (Fig. 8c). 

Further deformation, leading to variable degrees 

of modification, distortion and truncation of the 

main structural features described above, was 

associated with: (i) the development of late ('out- 

of-sequence') thrusts and back-thrusts, and 

(ii) the activation of the WNW-ESE-trending 

Scuorciabuoi Fault. 
In conclusion, we suggest that: 

(1) The 'chaotic' facies of the Argille 

Varicolori unit represents a mixed sedimentary and 

tectonic mdlange derived from the detachment, dis- 

ruption and redeposition of material belonging to 

the underlying, already deformed, Upper Cretac- 

eous-Oligocene Lagonegro basin successions. 

(2) The development of the 'chaotic' facies 

within the Argille Varicolori unit occurred in the 

frontal zones of the leading edge of the Apenninic 

Platform thrust. According to this interpretation, 

the Apenninic Plattbrm unit acted as a moving bull- 

dozer during its tectonic emplacement. 

(3) The basal d6collement developed within the 

mainly shaly and marly Cretaceous-Oligocene 

portion of the Lagonegro basin succession, which rep- 

resents the most incompetent part of the Mesozoic- 

Palaeogene Lagonegro multilayer. 

(4) A major controlling factor that may have 

enhanced the emplacement of the 'chaotic' facies 

might have been the occurrence of high fluid pressures 

(Cello & Nur 1988), which are expected to develop 

within deforming undercompacted sediments. 

The authors are indebted to S. Mazzoli for the constructive 
discussions during the preparation of the manuscript, and 
to T. Pescatore and C. Sanz de Galdeano for valuable com- 
ments and suggestions during the review process. 
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Abstract: This paper describes a new tectonosedimentary model for the evolution of the Plio- 
Quaternary Sant'Arcangelo Basin, located in the Southern Apennines of Italy. To this purpose, 
we carried out a new field survey of the basin fill, closely integrating stratigraphy, facies analysis, 
and structural and tectonic analyses. The geological map at 1:50 000 scale of the whole basin is the 
first result of this work. We present a new stratigraphic framework for the Sant'Arcangelo Basin 
succession, which has been subdivided into five major stratigraphic groups, classified as synthems, 
following the recognition of major basin-wide unconformities. The synthems include smaller- 
scale stratigraphic units, which are classified as depositional sequences or sub-synthems. These 
sub-units are composed of different lithofacies assemblages recording cyclic activation of 
fluvial, deltaic, shallow marine and lacustrine environments throughout the evolution of the 
basin. Integration of facies analysis and tectonic data led to the definition of a series of palaeogeo- 
graphical sketches, encompassing the Piacenzian and late Pleistocene, which mark the main steps 
in the evolution of the Sant'Arcangelo Basin. Basin-scale hinterland-verging thrust faults and 
folds controlled the development of sub-basins and the progressive isolation of the Sant'Arcangelo 
Basin from the Ionian foredeep. The new model presented here defines the Sant'Arcangelo Basin 
as a triangular-shaped basin, bounded by oppositely verging thrusts. The hinterland-verging Val- 
sinni thrust anticline limited its eastern margin and exerted a major control on the basin evolution. 

The Mid-Pliocene-Pleis tocene Sant 'Arcangelo 

Basin (SAB, c. 1300 km 2) is located in the Southern 

Apennines of mainland Italy (Fig. 1). The SAB is 

one of the largest basins of the Apennines, and its 

occurrence at the rear of the leading edge of the 

chain implies a complex stratigraphic and tectonic 

control; this also makes the basin a key area for 

unravelling the regional deformation history of 

this sector of the Southern Apennines during Plio- 

Pleistocene times. 

For the above reasons, we carried out a new 

detailed field mapping of the whole basin area, to 

integrate the available information (i.e. Carta Geo- 

logica d'Italia 1968, 1970, at 1:100000 scale, 

Sheet 200 Tricarico and Sheet 211 S. Arcangelo). 

Because of the dynamic context in which the 

basin developed, our approach focused on the 

close integration of stratigraphy, facies, and struc- 

tural and tectonic analyses. The stratigraphic 

approach was devoted to the distinction of uncon- 

formity bounded stratigraphic units, lithofacies 

analysis and sedimentary succession interpretation. 

At the same time we also identified the major active 

structures both at the basin margins and within the 

basin, which may have controlled the deposition 

and geometry of the whole basin. Although this 

approach may constitute a powerful tool to 

unravel evolutionary stages of the chain, the 

cultural separation between stratigraphic and struc- 

tural researchers has prevented fully integrated 

studies. In this sense the map (see inside back 

cover of the volume) may also demonstrate the 

reliability and the advantages of this integration. 

The Sant 'Arcangelo basin is relevant also 

because it is part of a sector of the Southern Apen- 

nines where some of the most important onshore 

oil-fields of Europe occur (Costa Molina, Monte 

Alpi, Cerro Falcone; Mostardini & Merlini 1986; 

Sella et al. 1988; D 'Andrea  et al. 1993; Lentini 

et al. 1996; Pieri 2001; Casero 2004). The oil- 

fields are located in the chain to the west of the 

SAB, and exploit oil from the buried Apulian carbo- 

nates below the Apennines thrust pile (Cello et al. 

1989; Pieri 2001; Casero 2004). To the east of the 

basin minor gas-fields exploiting the Pliocene fore- 

deep sediments are located at the leading edge of 

the chain (Casero 2004). 

This paper proposes a new scenario for the basin' s 

development and, as shown in the map, indicates 

the major structures active during sedimentation, 

providing new useful insights for oil exploration. 

Structural framework 

The Southern Apennines fold-and-thrust belt has 

been developing since the late Palaeogene through 

From: MORATTI, G. & CHALOUAN, A. (eds) 2006. Tectonics of the Western Mediterranean and North Africa. 
Geological Society, London, Special Publications, 262, 289-322. 
0305-8719/06/$15.00 @) The Geological Society of London 2006. 
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Fig. 1. Schematic geological-structural map of the Sant'Arcangelo Basin and adjoining areas of the Southern 
Apennines. 

several tectonic phases in a geodynamic framework 

dominated by the subduction of the Ionian litho- 
sphere beneath the Adriatic Plate (Malinverno & 

Ryan 1986; Royden et al. 1987; Patacca et al. 

1990; Doglioni et al. 1994; Finetti et  al. 1996; 

Cello & Mazzoli 1998). 
Along the subduction margin, a stack of east- 

verging tectonic units forming an accretionary 
wedge made of Meso-Cenozoic sediments 
(Knott 1987) has been referred to different 

domains, ranging between basinal (Lagonegro) 

and shallow-water platform. These domains 

thrust onto the Apulian foreland to the east (Scan- 

done 1967, 1975; Ogniben 1969a; D'Argenio et  al. 

1973, 1975; Pescatore & Slaczka 1984; Mostardini 
& Merlini 1986; Casero et  al. 1988; Route et  al. 

1991; Hippolyte et al. 1994a; Cello et al. 2000; 

Mazzoli et al. 2001). The Lagonegro basin is gen- 
erally believed to have developed between two 

shallow-water carbonate platforms, the Apulian 
Platform to the east and the Panormide (or 
Western) Platform to the west (Mostardini & 
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Merlini 1986) although its original position is still 
debated (see discussion by Marsella et  al. 1995). 
The Panormide Platform units thrust onto the 
Lagonegro units, and both are tectonically super- 
imposed onto the Apulian units. Another important 
tectonic unit is the 'Sicilide Complex' (Ogniben 
1969a), exposed throughout the Southern Apen- 
nines and recording most of the tectonic phases 
of the thrust belt (Lentini 1979; Cello et  al. 

1990; Carbone et  al. 1991; Mattioni et  al. 2006). 
In the southern sectors of the study area, different 
tectonic units belonging to the Liguride Complex 
(Ogniben 1969a) crop out. They are interpreted 
as the remnant of an accretionary wedge tied to 
the subduction of the Tethys oceanic crust (Knott 
1987). These units are both metamorphic (Frido 
Unit) and non-metamorphic (Calabro Lucano 
Flysch and Saraceno and Albidona Formations) 
and experienced a complex structural history 
(Monaco et  al. 1995). 

The Southern Apennines fold-and-thrust belt 
developed at the same time as the Tyrrhenian 
basin opening, which is mostly related to back-arc 
extension (Boccaletti & Guazzone 1974; Scandone 
1975, 1979; Malinverno & Ryan 1986; Royden 
et  al. 1987; Ben Avraham et  al. 1990; Boccaletti 
et  al. 1990; Patacca et al. 1990; Roure et al. 1991; 
Hippolyte et  al. 1995). The normal faults affecting 
the internal side of the fold-and-thrust belt are com- 
monly tied to this extensional regime, which strictly 
followed the progressive eastward migration of the 
compressive front toward the Apulian foreland. 
Thrust-top basins, associated with the thrust 
system migrating toward the Apulian foreland, pro- 
gressively developed from Miocene time (Casnedi 
et  al. 1982; Pescatore 1988; Boccaletti et al. 

1990; Patacca et  al. 1990; Roure et  al. 1991; 
Cello & Mazzoli 1998). Sedimentation continued 
at the leading edge of the chain in the Bradanic fore- 
deep. The Plio-Pleistocene marine thrust-top basins 
in the internal domain of the accreted tectonic 
wedge include the Ofanto, Potenza, Anzi-Calvello 
and Sant'Arcangelo basins (Vezzani 1967a; 
Patacca et al. 1990; Hippolyte et al. 1994a; Pieri 
et al. 1994; Patacca & Scandone 2001). From 
Early Pliocene time the Apulian Platform was 
involved in thrusting and gave rise to a duplex geo- 
metry constituting the buried Apulian Belt (Cello 
et  al. 1989, 1990; Lentini et  al. 1990, 2002; Roure 
et  al. 1991; Catalano et al. 1993). This mode of 
accretion, at depth, transferred part of the defor- 
mation to the overlying Apennine chain, causing 
the development of out-of-sequence thrusting and 
the generation of syntectonic piggyback basins 
(Roure et  al. 1991). 

According to most workers, the latest Mid- to 
Late Pleistocene tectonic phases of the Southern 
Apennines result from strike-slip movements 

related to the SE shift of the Calabrian arc (Catalano 
et al. 1993, 2004; Monaco et  al. 1998, 2001; 
Menardi Noguera & Rea 2000; Van Dijk et  al. 

2000; Cello et al. 2003). This causes an oblique 
convergence that is also accommodated by relevant 
block rotations (Sagnotti 1992; Scheepers et al. 

1993; Mattei et  al. 2004). 

Previous interpretations of the 

Sant'Arcangelo Basin 

Recently, several studies have investigated the Plio- 
Pleistocene Sant'Arcangelo Basin. At present, this 
basin is limited to the east by the Valsinni- 
Nocara ridge, and its northern border is affected 
by the Scorciabuoi Fault (Fig. 1). Both the stratigra- 
phy of the basin sequence and the origin of the 
basin itself have been analysed and different 
interpretations have been proposed (Vezzani 
1967a; Lentini 1979; Caldara et al. 1988; Casero 
et al. 1988; Turco et al. 1990; Catalano et  al. 

1993; Hippolyte et  al. 1994a,b, 1995; Pieri 
et  al. 1994; Zavala & Mutti 1996; Zavala 2000; 
Giannandrea & Loiacono 2003). 

A first synthesis of the SAB evolution was given 
by Vezzani (1967a). On the basis of the available 
deep wells for hydrocarbon research, Vezzani con- 
sidered the upper Pliocene-Pleistocene succession 
of the basin as continuous with that of the external 
foredeep basin (Bradanic trough). The lowermost 
Lower to Middle Pliocene portion was instead con- 
sidered semi-autochthonous, because in several 
wells it was found to rest on a pile of Apenninic 
thrust sheets (Vezzani 1967a). 

More recently, the SAB has been interpreted as a 
thrust-top basin in a dominantly eastward thrust 
propagation (Caldara et  al. 1988; Casero et  al. 

1988; Hippolyte et  al. 1991, 1994a; Roure et  al. 

1991; Pieri et  al. 1994; Monaco et  al. 1998, 2001; 
Patacca & Scandone 2001; Calabr6 et  al. 2002; 
Catalano et  al. 2004). 

An alternative hypothesis was proposed by Turco 
et al. (1990), who interpreted the SAB, as well as 
other adjoining basins, as a pull-apart basin con- 
nected to roughly NW-SE-trending sinistral 
strike-slip fault systems in the frame of the recent 
evolution of the entire Southern Apennines. The 
role of strike-slip tectonics in controlling basin 
deformation in Pleistocene times (i.e. after basin 
formation) has been also highlighted by other 
researchers, who interpreted the strike-slip faulting 
in relation to the latest evolutionary phases affect- 
ing the whole chain (Catalano et  al. 1993, 2004; 
Monaco et  al. 1998, 2001). 

In a different model, Cippitelli (1997) and 
Merlini & Cippitelli (2001) related the uplift of 
the Valsinni-Nocara (or Rotondella) ridge to a 
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basic magmatic intrusion or a mantle bulge. 
Calabr6 et al. (2002), instead, highlighted the 
important role of back-thrusting in lifting this ridge. 

The sedimentary succession deposited within the 
SAB unconformably oversteps a substratum com- 
posed of the most important units constituting the 
Southern Apennines (Fig. 1). On the basis of field- 
work or interpretation of seismic lines different esti- 
mations were proposed for the maximum thickness 
of the SAB sedimentary fill, between 3000 and 
5000 m (Vezzani 1967a; Mostardini & Merlini 
1986; Casero et al. 1988; Hippolyte et al. 1994a; 
Pieri et al. 1996; Van Dijk et al. 2000; Merlini & 
Cippitelli 2001; Patacca & Scandone 2001; 
Calabr6 et al. 2002; Catalano et al. 2004). The 
direction of migration of the SAB depocentre is 
also still debated: either NE (Caldara et al. 1988; 
Pieri et al. 1994) or SW (Hippolyte et al. 1994a; 
Patacca & Scandone 2001; Calabr6 et al. 2002) 
directions have been proposed. 

The stratigraphic setting from 

previous studies 

Major developments in the stratigraphic subdivision 
of the Plio-Pleistocene SAB succession were sig- 
nificantly stimulated by geological mapping 
(Table 1). In the 1960s the work on the second 
edition of the Geological Map of Italy, at a scale 
of 1 : 100 000, gave new impetus to the stratigraphic 
analysis of this basin. In particular, Vezzani 
(1966a,b, 1967a,b) proposed a detailed lithostra- 
tigraphic subdivision of the deposits, recognizing 
for the first time a cyclothemic organization of the 
succession, The 'clays' and 'sands' established in 
the early geological maps (Crema et al. 1908) 
were subdivided into lithostratigraphically different 
shallow marine and coastal deposits. Furthermore, 
different gravelly units, not indicated before but 
magnificently exposed in the basin, were included 
in the new schemes and maps. Biostratigraphic cali- 
bration of marine units allowed a better chronologi- 
cal assessment of the SAB succession. Vezzani's 
results were largely included in the second edition 
of sheet 211, S. Arcange lo  (Carta Geologica 
d'Italia 1970; see also Ogniben 1969b). 

Vezzani's stratigraphy depicts two major trans- 
gressive-regressive sedimentary cycles, the first 
in Early to Mid-Pliocene time (i.e. the Caliandro 
cycle in Table 1) and the second in Late Pliocene 
to Early Pleistocene time. The succession is then 
characterized by fully terrestrial deposits indicating 
isolation of the basin from marine influence since 
the Mid-Pleistocene time. In its overall significance 
this conceptual scheme is still a valid reference for 
interpreting the sedimentary dynamics of the SAB. 
Nevertheless, successive stratigraphic revisions 

introduced further details in terms of different stra- 
tigraphic subdivisions including deposits not recog- 
nized before. The most significant stratigraphic 
schemes developed by various workers in recent 
decades are summarized and compared in Table 1. 
Major differences among these schemes and 
Vezzani' s stratigraphy are indicated by: 
(1) increased reference to the cyclothemic architec- 
ture of the Plio-Quaternary succession, expressed 
by cyclic lithological and facies changes as well as 
by prominent unconformities, and illustrated by i~ffor- 
real terms such as 'cycle' (Carbone et al. 1991; Pieri 
el al. 1994), 'group' (Zavala 2000; Carbone et al. 

2005) or 'sequence' (Pieri et  al. 1996), or by formal 
terms such as 'synthem' (Patacca & Scandone 2001; 
see also Giannandrea & Loiacono 2003 for the 
southern SAB) and 'allogroup' (Zavala & Mutti 
1996); (2) attempts to better understand the deposi- 
tional characters of the newly established units 
based on facies analysis (Pieri et al. 1994; Zavala & 
Mutti 1996; Zavala 2000; Patacca & Scandone 
2001); (3) the recognition of thick fluvio-lacustrine 
deposits in the northern SAB (Pieri et al. 1994; 
Zavala & Mutti 1996; Zavala 2000; Patacca & 
Scandone 2001; Carbone et al. 2005) that were 
missed in previous studies. 

Following the chronostratigraphic caIibration by 
Lentini and Vezzani (Lentini 1967, 1968, 1969a,b; 
Vezzani 1966, 1967a,b, 1968) significant revision 
of the biostratigraphy of the marine deposits was 
carried out in the last 10 years (Figs 2 and 3). 
Consistent data were provided by Marino (1994, 
1996) for the northern SAB and by Di Stefano 
et al. (2002) for the southern SAB to calibrate the 
age of two sheffal muddy units marking the major 
marine incursions in the SAB. The 'marly clay' of 
the Caliandro Cycle (Pieri et al. 1994) and the 
'blue marly clay' of the Caliandro Group (Carbone 
et al. 2005) date back to the Piacenzian-Gelasian 
(Figs 2 and 3). The 'silty clay' of the Agri and 
Sauro cycles (Pieri et al. 1994) and the 'grey-blue 
marly clay' of the S. Arcangelo Group (Carbone 
et al. 2005) are referred to the Gelasian-eafly Pleis- 
tocene (Figs 2 and 3). A similar calibration has been 
provided, for the same marine mudstones (Table 1), 
by Patacca & Scandone (2001) and Guerrera & 
Coccioni (1984), the latter referring specifically to 
biostratigraphic dating of mudstones and interven- 
ing siliceous deposits exposed on the eastern 
margin of the basin (Figs 2 and 3). 

The chronological calibration of the Quaternary 
terrestrial deposits is more problematic, with the 
exception of the fiuvio-lacustrine deposits first 
documented by Caldara et al. (1988) in the northern 
SAB. These deposits contain tephra layers and 
vertebrate remains that allow some chronological 
considerations. A tephra in the upper part of 
the lacustrine deposits yielded a K/Ar age of 
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Fig. 2. Simplified geological map of the Sant'Arcangelo Basin showing the location of the biostratigraphic sections. 
Sources of dating: Rifreddo micromammal fauna (Masini et al. 2005); S. Lorenzo tephra (Caggianelli et al. 1992); 
RAC, TS and SGL biostratigraphic sections (Marino 1994); SP, SB, PS biostratigraphic sections (Marino 1996); FPVS, 
CSS, MOS, VSS, MPSa, MPSb, ALS biostratigraphic sections (Di Stefano et al. 2002); CAN biostratigraphic section 
(Guerrera & Coccioni 1984); biostratigraphic samples on diatomaceous mud (lithofacies Ce) are indicated by asterisks 
(this paper). 

1.1 + 0.3 Ma (Caggianelli e t  al. 1992) whereas a 

micromammal fauna sampled on strata above the 

dated tephra biochronologically points to an early 

mid-Pleistocene age (Masini e t  al. 2005; Sabato 

e t  al. 2005; Figs 2 and 3). Recent magnetostrati- 
graphic analyses on this lacustrine succession 

(Sabato et  al. 2005) apparently confirm the time 

span including the latest early and the earliest 

mid-Pleistocene. 

This published dataset is integrated and discussed 

later within the stratigraphic framework proposed in 

this paper. 
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Fig. 3. Chrono- and biostratigraphic calibration of the units defined in this study based on biostratigraphic dataset 
available in the literature and on biostratigraphic analysis performed in this study on lithofacies Ce. Location and 
sources of data are given in Figure 2 with the exception of data from Patacca & Scandone (2001) (hatched bars). 
Biostratigraphic scale sources: 1, Cita (1975 emended); 2, Colalongo & Sartori (1979); 3, Colalongo et  al. (1982); 4, 
Martini (1971); 5, Rio et al. (1990); 6, Barron (1985) and Baldauf & lwai (1995). 

A New Stratigraphic Framework for 
the Sant'Areangelo Basin 

Methods of stratigraphie subdivision 

The final aim of this study, largely based on field 
mapping, is to exploit the surface geology to define 

a new tectonosedimental T model for the plio-Qua- 

ternary basin evolution. The map at 1:50 000 scale 
of the whole basin is therefore a fundamental docu- 
ment to illustrate the model presented. 

Lithofacies analysis and correlation of unconfor- 
mities have been selected as the primary criteria for 

stratigraphic subdivision and geological mapping. 

A similar approach is widely adopted in the 
modern stratigraphic analysis and 'interpretative' 

stratigraphies (i.e. Exxon sequence stratigraphy, 
genetic stratigraphy, transgressive-regressive 

sequence stratigraphy, etc.), or bounding surfaces- 
based stratigraphies (allostratigraphy: North Amer- 

ican Commission on Stratigraphic Nomenclature 
1983; unconformity-bounded stratigraphic units: 

Salvador 1994), provide suitable tools to subdivide 
the SAB Plio-Quaternary succession (Fig. 4). 

Unconformable surfaces of different rank may be 
recognized within the SAB succession, making 

possible the adoption of both synthems and deposi- 
tional sequences for stratigraphic subdivisions. 

Major unconformities mark: (1) subaerial trunca- 
tion of older deformed strata; (2) stratigraphic hia- 

tuses, which in a few cases (see Fig. 3) may be 

resolved through biostratigraphic analysis; (3) sig- 
nificant depositional changes expressed by the 
lithofacies stacking pattern. On the basis of these 

features, the SAB succession is subdivided into 

five synthems (Salvador 1994) although some spe- 
cification is needed for the two older Caliandro 

and Aliano synthems. The Caliandro basal and the 
Aliano upper bounding unconformities can be 

traced basinwide whereas the bounding surface of 
the two units shows physical change along the 

depositional dip. An angular unconformity separates 

the two units at the basin margins, and biostrati- 
graphic data from the SE margin of the basin 
(FPVS section, Figs 2 and 3) indicate a significant 
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Fig. 4. Tectonostratigraphic scheme showing the relations between the units defined in this study (not to scale). 

hiatus between the two units related to the erosion of 
the Caliandro deposits. Biostratigraphic data (Figs 2 
and 3) indicate that in the central and southeastern 
portions of the basin the transition between the 

Caliandro and Aliano deposits is gradual, thus 
their bounding surface is stratigraphically concor- 
dant. Mixed diagnostic characters of the bounding 

surfaces make these units hybrid with respect to 
the synthem and the depositional sequence. Never- 

theless, the use of synthems for classifying and 
mapping these units is chosen because of the discor- 

dant stratigraphic contact invariably observed at the 
basin margins. 

Minor unconformities allow us to subdivide the 

five synthems into sub-units, again taking into 

account the physical character of the bounding sur- 
faces alternatively expressed by: (1) low-rank 
angular unconformities that are traced over the 
entire area of exposure of specific lithofacies 

coinciding with the whole basin or structurally sep- 
arated portions of the basin; in these cases the sub- 

units are classified as sub-synthems (Fig. 4); 
(2) low-rank angular unconformities that can be 
traced along the depositional dip into correlative 

concordant surfaces; in this case the sub-units are 
classified as depositional sequences including 

different lithofacies associations indicating pro- 
gressive progradation (e.g sequences C3 and A I -  
3) or backstepping (e.g. sequence C1) of fluvio- 

deltaic systems in the basin (Fig. 4). 
Following Mutti & Sgavetti (1987) the deposi- 

tional sequences established within the Caliandro 
and Aliano synthems may be referred to as the 'tec- 

tonic' type, that is, packages of strata formed under 
variable sediment supply in which accommodation 
changes result mostly from tectonic deformation. 

When long-term sediment supply keeps pace with 
the tectonic subsidence creating accommodation, 
these types of depositional sequence display a 

typical overall coarsening-upward progradational 
trend made up of smaller-scale fining-upward 

units. A similar lithofacies stacking pattern will be 
discussed in the following sections as one of the 
lines of evidence of a dominant syntectonic 

control on the SAB sedimentary dynamics. 

Description of the mapped units 

Caliandro synthem (Piacenz ian-Gelas ian)  

This includes deposits resting unconformably on 
the pre-Pliocene substratum and separated from 
the Aliano synthem by an angular unconformity 

at the basin margins passing into a conformable 
contact basinward (map and Fig. 4). Low-rank 
unconformities recognized along the basin 

margins allow a further subdivision into three 

smaller-scale unconformity-bounded units, C1-  
C3 (map and Fig. 4). 

The deposits included in this synthem are muds, 
sands and subordinate gravels reaching a maximum 

thickness of about 1000 m. 
Biostratigraphic data from previous studies 

(Marino 1994; Patacca & Scandone 2001; Di 
Stefano et al. 2002) allow us to confidently refer 
this synthem to the Piacenzian-Gelasian (Figs 2 

and 3). 

Terrestrial or shallow marine deposits. Deposi- 

tional sequence C l is formed by three main lithofa- 

cies assemblages, which from base to top are 
(Fig. 5) as follows. 
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Fig. 5. Panoramic view of the basal Caliandro synthem at the western SAB margin, along the Agri River valley. White 
lines indicate major unconformities. 

Cla. Gravels resting on the substratum units along 
the western and eastern margins of the basin. They 

are polymodal, well-rounded to sub-angular, clast- 
supported, locally rich in silty-clayey matrix (e.g. 

on the western margin along the Agri River valley; 
see map). These deposits are massive to poorly 
bedded and theh" thickness does not exceed 20 m. 

Clb. Sands mostly exposed along the western 
and northern margins of the basin (map and 

Fig. 4). They are yellowish, medium- to fine- 
grained, rich in bioclasts (pectinids, ostreids, etc.) 
and generally arranged in metre-thick, internally 

massive, beds. 
Clc. Sands, silts and diatomaceous clays exposed 

along the eastern margin (map 1 and Fig. 4). The 

sands are yellowish, medium- to fine-grained in 
massive or normal graded decimetre- to metre- 
thick beds. The clays are dark to pale grey and gen- 
erally massive, locally characterized by intervening 
whitish diatomaceous silt. 

Sub-synthem C2 is represented by three verti- 

cally stacked lithofacies associations, exposed 
exclusively along the western margin, and 
bounded at the base and top by angular unconformi- 

ties. From base to top the lithofacies associations 
are as follows. 

C2a. Sands cropping out in the Agri River valley 
(Fig. 5) and as an isolated outcrop north of Armento 
village (map). In the Agri River valley sands are 
coarse- to medium-grained in decimetre to metre- 

thick massive, normal graded beds. In the north 
Armento outcrop sands are coarser, and also contain 

small pebbles; they are arranged in decimetre- to 
metre-thick trough or hummocky cross-stratified 

(HCS) beds. 

C2b. Massive muds resting abruptly on lithofa- 

cies C2a. These deposits are dark grey as a result 

of the occurrence of dispersed organic matter and 
contain scattered mollusc remains mostly rep- 

resented by Cerastoderma sp. 
C2c. Sands exposed locally on the western 

margin along the right flank of the Agri River 

valley (map). They are coarse- to medium-grained 
in decimetre- to metre-thick beds characterized by 
trough cross-lamination. 

Depositional sequence C3 consists of two lithofa- 
cies associations (C3a, C3b) resting on older depos- 
its at an angular unconformity that changes to sharp 

and gradual contacts toward the east (Fig. 4). 

C3a. Gravels, sands and silty clays exposed 
mainly on the western margin along the Agri and 
Armento valleys (map). Gravelly and sandy beds 
define a fining-upward trend. Gravels are polymo- 

dal, clast-supported, arranged in metre-thick lenti- 
cular beds erosively resting on the silty clays. 

Sands are coarse- to medium-grained, and are 
massive or normal graded. Silty clays are 

greyish-whitish and generally massive. 
C3b. Sands cropping out on the western margin 

along the Agri and Sauro River valleys (map). They 

are medium- to fine-grained in decimetre to metre- 
thick beds, and are massive or cross-laminated. Scat- 
tered clay chips, pebbles and mollusc fragments are 
occasionally present at the base of beds. 

Shelfal terrigenous and siliceous deposits. Cd. 

Massive silty clays and marls characterized by a 

dispersed macrofossil content represented by 
marine molluscs scattered or concentrated in thin 
shell beds. 
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Ce. This lithofacies consists of massive and sub- 
ordinately planar laminated whitish diatomaceous 
silts exposed locally in a few locations on the north- 

eastern margin of the basin (map). Gravels Ceg, 
locally (e.g. Monticchio area, confluence of the 
Sauro and Agri rivers) underlying the Ce deposits, 

are poorly bedded, polymodal, moderately to well 
rounded, clast-supported with abundant interstitial 

sandy-silty matrix. 
With respect to previous studies, these deposits 

are differently regarded in both (1) lithostrati- 
graphic and (2) biostratigraphic terms. 

(1) Lithofacies Ce corresponds to deposits 
previously ascribed to the Piacenzian-Gelasian 

'Caliandro' (Guerrera & Coccioni 1984; Patacca 

& Scandone 2001; Carbone et al. 2005) and to 
'Lower Pliocene' (Ogniben 1969b; Carbone et al. 

1991) successions. In those studies diatomaceous 

deposits have been considered conformably 
stacked within marine mudstones. Guerrera & Coc- 
cioni (1984), for instance, reported an apparently 

concordant succession including diatomaceous 
muds exposed in two outcrops (Fiumarella and 
Gannano sections) along the Agri River valley. In 
contrast, our survey indicates that Ce rests uncon- 

formably over a pre-Pliocene substratum as well 
as over the lowermost portion of the Caliandro 

synthem, whereas the contacts with overlying 
deposits are invariably tectonized. In the Gannano 

outcrop (Fig. 6a and b), two west-verging thrust 
faults affect a succession including the pre-Pliocene 
substratum, lithofacies Cla, Cd and Ce. The east- 

ernmost fault, superimposing Cd onto Ce, lies on 
a covered portion of the section reported by 
Guerrera & Coccioni (1984), thus disproving the 

stratigraphic continuity claimed for this succession. 
(2) Siliceous deposits are characterized by 

an open marine microfauna including diatoms, 
sponges and radiolarians (Guerrera & Coccioni 
1984) not used before for biostratigraphic cali- 
bration. Dating of these deposits was based on For- 

aminifera assemblages suggesting a reference to the 
'Middle' Pliocene (Guerrera & Coccioni 1984; Figs 

2 and 3). Patacca & Scandone (2001), integrating 
Foraminifera and nannoplankton assemblages in 
the mudstones to the base and to the top of 

these deposits (Figs 2 and 3), placed the diatomac- 
eous mud within the middle portion of the Piacen- 

zian (2.99-2.83 Ma interval). Three samples of 
diatomaceous mud, collected in this study 
(Fig. 2), yielded a rich marine diatom assemblage 
dominated by Thalassi thrix-  Thalassionema 

nitzschioides ~brms including also Azpeitia noduli- 

Jer and large Coscinodiscaceae. The co-occurrence 

Fig. 6. (a) Panoramic view of the Tempa Cicanta-Gannano outcrop and (b) interpretative line drawing showing 
stratigraphic and structural relations between Ce and older deposits. (c) and (d) show basinward fanning and wedging 
of Upper Pliocene-Lower Pleistocene unconformity-bounded stratigraphic units (A1-A3) along the western 
Sant'Arcangelo Basin margin. (c) Agri River section; (d) Sarmento River section. 
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of Thalassiosira oestruptii, Th. convexa var. aspi- 

nosa and Nitzschia reinholdii constrains these 
deposits between the T. convexa subzone C and 
the N. marina subzone A. The lack of N. fossilis 

and of N. jouseae excludes respectively the Th. 

convexa subzone C and the N. jouseae zone, limiting 
the deposition of Ce to the N. marina subzone A, that 

is, between 2.77 and 2.41 Ma (Fig. 3). Finally, based 
on the co-occurrence of G. crassaformis and A. heli- 

cina (Gannano section, Guerrera & Coccioni 1984; 

GAN in Figs 2 and 3) the deposition of Ce is more 
precisely bracketed between 2.77 and 2.63 Ma, 
hence slightly later in Caliandro time with respect 

to the calibration of Patacca & Scandone (2001). 

Aliano synthem (Ge las ian -  lower Pleistocene) 

This synthem, widely exposed in the basin, rests 

partially unconformably on the Caliandro synthem 
and is separated from the overlying Missanello- 

Noepoli synthem by a basin-wide unconformity 
(map and Fig. 4). Low-rank unconformities recog- 
nized within the Aliano synthem along the basin 
margins allow a further subdivision into four 

smaller-scale unconformity-bounded units, A I -  
A4. This synthem is composed of gravelly, sandy 

and muddy deposits up to about 1500 m thick. 
Biostratigraphic data from previous studies 

(Marino 1996; Patacca & Scandone 2001; Di 
Stefano et al. 2002) allow us to confidently refer 
this synthem to the late Gelasian-early Pleistocene 

(Figs 2 and 3). 

Terrestrial or shallow marine deposits. A strati- 
graphically complex clastic wedge, developed 

mostly from the western margin to the central 
SAB (map), includes sub-units AI -A4 ,  which are 

described as follows. 
Depositional sequences A1-A3.  Because of 

lithological and sedimentological similarities these 

sub-units are described together. West to east tran- 
sitions from angular unconformities to sharp and 
gradual stratigraphic contacts characterize the 

lateral-vertical relations among these sub-units 
throughout the basin. Intervening deposits are 

grouped into recurring gravelly, sandy and pelitic 
lithofacies associations, which depict a genetic 
linkage among coeval depositional systems (see 

below). These sequences are composed of three 

recurring lithofacies associations. 
A1-A3a (Fig. 6c and d). Gravels and subordinate 

sands in decimetre- to metre-thick beds arranged in 

tabular bedsets 10-15 m thick, amalgamated, or 

separated by thin (1-2 m thick) sandy silty beds. 
Gravels, brownish and subordinately reddish 
(Ala) in colour, are polymodal, clast-supported 

with abundant interstitial sandy-silty matrix, and 
imbricated showing a palaeoflow from the western 

margin. Beds are commonly amalgamated with 

basal low-relief erosive surfaces, internally 
massive or with low-angle planar cross-lamination. 
Sands, occurring as residual lenses within the grav- 

elly beds, are coarse- to medium-grained, and are 
massive or horizontally laminated. 

A1-A3b (Fig. 7a). Gravels, sands and silty clays 
that express lateral (toward the east) and vertical 

transition from lithofacies A! to A3a. Gravelly 
and sandy beds define a fining-upward trend. 

Gravels are polymodal, clast-supported and 
arranged in metre-thick lenticular beds erosively 
resting on the floodplain silty clays. Sands are 

coarse- to medium-grained and massive or normal 
graded. Silty clays are greyish-whitish-reddish 

(Alb) and generally massive. 
A1-A3c  (Fig. 7b). Sands and clayey silts mostly 

exposed in the central sector of the basin (map). 
Sands are coarse- to fine-grained in decimetre- to 

metre-thick beds arranged in 1 0 - 1 5 m  thick 
tabular bedsets. Sands are massive, and are locally 
horizontally and cross-laminated. A2c is typically 

characterized by shallow marine molluscs (Glyci- 

meris, pectinids, ostreids) dispersed or concentrated 
in thin shell beds and pockets of articulated speci- 

mens. Locally clay chips occur at the base or 

within the beds. Clayey silts occur on top of 
sandy bedsets defining a fining-upward stacking 
pattern. These deposits are generally massive and 
increase in thickness toward the east. At S. Giorgio 

Lucano the upper portion of a sandy body referred 
to as an A2 delta front fed from the SSW is character- 

ized by different lithofacies (A2d) (map and Fig. 4). 
These consist of coarse- to medium-grained sands 
characterized by trough cross-lamination and low- 

angle laminations in decimetre-to metre-thick beds 
with erosive base and subordinate intervening 

greyish sandy silts containing a marine molluscan 

fauna. 
Sub-synthem A4. This is made of gravels, sands 

and silty clays (Fig. 8a) exposed in the WSW 
portion of the basin (map). Gravels and sands are 
arranged in decimetre- to metre-thick beds 

stacked within bedsets up to 15 m thick. Gravels 
range in size from cobble to pebble, are character- 

ized by a clast-supported framework with abundant 
sandy-silty interstitial matrix, and occasional clast 
imbrication indicates palaeoflows from the WSW. 

Gravelly beds are massive or crudely normal 

graded and rest on silty clays at high-relief 
erosive surfaces. Sands occur as small lenses 
within gravels or locally form bedsets up to 15 m 
thick. Silty clays are greyish, arranged in bedsets 
up to 30 m thick in the easternmost outcrops (i.e. 

around Francavilla in Sinni village; see map), gen- 
erally massive locally and containing organic-rich 

sediments, terrestrial molluscs and rare volcani- 
clastic beds. 
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Fig. 7. (a) Vertical transition between lithofacies A2a and A2b, southern side of the Sauro River valley. Person for 

scale. (b) Panoramic view of lithofacies A2c, around Aliano village. The thick stacked sandy bedsets indicate a 

proximal delta front. (c) Panoramic view looking east from Aliano village; Serra Petrizza is in the background. In the 

foreground the pinching-out of A2c strata embedded within Ad muds marks the depositional transition between the 

delta front and the prodelta-shelf environments. 
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Fig. 8. (a) Panoramic view of sub-synthem A4 near Carbone village showing alternation of gravelly and muddy 
bedset; outcrop is about 30 m high. (b) Panoramic view of sub-synthem MN2 along the Serrapotamo River valley. 
Alternation of gravelly and muddy bedsets is the characteristic feature of this unit, indicating the rhythmic activation of 
gravel-bed river channel and muddy floodplain. The outcrop is about 20 m high. (e) CSC1 trough cross-bedded gravels 
and subordinate sands cropping out at Serra Petrizza. Hammer for scale. 

Shelfal deposits. Ad. Silty clays (Fig. 7c), exten- 

sively exposed in the central-eastern sector of the 

basin (map), massive with dispersed marine mol- 

luscs, mostly bivalves (venerids). In the southern 

sector of the basin along the Sarmento River 

(map) the uppermost strata contain a brackish 

molluscan fauna marked by the dominance of 

Cerastoderma. 

Missanello-Noepoli synthem (uppermost 

lower- lowermost middle Pleistocene) 

The deposits included in this synthem are subdi- 

vided into four main sub-units (MN1-MN4) 

basing on the occurrence of low-rank unconformi- 

ties within the synthem. Chronological calibration 

to the latest early-earliest mid-Pleistocene is con- 

strained by the early Pleistocene age of the Aliano 

synthem and by the early mid-Pleistocene age of 

the micromammal fauna (Masini et al. 2005; 

Sabato et al. 2005) sampled in sub-unit MN3. 

The four sub-units and the constituting lithofa- 

cies associations are, from base to top, as 

follows. 

Sub-synthem MN1. This sub-unit crops out locally 

in the Racanello Creek valley west of S. Chirico 

Raparo (map and Fig. 4). It consists of angular to 

sub-angular gravels, ranging in size from boulder 

to pebble, rich in a clayey-silty matrix. Clasts are 

predominantly derived from the Albidona Flysch 

(Af) and subordinately from the Apenninic Platform 

(Ap) lithologies. These deposits are crudely bedded 

massive or normal graded, up to 200 m thick. 

Sub-synthem MN2. Gravels in bedsets up to 20 m 

thick alternating with yellowish sandy-clayey silts 

(Fig. 8b) resting on MN1 as well as on older 

synthems at high-relief erosional surfaces (map 

and Fig. 4). Gravelly bedsets consist of decimetre- 

to metre-thick amalgamated beds of polymodal 

clast-supported cobble-pebble-sized gravels with 

abundant sandy-silty interstitial matrix. These 

deposits are massive to crudely normal graded. 

Sandy-clayey silts are generally massive. 

Sub-synthem MN3. Greyish-whitish silty clays 

dominant on fluvio-deltaic saads and gravels that 

onlap the previous lithofacies association (Fig. 9a). 

Fine-grained sediments, forming bedsets up to 20 m 

thick, are generally massive, in places horizontally 

laminated (Fig. 9b). Decimetre- to metre-thick 
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Fig. 9. (a) Panoramic view of a west-verging anticline magnificently exposed along the Agri River valley. 
Stratigraphic relations between Aliano and Missanello-Noepoli synthems are indicated. (b) Typical outcrop of 
lithofacies MN3 (see inset in (a) for location). 

volcaniclastic and organic-rich beds are locally 

present (Rifreddo-S. Lorenzo creeks; see map). Ver- 

tebrate, mostly micromammal, remains, terrestrial- 

patustrine molluscs and root traces are locally 

present (Masini et al. 2005; Sabato et al. 2005). 

Coarse- to medium-grained sands occur in decimetre- 

to metre-thick tabular beds arranged in bedsets up to 

20 m thick. Sands are massive to planar or trough 

cross-laminated. Pebble-sized gravelly beds are 

locally interbedded with sands. 

Sub-synthem MN4. Gravels and sands in tabular 

metre-thick beds alternating with floodplain sandy- 

clayey silts in bedsets up to 15 m thick. Gravels 

are clast-supported with abundant sandy matrix. 

Planar cross-stratification is locally present. 

Chiaromonte- Serra Corneta synthem 

(middle Pleistocene) 

This synthem, about 100 m thick, rests unconform- 

ably on the Missanello-Noepoli synthem and is 

bounded at the top by an erosional surface and 

locally by remains of a reddish palaeosol. The refer- 

ence to the middle Pleistocene is constrained by the 

age of the underlying Missanello-Noepoli 

synthem. Three sub-synthems have been identified, 

from base to top, as follows. 

Sub-synthem CSC1. Gravel and subordinate 

sands in tabular decimetre- to metre-thick beds 

locally with planar or trough cross-lamination 

(Fig. 8c). Gravels are clast-supported, moderately 

to well imbricated. Total thickness is about 

50-  60 m. 

Sub-synthem CSC2. Breccia of angular and sub- 

angular boulder- to pebble-size cemented gravel. 

This unit is exposed locally in the Racanello 

Creek valley at the base of Mount Raparo (map). 

Clasts are mostly of limestones and dolostones of 

the Apenninic Platform unit (Ap). Thickness does 

not exceed 15 m. 
Sub-synthem CSC3. Deeply weathered angular to 

subrounded gravel and sandy silt in centimetre- to 

metre-thick lenticular beds. Total thickness does 

not exceed 30 m. 

Valdagri synthem (uppermost middle-upper 

Pleistocene) 

This synthem is made of terraced alluvial gravels 

and sands developed throughout the progressive 

incision of the drainage systems within the older 

SAB deposits to the present hydrography. It is com- 

posed of four sub-synthems (VA1 the oldest, VA4 

the youngest; map and Fig. 4) attesting to the devel- 

opment of alluvial plains followed by incision 

caused by the progressive lowering of base level. 

The thickness of each sub-synthem varies from 1 

to 10m. 
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Tectonosedimentary Evolution 

Stage 1: Caliandro synthem 

palaeogeography and tectonics 

Deposits included in the Caliandro synthem record 
four major sub-stages ( l a - l d )  of depositional 
dynamics strictly related to the active deformation 
of the basin margin and schematically represented 
in Figure lOa-d. 

Sub-stage la. The distribution of lithofacies 
associations in the lower part of the Caliandro 
synthem indicates a significant physiographic 
differentiation between the western and northern 

margins and the eastern and southeastern margins 
(Fig. 10a). Basal coarse-grained alluvial deposits 
(lithofacies Cla), characterized by relatively 
better textural organization, point to alluvial deposi- 
tional systems, specifically short rivers dominated 
by hyperconcentrated flood-flows (Benvenuti & 
Martini 2002; Benvenuti 2003), which drained the 
early SAB margins. The texturally disorganized 
gravels, locally exposed along the western margin, 
indicate deposition from subaerial debris flows at 
the base of slopes (see Zavala & Mutti 1996; 
Zavala 2000). Later, different depositional 
systems developed on the western and eastern 
margins in response to relative sea-level rise. Litho- 
facies Clb is referred to deltaic and shoreface 
environments in which the dominant processes 

Fig. 10. Palaeogeographical sketches showing the development of the SAB (see text for details). Active thrusts during 
each sub-stage are indicated (see text for details). 
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Fig. 10. (Continued) 



SANT'ARCANGELO BASIN EVOLUTION 305 

were related to river flood-derived hyperpycnal 
flows, longshore currents and bioturbation caused 
by the invertebrate benthic fauna. 

Lithofacies Clc, occurring along the eastern 

margin, is interpreted to record delta plains dominated 
by deposition of sands from traction currents, settling 
of fine material and accumulation of organic matter. 

From a general perspective, the development of rela- 
tively wide delta plains facing the Caliandro sea 
points to a slow subsidence in comparison with the 

western margin, which was instead characterized by 

a narrow shoreline system suggesting higher subsi- 
dence rates. Active growth of east-verging compres- 
sive structures along the western margin is also 
proven by wedging of strata within lithofacies Cla, 

Clb and Cd on outcrops exposed on the right side 
of the Agri River valley (Fig. 5). 

Sub-stage lb. The transgressive trend indicated 
by the transition from Cla  to C l b - c  cuhninated 

with a widespread marine flooding of the marginal 
areas and development of prodelta-inner shelf 
environments (Fig. 10b) recorded by lithofacies 

Cd. These settings were characterized by deposition 
from the dilute tails of hyperpycnal flows and sedi- 

ment settling. Sediments were greatly affected by 
bioturbation caused by the invertebrate fauna thriv- 

ing on the bottom. 
The peculiar deposit Ce points to an open and 

deep (see Guerrera & Coccioni 1984) marine 

setting in the area connecting the SAB to the 
Ionian foredeep (Fig. 10b), characterized by bio- 

genic deposition in a time of high productivity of 
siliceous organisms. 

At the same time the observed unconformable 
contacts with the underlying deposits indicate that 

Ce deposition also followed an early deformation 

of the eastern basin margin. We suggest therefore 
that during the early-mid-Piacenzian (pre 
2.77 Ma) the eastern margin underwent a first sig- 
nificant uplift pulse related to the incipient activity 

of west-verging thrust faults along the Valsinni- 
Nocara ridge (Fig. 10b). Besides their limited 
occurrence, C% gravels may account for a rejuve- 

nation of relief created by this deformative pulse. 
These deposits are ascribed to a short river draining 
the Gannano-Monticchio area and characterized by 

hyperconcentrated flood-flows. 

Sub-stage lc.  Active tectonism along the western 
margin interfering with deposition is documented 
by deposits of sub-synthem C2. The three vertically 

stacked lithofacies associations C 2 a - b - c  record 
the growth of an east-verging thrust fault generating 
a small satellite basin, which becomes progress- 

ively isolated from the open sea (Fig. 10c). Lithofa- 
cies C2a is referred to as a delta front prograding in 
the Caliandro sea during the early growth of the 

thrust fault. This environment was dominated by 
fluvial flood-driven hyperpycnal flows responsible 
for the massive settling of sands. HCS beds may 

have resulted from sediment reworking by storm 
currents or alternatively from tractional-oscillatory 
hyperpycnal flows (Mutti et al. 1996). Lithofacies 
C2b is referred to as a confined brackish-water 

body developed between the Agri and Armento 
rivers during the growth of the east-verging thrust 

with consequent progressive separation from the 
sea. It was an area dominated by quiet settling of 

fine-grained deposits and bioturbation. Finally, 
lithofacies C2c points to the overfilling of the 
small satellite basin. It is interpreted to record 
shallow fluvial channels filled by the downcurrent 

migration of sinuous-crested dunes. 

Sub-stage ld. The final deposition of the Calian- 
dro synthem occurred in fluvio-deltaic systems 
widely developed on the western-northwestern 

margin of the SAB (Fig. 10d). Lithofacies C3a is 

interpreted to record an alluvial plain; gravelly 
and sandy beds point to fluvial channels character- 
ized by hyperconcentrated flood-flows as indicated 

by textural features and lack of tractional structures, 
whereas mudstones were deposited in a fluvial 
floodplain mostly through sediment settling. Litho- 

facies C3b is related to delta fronts dominated by 

hyperpycnal flows possibly generated by river 
floods (Mutti et al. 1996). 

During or immediately after this period a signifi- 

cant change in the basin's deformation took place, 
as west-verging thrust faults within the basin also 
took part in the basin deformation and evolution. 

Tectonic  remarks  

The SAB activation marks a significant phase in the 

structural development of the Southern Apennines 
during the latest Zanclean-earliest Piacenzian. 
Core data from the Ionian foredeep (Balduzzi 

et al. 1982) indicate that the Southern Apennines 
chain-foredeep system underwent a significant 
northeastward tectonic transport during the Early 

Pliocene. Correlation of core data across the Val- 
sinni-Nocara ridge (Fig. l) demonstrates that 
Liguride and Sicilide units were thrust onto Lower 

Pliocene shelf deposits resting unconformably on 
the Apulian Platform units. The Lower Pliocene 

deposits thus represent an older foreland basin. In 
this perspective, the early SAB developed initially 
as a satellite basin, possibly a piggyback basin 
(sensu Ori & Friend 1984), partially connected to 

the Ionian foredeep. The present distribution of 

the deposits included within the Caliandro 
synthem provides some indication of the early 
basin geometry. Deposition during this stage cer- 
tainly occurred throughout the northern and 
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eastern SAB margins, whereas along the western 
margin the deposition is documented up to the 
present Nocito River valley. Here the lithofacies 
Clb  onlaps the folded Gorgoglione Flysch, docu- 
menting a possible narrowing toward the south of 
the SAB (map). Seismic images in the central 
portion of the SAB show onlaps of the reflectors 
in the lower basin fill (reasonably belonging to the 
Caliandro synthem) onto a buried structural high 
around Castronuovo S. Andrea village (Patacca & 
Scandone 2001) (see also cross-section 2 in the 
map). 

Since its activation, the SAB was affected by syn- 
depositional deformation at both margins. Thrust 
activity along the western SAB margin is clearly 
documented in this stage, by: (1) the NE-directed 
overthrusting of the substratum (Gorgoglione 
flysch) onto the Caliandro deposits (lithofacies 
Cd; Carbone et al. 1991; Pieri et al. 1994; map 
and Fig. 1 la); (2) the thrust-related deformation in 
the lithofacies C3a along the Armento River 
(Monaco et al. 2001; map and Fig. l lb);  (3) the 
development in the Nocito area of a minor satellite 
sub-basin, the site of deposition and deformation of 
sub-synthem C2a-c (map). 

The dominant eastward propagation of thrust 
faults was matched by the activation of west- 
verging thrusts along the western margin of the 
Valsinni-Nocara ridge. This event is documented 
by (1) the angular truncations between lithofacies 
Cd and Ad observed along this margin, and (2) 
the deposition, on the same margin, of siliceous 
sediments Ce into sub-basins controlled and lifted 
by back-thrust faults associated with the 
Valsinni-Nocara ridge (Map). The western struc- 
tural vergence of the Valsinni-Nocara ridge and 
eastern SAB margin associated with back-thrusting 
(Calabr6 et al. 2002) is also indicated by the 
bedding attitude of the Caliandro synthem deposits. 
These are often severely dislocated, reaching a sub- 
vertical (or locally overturned) attitude along the 
eastern SAB margin (unit Cd; see map). 

Stage 2: Aliano synthem palaeogeography 

and tectonics 

The end of Caliandro synthem sedimentation 
coincided with a period of strong tectonic activity 
of the SAB margins that uplifted and tilted the 
onlapping Caliandro deposits. At the beginning of 
the Aliano synthem deposition, therefore, fluvial 
erosion affected the western margin with the devel- 
opment of west-east- trending deep river valleys 
downcutting within the Caliandro synthem to the 
north (Figs 10e,f and 12) and to the pre-Pliocene 
substratum to the south. Major valleys developed 
(1) north of Sauro river, (2) between the Sauro 

and Agri rivers, (3) in the Racanello Creek area, 
(4) in the Serrapotamo Creek area, and (5) along 
the present Sinni and (6) Sarmento rivers (map). 
With the exception of the palaeo-river between 
the current Sauro and Agri river valleys, the other 
entry points for fluvial clastic input to the basin 
coincide more or less with the present hydrography, 
thus indicating a persistent, transverse, drainage of 
the Southern Apennines since the late Pliocene. 
These fluvial systems fed sandy deltas facing the 
offshore portion of the SAB (Fig. 10e). In general, 
fluvio-deltaic systems tracts are represented by the 
recurring gravelly-sandy lithofacies association 
within depositional sequences A1-3.  Small-scale 
angular unconformities and continuous rejuvena- 
tion indicated by the lithofacies architecture 
within each sub-unit are interpreted as the result 
of a syndepositional tectonic control. 

On the eastern margin, instead, there is no evi- 
dence of significant fluvial rejuvenation and the 
shelfal Ad lithofacies onlap directly the pre- 
Pliocene substratum, without intervening coarse- 
grained deposits. This setting possibly reflects the 
west-verging morphostructural asymmetry of the 
Valsinni-Nocara ridge. Well-developed drainage 
occurred on the relatively gentler eastern side, as 
documented by fluvio-deltaic gravels and sands in 
the Tursi area (Fig. 1) coeval with the Aliano 
synthem (see Patacca & Scandone 2001), but not 
on the steeper western flank. Preliminary work has 
also shown the existence of progressive unconfor- 
mities in the Tursi sands, gently dipping eastwards 
(10-20~ consistent with the syndepositional uplift 
of the hanging wall of the west-verging Valsinni 
thrust anticline (Fig. l ld). 

Two main sub-stages mark the basin develop- 
ment during this period. 

Sub-stage 2a. Gravelly, gravelly-muddy and 
sandy lithofacies associations characterizing 
sequences A1-3 can be traced from the western 
margin to the central portion of the basin, indicating 
genetic links between different depositional 

systems (Fig. 10e). 
Textural and bedding features of lithofacies 

associations A!-3a ,  together with the high relief 
of the primary bounding unconformities, suggest 
deposition within fluvial valleys dominated by a 
discontinuous regime of discharge and abundant 
sediment supply. These fluvial systems were in 
many parts similar to the present 'fiumare', which 
are the typical seasonal, high-gradient, river 
systems of the Southern Apennines. These rivers 
were possibly characterized by a network of 
shallow and wide channels feeding gravelly lobes 
in a plain largely inactive between major flood 
events. Textural features and sedimentary structures 
suggest that sediment transport occurred in shallow, 
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Fig. 11. Examples of thrust-related deformation in the Sant'Arcangelo Basin. (a) Overtlarusting of the Gorgoglione 
Flysch (Gf) onto the Caliandro deposits (Cd; north of Armento village). (b) Thrust-related folding in the Unit C3a 
(south of Anuento village). (e) NE-verging blind thrust superimposing Unit C3a onto Unit AI a (near the confluence 
between Agri and Nocito rivers; Masseria Pantolino in the foreground). (d) Progressive unconformities within the Tursi 
sands (Tursi village area). (e) Back-thrust superimposing the marine sands of Unit C3b onto the continental deposits of 
Unit MN3 (Sauro River area). (f) Late SE-verging thrust fold affecting Units A2a and A3a. 
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Fig. 12. The high-relief erosive contact between the Aliano and Caliandro synthems outlining the southern flank of a 
wide palaeovalley, developed in early Aliano time and exposed along the present Armento River valley. 

poorly confined, highly concentrated flood-flows. 

Critical to supercritical flow regime is suggested 
by horizontal and low-angle inclined bedding. 

This depositional setting is in agreement with the 
hypothesis of catastrophic flood-dominated river 

systems of Mutti e t  al. (1996) and Zavala & Mutti 
(1996) for the gravelly-sandy lithofacies forming 
their Aliano and Tursi group deposits (Table 1) 

approximately corresponding to the Aliano 
synthem. 

Lithofacies A1-3a  are vertically and laterally 

replaced by lithofacies A1-3b, which reflect 
depositional conditions of a fluvial plain dominated 

by variable sediment supply, recorded by the devel- 

opment of fining-upward facies successions. 
Gravels and sands testify to filling of wide and 

shallow channels followed by the establishment of 

a low-energy floodplain dominated by the settle- 
ment of fine-grained sediments (Fig. 10e). This 
architecture suggests a response to a relative base- 

level rise and energy decrease of distributary 
systems. 

Delta fronts, in the distal portion of the systems 

tracts, are indicated by lithofacies A1-3c  (Fig. 4). 
The predominantly sandy deposits (map) were 

delivered by the fiumara-like river systems to 
delta fronts during a progressive rise of sea 
level. These delta fronts were dominated by resedi- 
mentation of sands carried in high-density subaqu- 

eous flows, that is, hyperpycnal flows, triggered 
by river floods (see Mutti e t  al. 1996; Zavala & 

Mutti 1996; Mulder e t  al. 2003). Occasional 
mollusc content in sands of lithofacies A1-3c 
records a mechanical reworking of benthic palaeo- 

communities by coeval flood-derived hyperpycnal 
currents. This implies that lower shorefaces, not 

preserved along the depositional profile, were cata- 
strophically eroded by hyperpycnal flows and rede- 
posited at the delta fronts. A1-3c  bedsets show 

cyclic fining-upward trends (Fig. 13), from sands 
to sandy silts, indicating a transition from proximal 

to distal delta fronts. In the distal location, that is, 

towards the east, delta front deposits display 
a lateral fining and wedging out within the 

prodelta-shelf Ad lithofacies (Fig. 7c). 
Each sequence is composite, that is, made of 

several elementary depositional sequences (EDS, 

s e n s u  Mutti e t  al. 1994), and formed through the 
following phases (Fig. 13). 

(1) Rivers transverse to the western margin 

and deeply entrenched within older deformed 

deposits accumulated gravels within high-energy 
alluvial plains and delivered sands to the delta 
systems through high-magnitude floods. 

(2) High-frequency relative fluctuations of 

sea level and sediment supply resulted in repeated 
transitions respectively from gravelly-dominated 

to mud-dominated alluvial plains and from proxi- 

mal to distal delta fronts. The resulting deposits 
are stacked into basic cyclothemic units corre- 
sponding to elementary depositional sequences. 

(3) Major deactivation of the fluvio-deltaic 

systems recorded by relatively thick Ad lithofacies 
interbedded within A1-A3c deposits reflects a 

sudden transgression and a relative maximum high- 
stand of sea level. 

Following Embry (2002), the stratigraphic 

architecture of each composite sequence may 

be also described adopting the concepts of 
transgressive-regressive sequence stratigraphy. 
Erosional unconformity related to fluvial rejuvena- 
tion (see point (1) above) would be a maximum 

regressive surface, whereas the regressive (i.e. the 
fluvio-deltaic gravelly-sandy wedge) and the trans- 

gressive (i.e the prodelta-shelf muds) systems 
tracts would represent the T - R  depositional 
sequences (see point (3) above). 
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Fig. 13. (a) Conceptual scheme for the development of A1-3 depositional sequences. EDS, elementary depositional 
sequences. (b) Ideal correlation between the fluvial and deltaic systems tract in each EDS. 

In other terms, the stratigraphic architecture of 
each Aliano sequence records an overall prograda- 

tion of fluvio-deltaic systems punctuated by 

abrupt deactivations of coarse-grained supply to 
alluvial plains and deltas. The filling was ended 
by a major deactivation of the alluvial and coastal 
areas, causing the coarse-sediment starving of the 

shelf. The vertical and lateral facies stacking 
pattern suggests that changes of sediment supply 

and accommodation were jointly controlled by the 
uplifting and eastward-migrating sediment source, 

that is, the inner front of the Southern Apennines, 
and the rapidly subsiding SAB. Over a longer 

period, the A1-A3 wedge thus represents 
volumes of eroded Southern Apennines thrust belt 

accommodated in a subsiding thrust-top basin. 
Over a shorter period, the A1-3  sequences record 

high-frequency fluctuations of sediment supply 
and space accommodation. In terms of facies archi- 
tecture, each EDS reflects an inverse correlation 

between coarse-grained sediment supply and 
creation of accommodation. During tectonically 
active stages rapid mountain uplift is not immedi- 

ately followed by relief denudation; accommo- 

dation created by the associated basin subsidence 
is thus partially filled by fine-grained deposits. A 



310 M. BENVENUTI ET AL. 

transgressive systems tract develops in this stage. 
During tectonically quiescent stages relief denuda- 

tion provides enough sediment to fluvio-deltaic 
systems that prograde in the basin. A regressive 
systems tract is related to this stage. 

This out-of-phase sedimentation pattern has 

been widely discussed and recognized to be a 
common feature in the sediment fill of basins 

developed in tectonically active regions (Blair & 
Bilodeau 1988; Paola et al. 1992). The 

basic concept of this hypothesis, coarse-grained 
transport and deposition during quiescent phases 
and fine-grained transport and deposition during 

tectonically active phases, appears in many 

parts similar to the uplift-denudation cycle 

invoked by Mutti et al. (1996) to explain the 
cyclothemic stratigraphy of basins developed in 
orogenic belts. 

Sub-stage 2b. As mentioned above, west-verging 
reverse faults affected the central portion of the 
SAB, deforming the fluvial deposits of sequences 

A1-3 (Fig. 10f). Progressive growth of the associ- 
ated relief determined the development of a satellite 

sub-basin within the SAB, as indicated by the defor- 

mation geometry and areal distribution of A4 
deposits (Fig. 10f). Seismic images support the 

existence of this sub-basin (Fig. 14a and b). 

Fig. 14. (a) Geological cross-section (simplified from section C-C' of the map) based on field surface data and seismic 
line interpretation. (b) Detail of a seismic line (approximately corresponding to the box in (a) showing the asymmetric 
syncline basin of sub-synthem A4 associated with back-thrust. Dashed line is the base of the sub-synthem A4 deposits. 
(e) West-verging blind thrust anticline affecting units A2a-A3a and sub-synthem A4 (Noepoli village in the background). 
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The A4 deposits represent an alluvial plain con- 

fined between the inner Apenninic front to the 

west and the S. Chirico Raparo-Noepoli align- 

ments to the east (Fig. 10f). The A4 sub-synthem 

is characterized by a cyclothemic facies develop- 

ment indicating rhythmic fluctuation between allu- 

vial gravelly channels and a muddy floodplain. 

This low-energy setting was characterized by 

waterlogging and locally by the development of 

ponds, such as around Francavilla in Sinni. As for 

the A1-3  sequences, this stratigraphic pattern is 

interpreted as the response to high-frequency 

uplift-denudation cycles (sensu Mutti et al. 

1996). Active chain uplift-basin subsidence deter- 

mined coarse sediment starving and fine-grained 

deposits filling the available accommodation 

space, whereas quiescent uplift-subsidence 

resulted in erosion of excess relief and distribution 

of coarse-grained supply to the alluvial plains. 

The occurrence of a satellite sub-basin implies 

that the residual Aliano sea was in large part 

starved of sediment supply from the western 

margin. Furthermore, the uppermost Ad strata indi- 

cate that the Aliano sea was becoming brackish 

toward the south, as proven by Ceras toderma 

remains around S. Giorgio Lucano; restricted 

conditions were prevalent to the north (Fig. 10f). 

In the Serra Petrizza section (SP in Figs 2 

and 3; Fig. 15), Marino (1996) reported a 

micropalaeontological content decreasing upsec- 

tion in abundance, variety and preservation; the 

scanty nannofossils suggest that the maximum 

extension for marine conditions occurred during 

the latest early Pleistocene age (zone MN19f). 
The restricted marine-brackish conditions in the 

late Aliano sea (corresponding to the Sauro Cycle 

of Pieri et al. 1994; Table 1) thus are interpreted 

as evidence for a progressive isolation of the SAB 

from the Ionian foredeep, in response to the tectonic 

growth of the Valsinni-Nocara ridge driven by 

continuing west-verging thrust fault activity 

(Fig. 10f). The transition between microfossilifer- 

ous and barren deposits at Serra Petrizza (Marino 

1996; Figs 2 and 3) marks the unconformable strati- 

graphic contact between the Aliano and Missa- 

nello-Noepoli synthems. The same contact is 

recognized to the south in the transition observed 

between the Ceras toderma-bear ing  Ad and the 

lithofacies MN3 around S. Giorgio Lucano. Sub- 

synthem A4 is unconformably capped by Missa- 

nello-Noepoli synthem deposits, specifically 

MN1 sub-synthem around S. Chirico Raparo and 

MN2 sub-synthem on most of the A4 exposure 

area (map). 

A coexistence of terrestrial and marine sub- 

basins within the SAB in the late early Pleistocene 

has been proposed by other workers (Pieri et al. 

1994, 1996; Sabato 1997, 2000; Sabato et al. 

Fig. 15. Correlation among stratigraphic sections in the SAB and the Montalbano Ionico area (Ionian foredeep). 
Bold lines in the sections represent major tephra layers (V1-V9 tephra codes of Ciaranfi et al. 1996, 2001). 
Arrows indicate the activation of west-verging thrust faults in the SAB and along the Valsinni-Nocara ridge. The 
progressive tectonic uplift of this ridge is indicated by dotted lines. Data, excluding the Francavilla in Sinni section, are 
from Sabato et al. (2005; Serre section pro parte), Marino ( 1996; Serra Petrizza section) and Ciaranfi et al. (1996, 2001 ; 
Montalbano Ionico section). 
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2005). According to this proposal, a lacustrine sub- 
basin in the northern SAB, recorded by the 'S. 
Lorenzo cycle', was separated by a structural high 

from the adjacent sea, where the 'Sauro cycle' 
deposits were accumulating, between the latest 

early-earliest mid-Pleistocene. The biostrati- 
graphic conclusions of Marino (1996) on the Serra 
Petrizza section (Figs 2 and 3) apparently estab- 

lished a chronological correlation between the 
Sauro marine deposits and the K/Ar age of a 

tephra interbedded within the S. Lorenzo lacustrine 
deposits calibrated at 1.1 _+ 0.3 Ma (Caggianelli 
et al. 1992). Recent integrated data are considered 

to support this conclusion (Sabato et al. 2005), 
although magnetostratigraphic data place the 
dated tephra in a reverse interval younger than 1.1 

Ma (uppermost Matuyama). 

A wider correlation of stratigraphic sections in 
the SAB and adjacent Ionian foredeep can help in 
defining a palaeogeographical transect at the 
early-mid-Pleistocene transition (Fig. 15). Specifi- 

cally, three sections in the SAB are compared with 
the Montalbano Ionico section located in the Ionian 
foredeep, about 20 km east of the SAB (Ciaranfi 

et al. 1996, 2001). Such a comparison takes advan- 
tage of the occurrence of tephra layers in the differ- 
ent areas indicating the following. 

(1) The latest early Pleistocene portion of the 
Montalbano section is biostratigraphically coeval 
with the marine portion, i.e uppermost Ad lithofa- 

cies, of the Serra Petrizza section, suggesting shelf 

deposition in the contiguous Ionian foredeep and 

SAB. 
(2) Scattered tephra layers (V1-2) are present 

within the lower part of the Montalbano section 
similarly to isolated tephra within A4 observed 

around Francavilla in Sinni (see Celentano 2001); 
a tentative correlation between the A4 tephra and 
the V2 tephra at Montalbano is proposed. 

(3) A correlation between A4, the uppermost 
Ad and the mid-portion of the shelfal deposits at 
Montalbano Ionico is reasonable and provides a 

reliable reconstruction of the SAB at the early- 
mid-Pleistocene transition. 

(4) Closely spaced tephra occur within the 
upper, middle Pleistocene, portion of the Montal- 
bano section as well as within lithofacies MN3 in 

the SAB. Here tephra are within reverse magnetized 
sediments referred to as the upper portion (post-Jar- 
amillo) of the Matuyama chron (Albianelli et al. 

2004; Sabato et al. 2005) similarly to the V3-V4 
tephra in the Montalbano section (Ciaranfi et al. 

1996, 2001). Regional explosive volcanism seems 

to have affected a wide area at the front of the 
Southern Apennines at the early-mid-Pleistocene 

transition. A suitable source of volcanogenic sedi- 
ment (see also Ciaranfi et al. 1996, 2001) can be 

envisaged in Vulture, a potassic alkaline volcano 
located about 100 km NW of the SAB, whose ear- 
liest activity is indeed referred to the early-mid- 
Pleistocene transition (La Volpe & Principe 1989). 

In conclusion, these lines of evidence support a 
palaeogeographical transect linking sub-basins in 

the SAB, recorded by sub-synthem A4 and the 
uppermost Ad lithofacies, and the Ionian foredeep, 

that is, the lower portion of the Montalbano Ionico 
section. 

T e c t o n i c  r e m a r k s  

Syndepositional thrust-related uplift and progress- 
ive tilting of the western SAB margin is consistent 

with the geometric relations between the various 
sedimentary units of the Lower Pleistocene Aliano 
sequences A1-A3 exposed on this margin. These 

units are bounded by progressive unconformities 
(e.g. Riba 1976) depicting a characteristic fanning 
of growth strata away from the western basin 

margin (Fig. 6c and d). This setting was documen- 
ted also for the underlying Caliandro synthem 
(lithofacies Cd) in the Agri River area (Casciello 
et al. 2002). 

Although the thrust near Armento is locally 
emergent and the substratum overrides the Calian- 

dro deposits (see Fig. 1 la), it is likely that a large 
part of Early Pleistocene deformation was accom- 
modated by blind thrusting. Such contrasting 

margin styles point to a decrease of, or a variation 
in the modes of, thrust activity with time. This geo- 

metry could be due to Early Pleistocene blind 
thrusting or to a deepening of the thrust detachment. 
East-verging thrust-tip folding is well expressed in 

the Nocito-Agri confluence area (map), where 
lithofacies C3a and A la are involved in such a 

deformation style (Fig. 1 l c). 
It is worth noting that the deformation of the 

western SAB margin, and that internal to the SAB 
infill, have been referred to various phases associ- 
ated with out-of-sequence thrusting (Patacca & 

Scandone 2001; Calabrb et al. 2002). Some 
workers have instead hypothesized that sedimen- 

tation on this margin was controlled by normal 
faulting related to a negative flower structure 
(Merlini & Cippitelli 2001). Fieldwork has not 
detected any indication of significant normal fault- 

ing controlling sedimentation on this margin 

(map). In any case, we cannot exclude that 
second-order basinward-dipping normal faults 
might have also developed to accommodate defor- 
mation during superficial and laterally poorly con- 

fined thrust-related uplift (e.g. Bonini et al. 2000). 
The deposition of the Aliano synthem was progress- 

ively controlled by the growth of back-thrust folds 
identified in the axial zone of the SAB. These struc- 
tures form a deformation belt that can be traced in a 
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NNW-SSE direction across the whole basin, from 
Guardia Perticara in the north to Noepoli in 
the south (map and cross-sections). Spectacular 
expressions are visible along the Sauro, Agri and 

Sarmento River valleys, where an asymmetric 
(i.e. with steeper western limbs) anticline and 
syncline affect lithofacies associations A2a and 

A3a, respectively (Figs 9a and 14c). Such axial 
back-thrusts exhibit different structural styles: 
they are currently emergent thrusts north of the 

Agri River (Bonini & Sani 2000a,b), whereas they 

are blind southwards, as also supported by the 
interpretation of commercial seismic lines 

(Fig. 14a and b, and cross-sections in the map). 
Sub-synthem A4 shows a clear syndepositional 

wedging at the margin of an asymmetric sub-basin 
(Fig. 10f) confined at the front of the most internal 
back-thrust (Fig. 14a and b; map). 

Notably, this system of hinterland-verging thrust 
folds was superimposed onto early east-verging 
thrust folds that controlled or delimited the depo- 

sition of the Caliandro synthem (lithofacies Cd; 
see above). The timing of inversion of structural 
polarity on this axial belt can be referred to the 

deposition of sequences A2 and A3, which show a 
consistent (west-verging) syndepositional asymme- 

try of growth strata (Fig. 14c and map). Lateral het- 

eropies and progradation of deltaic systems A2 and 
A3 are still apparently controlled by the syndeposi- 
tional growth of the axial fault system, above which 
these deposits are markedly thinned (see cross- 
section 2 in the map). Sedimentary wedging in 

the muddy lithofacies Ad is consistent with this 
picture. 

Stage 3: Missanello-Noepoli synthem 

palaeogeography and tectonics 

The deposits grouped in this synthem mark a sig- 

nificant depositional and palaeogeographical 
change in the basin. The abrupt transition from 
coastal and shallow marine to fully terrestrial 

environments points to an increasing isolation of 
the SAB from the Ionian foredeep. This evolution 
was the consequence of a continued west-verging 
growth of the thrust faults observed along the 
Valsinni-Nocara ridge. 

The narrow sea connection that fed the late 
residual Aliano sea was thus finally closed at the 
beginning of this stage (Fig. 10 g and h). Four 

sub-stages in the tectono-depositional development 
of the SAB are recognized. 

Sub-stage 3a. The early Missanello-Noepoli 
time was apparently characterized by the denuda- 

tion of the excess relief created along the western 
margin during the basin contraction that occurred 

in the previous stage. Clastic deposits produced 
by denudation were locally trapped in small depo- 
centres such as in the limited area between 

S. Chirico Raparo and the Mount Raparo foot- 

slopes (map and Fig. 10g). Gravels of sub- 
synthem MNI document the deposition from 
debris flows subordinately reworked by floodwater 
along the western slope of an anticline involving 

the pre-Plio- or Quaternary substratum. Gentle 
tilting of MN1 beds defines an open syncline 
pointing to some activity of marginal structures 
in this area (Fig. 10g). 

Sub-stage 3b. In contrast to the localized MN1 

deposition, a major denudation of the western 
margin is documented by the huge volume of 
gravels within the MN2 sub-synthem. Strati- 

graphic contacts with older units clearly indicate 
that MN2 gravels and sandy silts fill palaeovalleys 
that drained the western and southern SAB 

margins (Fig. 10g). In the southwestern margin 
these valleys, which are deeply cut into older 

SAB deposits as can be observed in the outcrops 
along the middle reach of the Sarmento River, 
coincide more or less with the present-day drai- 

nage pattern. Toward the north a large palaeoval- 
ley is documented along the Nocito River valley, 

whereas to the NW other MN2 fluvial entry points 
are recognized north of the Armento River and 
around Guardia Perticara. The palaeovalley fills, 

well exposed in most of the basin, document 
both downcurrent and vertical transitions between 
lithofacies associations. Thinning and fining of 

gravelly-sandy lithofacies toward the east record 
the grain-size variation expected along the river 
profile. The vertical transition between gravelly 

channel belts and sandy silty floodplain indicates 
the rhythmic activation and deactivation of 

the various depositional elements characterizing 
a wide alluvial plain. As in the Aliano 
synthem, uplift-denudation cycles may explain 

the cyclothemic organization of the MN2 sub- 
synthem. 

Sub-stage 3c. The transition between the MN2 
floodplains and the low-energy environments of 
lithofacies MN3 testifies to the rapid increase of 

accommodation space in a basin still strongly 
affected by the activity of west-verging thrust 

faults. The sub-basins developed in the present 
Agri and Sauro River valleys (Aliano and Guardia 
Perticara sub-basins; Fig. 10h) were characterized 

by palustrine-shallow lacustrine deposition, 
whereas a muddy flood basin was forming in the 
central-southern portion of the SAB. Onlap of 

MN3 on MN2 strata clearly documents the syntec- 

tonic nature of the MN3 deposition. As in the older 
sediments, in this lithofacies the alternation of sandy 
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delta lobe-alluvial bar and muddy lacustrine-flood- 

basin deposits records uplift-denudation cycles. 
Lacustrine-palustrine deposits have been described 
in detail in previous studies (Sabato 1997, 2000; 

Sabato et al. 2005) in terms of facies and the palaeoe- 
cology of fossil assemblages including vertebrates, 
freshwater molluscs and ostracodes, and pollen 
remains. These deposits are therefore referred to 

a small freshwater lake bordered by fan deltas. 
The pollen record indicates that this environment 

was characterized by high-frequency fluctuations 

between arid and humid climates (Albianelli et al. 

2004; Sabato et al. 2005). 
The occurrence of 'lacustrine' deposits in the 

northern portion of the SAB has been widely docu- 

mented (e.g. Caldara et al. 1988; Pieri et al. 1994, 

1996; Zavala & Mutti 1996; Sabato 1997, 2000; 
Zavala 2000; Patacca & Scandone 2001; Sabato 
et al. 2005; Carbone et al. 2005). In this study, 
the alluvial-palustrine-lacustrine MN3 deposits 

coincide only in part with the S. Lorenzo Cycle of 
Pieri et al. (1994, 1996) and with the Profico 

Group and Aliano 2 of Zavala & Mutti (1996) and 
Zavala (2000). Similarly to the present study, 
Zavala & Mutti (1996) and Zavala (2000) recog- 
nized more fluvio-lacustrine deposits between the 

Sauro and Agri River valleys than those reported 
by other researchers, but suggested that lacustrine 
conditions occurred twice (i.e. in their Aliano and 
Profico times). However, according to our study 

this setting is only apparent, as a NE-dipping 
reverse fault doubles the MN3 deposits along 

the M. Ginisgalli-Acqua Finera alignment 
(map, cross-section B-B') .  Alluvial-palustrine- 
lacustrine systems, therefore, would have occupied 

the northern portion as well as the central-southern 
SAB only once, during the end of early-early 

mid-Pleistocene time (Fig. 10h). 
The 'S. Lorenzo lake' (Pieri et al. 1994; Sabato 

1997, 2000), thus, was not facing the sea, as 
proven by the occurrence of MN3 deposits in 

the Serra Petrizza area, and in the central- 
southern SAB, well above the presumed limit of 

the 'S. Lorenzo lake'. Limited lacustrine-palus- 
trine depocentres existed in a fully terrestrial 

basin definitely isolated from the Ionian foredeep 
(Fig. 10h). 

Sub-stage 3d. The end of this stage was marked 
by renewed deposition in a wide alluvial plain cov- 

ering most of the SAB and documented by lithofa- 
cies MN4. In this stage, gravelly channel fill and 
muddy floodplain sediment represent the end- 

members of the uplift-denudation cycles. These 
deposits overfilled the various depocentres devel- 

oped in the previous stages, indicating therefore a 
decreasing rate of basin deformation, a trend that 
will characterize the next stage. 

T e c t o n i c  r e m a r k s  

The deposition of the continental deposits appears 

to have been largely controlled by the axial back- 
thrust fold zone. Syndepositional growth of back- 

thrusts is demonstrated by the consistent growth 
strata geometries north of the Agri River (Bonini 
& Sani 2000a; Casciello et al. 2000; Fig. 9a) and 

along the Sarmento River (Fig. 14c). The culmina- 
tion of these thrust folds is characteristically 

affected by several normal faults with weak vertical 
offset, perhaps representing the collapse of the fold 
crest area, which presumably took place after the 
deposition of the Missanello-Noepoli synthem 

(map). North of the Agri River, the back-thrust 
faults emerge at the surface, and their activity 

probably dismembered the area of Early-Mid- 
Pleistocene continental deposition into second- 

order sub-basins (Fig. l le and cross sections 
A - A '  and B - B '  in the map). Minor east-verging 
thrust faults (such as that SE of Roccanova; see 

map) are interpreted as second-order structures of 
thrust triangle zones accommodating the shortening 
above the crest of back-folds (cross-sections C - C  t 

and D - D '  in the map). 

Stage 4: Chiaromonte-Serra Corneta 

synthem palaeogeography and tectonics 

This stage represents the final aggradation in the 
SAB that occurred in fully alluvial conditions. 

The relatively small amount (about 100 m thick- 

ness) of coarse-grained material recorded in 
the basin during the development of this 
synthem suggests a reduction of accommodation 

space. Three sub-stages can be recognized in 
the tectonosedimentary evolution of this stage 
(Fig. 10i). 

Sub-stage 4a. A wide braidplain developed in the 
SAB at the beginning of this stage and is documen- 

ted by lithofacies CSC 1 (Fig. 10i). The fluvial style, 
characterized by laterally mobile shallow channel 

belts, points to reduced accommodation space in 
the basin, which did not allow a significant vertical 

aggradation of fluvial deposits and the development 
of low-energy floodplain areas. Stratigraphic 
expansion of muddy lithofacies indicative of a 
floodplain marked the development of MN2 and 

MN4 lithofacies assemblages in times of higher 
subsidence rate in the basin. 

Sub-stage 4b. The sedimentary evidence of this 
sub-stage is locally represented by lithofacies 

CSC2, a thin breccia that testifies to a significant 
tectonic event that affected a limited portion of 

the western margin of the SAB. This breccia 
formed by the rapid unroofing of Mount Raparo 
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presumably in response to a pulse in the activity of 
the east-verging Armento-Raparo thrust fault 
(sensu Monaco et al. 2001) (Fig. 10i). 

Sub-stage 4c. The final deposition during this 

stage was characterized by development of alluvial 
fans along the western basin margin (Fig. 10i). The 
poorly reworked clasts in the deposits of lithofacies 

CSC3 suggest erosion of excess relief formed in the 
previous sub-stage, short transport and rapid depo- 

sition of the eroded material. These deposits are 
deeply weathered, with the occurrence of reddish 
buried or relict soils (Amato & Dimase 1997), 

which document a complex geomorphological 
evolution after the deposition of this unit. Truncated 
and buried alfisols with petrocalcic horizons docu- 

ment original weathering in seasonal and contrasted 
climatic conditions as well as successive erosion 
and deposition on the surfaces on top of these 

deposits with development of further palaeosols. 

Tec ton i c  r e m a r k s  

The deposits of this synthem record a relatively 

recent deformation event consisting of NE-trending 
thrust-fold axes superimposed on the former N W -  

NNW-trending structures (Piccardi et al. 2000) 
(Fig. 1 lf). This superimposition is also present in 
the Alianello area, where the NNW-striking conti- 

nental S. Lorenzo syncline basin is deformed by 
NE-trending gentle folds (map). The chronological 

attribution of this folding event is, however, not 
well constrained, as it could be referred either to 
(1) the earliest Mid-Pleistocene (i.e. just alter the 
end of continental deposition of the Missanello- 

Noepoli synthem), or (2) the development of the 

locally dense network of NW-trending shallow 
normal faults displacing the deposits of the Chiaro- 
monte-Serra Corneta synthem (Fig. 10i). In the 
hypothesis that these normal faults developed in 

response to a late gravitational instability and tec- 
tonic collapse of the structural highs that developed 

during the previous stages, it follows that com- 
pression within the basin ceased around the earliest 
Mid-Pleistocene. 

Stage 5: Valdagri synthem 

palaeogeography and tectonics 

This is the last and most recent stage of basin devel- 
opment, indicating that, possibly since the latest 

mid-Pleistocene, the SAB was definitively part of 
the uplifting chain. The succession of four major 
fluvial terraces (see also Amato & Dimase 1997) 

attests to a rapid vertical incision of the basin fill 
as a consequence of overall uplift, punctuated by 
limited aggradation of successive alluvial plains. 

Some workers have proposed that the area was 
affected during the Mid- to Late Pleistocene by 
NW-trending sinistral strike-slip faulting that dis- 

sected the previous thrust-fold belt structures 

(such as the Valsinni anticline) giving rise to a 
very complex structural pattern (Catalano et al. 

1993; Monaco et al. 1998, 2001; Bonini & Sani 
2000a). This scenario does not contrast with our 

findings, as this phase is hypothesized to postdate 
basin development (e.g. Catalano et al. 2004). Simi- 

larly, the so-called Scorciabuoi Fault (Lentini 1979; 
Fig. 1) could have developed first as a back-thrust. 

This possibility is suggested by the recognition of 
consistent SW-verging back-folds affecting the 

deposits of lithofacies A3a at the northeastern 
margin of the SAB (Masseria Gagliardo area in 
the map; Bonini & Sani 2000a,b). This fault zone 

was later reactivated as an oblique-slip or exten- 
sional fault, as indicated by its recent morphologi- 

cal features (Bonini & Sani 2000a; Salviulo et al. 

2005). A two-phase activity for the Scorciabuoi 
Fault (sinistral transpression followed by extension) 

was also proposed by Pieri et al. (1997). 

Discussion and conclusion 

Tectonics appears to have dominantly controlled 

accommodation space and sediment supply in the 
SAB, raising the question of the role of the eustatic 
control. The Caliandro and Aliano synthems 

encompass a critical period of the late Neogene, 
when, starting from 2.6-2.4 Ma, the Arctic ice 

sheet was developing and determining the initiation 
of glacial-interglacial cycles in the northern hemi- 
sphere, and thus glacio-eustatic fluctuations that 
controlled accommodation space in the world's 

oceans and seas. In Figure 16, the Caliandro 
synthem chronostratigraphy is compared with 

oxygen isotopic curves of the eastern equatorial 
Atlantic and Mediterranean Sea and with the 
global chart of relative sea-level fluctuations. It 

can be observed that three third-order depositional 
sequences (TB 3.6, 3.7 and 3.8) are defined on a 
global scale and that several fourth- and fifth- 

order sequences may have formed, as suggested 
by the fluctuation of oxygen isotopic ratio. Never- 
theless, it can be noted that: (1) the sub-units C1 

and overlying lithofacies Cd, defining a transgres- 

sive trend, cross chronologically the boundary 
between sequences TB 3.6 and 3.7; (2) despite the 
deposition of lithofacies Cd, biostratigraphically 

calibrated in the Nocito River valley (Marino 
1994, section RAC in Figs 2 and 3), C1 coincides 
with the trangressive portion of sequence TB 3.7, 

and sub-unit C2 developed out-of-sequence as a 
result of the growth of a compressive structure 
along the western margin; (3) only sub-unit 

C3 could have been in part controlled by eustacy 
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Fig. 16. Comparison of Caliandro stratigraphy (western SAB), global third-order sequences (after Haq et al. 1987) 
and astronomical cyclicity recorded from the Atlantic (Tiedemann et al. 1994) and Mediterranean (Lourens et al. 

1996) basins. RAC, Racanello biostratigraphic section (Marino 1994; see Fig. 2). 

as indicated by the possibly coeval sequence 
TB 3.8. 

The hypothesis of a tectonic control on accom- 
modation space and sediment production (by reju- 
venating the relief) acting at rates comparable 

with those of the glacio-eustatic and climatic 
cycles seems to be supported also by the tectono- 
sedimentary events punctuating the transition 

from the early to the mid-Pleistocene. In a very 
short time span (of the order of 0.2 Ma, Fig. 15), 
the development of A4 and MN3 sub-basins and 

the progressive isolation of the SAB from the 
Ionian foredeep were controlled by the activity of 
west-verging thrust faults. Sedimentation rates 
higher than 0.5 m ka- l estimated for the deposition 

of MN3 (Albianelli et  al. 2004) indicate the fast tec- 
tonic subsidence and the huge sediment supply 
characterizing the SAB in this period. 

The predominant role of tectonics in controlling 
the basin fill is generally agreed, as demonstrated 

by various complementary structural models, most 
of which have been referred to a semi-allochtho- 

nous basin since the pioneer work by Vezzani 
(1967a). The studies that have discussed in detail 

the tectono-depositional basin evolution (Pieri 
e t  al. 1994, 1996; Zavala 2000; Patacca & Scandone 

2001) linked the development of depositional 
systems to a compressional setting dominated by 
east-verging thrust faults controlling the establish- 
ment of a piggyback or thrust-top basin. 

Data collected in this study suggest a further 

model for the evolution of the SAB. This is strongly 
supported by the depositional and structural fea- 
tures magnificently exposed throughout the basin. 
In this new picture, the SAB is thought to have 

been deformed by oppositely verging thrust folds 
and such a progressive deformation controlled 

cyclical changes of sediment supply and accommo- 
dation space. Specifically, the western margin was 
characterized by east-verging thrust faults that 

controlled pulsating mountain uplift. This tectonic 
activity influenced sediment production and 

supply to the fluvio-deltaic systems developed 
throughout the deposition of the Caliandro, Aliano 
and Missanello-Noepoli synthems. Thrust loading 
in the inner sectors of the Southern Apennines 

may have caused the subsidence accommodating 
the Caliandro and in part also the Aliano synthems. 

In overall conceptual terms, the conclusion of this 
study fits reasonably well the hypotheses of pre- 
vious workers. 

The original contribution of the present study is 

the observation that syndepositional effects of 
back-thrusting developed not only along the 

Valsinni-Nocara ridge, as previously documented 

(e.g. Sant'Arcangelo back-thrust; Calabr6 e t  al. 

2002), but also in the axial SAB (for back-thrusts 

documented in the northern SAB, see also Hippo- 

lyte e t  al. 1994a; Bonini & Sani 2000a; Casciello 
e t  al. 2000). In terms of progressive control on 
deposition these structures determined: (1) a phy- 
siographic asymmetry in the Valsinni-Nocara 

ridge characterized by steep and gentle slopes on 
the western and eastern flanks, respectively, with 
significant implications for drainage pattern and 

sediment dispersal to the SAB; (2) the formation 
of small sub-basins in the Valsinni-Nocara ridge 

filled with siliceous deposits (i.e. lithofacies Ce) 
in mid-Caliandro time; (3) the progressive develop- 
ment of depocentres in the western-axial SAB since 

the deposition of the A2 sequence, later filled by 
fully terrestrial deposits of the A4 sub-synthem as 

a consequence of the emergence of the back- 
thrust; (4) the final isolation of the SAB from the 
sea caused by the continual activity and surfacing 

of back-thrusts at the western Valsinni-Nocara 
ridge margin in Missanello-Noepoli time. Here, 

back-thrusts created small subsiding depocentres 
favouring lacustrine conditions that are locally 
documented by sub-synthem MN3. 
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Fig. 17. Geological regional cross-section (modified from Hippolyte et al. 1994a) showing the structural- 
evolutionary passive-roof duplex model proposed in this study for the Sant'Arcangelo Basin. In this model, the back- 
thrusts affecting the SAB are coeval and genetically linked to the underlying main forethrust in the Apulian Platform. 
(Note the displacement of early forethrusts by the late back-thrusts). Bold lines indicate the main structures composing 
the passive roof duplex. 

The recognition of such basin-scale hinterland- 
verging thrust faults and folds raises the question 
of their tectonic significance. Back-thrusts have 

been previously interpreted as second-order struc- 
tures that accommodated the eastward translation 
of the Valsinni thrust anticline (composed of Sici- 

lide and Flysch units) over a structural high in 

the underlying Apulian Platform formed by pre- 
existing normal faults (Calabr6 et al. 2002). An 

alternative hypothesis is that back-thrusts could rep- 

resent passive-roof thrusts of passive-roof duplex 
structures ( sensu  Banks & Warburton 1986). In 
this hypothesis, the hinterland-verging Valsinni 

anticline could be detached (via the roof-thrust) 
along the theological contact given by the Sicilide 
Units-Apulian Platform interface, which is 

marked by the intervening Pliocene clays 
(Fig. 17). Below this surface, the Apulian Platform 

is affected by east-directed thrusting, as imaged in 
seismic lines (Calabr6 et  al. 2002). 

We propose a passive-roof duplex model consider- 

ing the following: (1) thrust triangle zones have been 
also evidenced both northward of the Valsinni- 

Nocara ridge (Bentivenga et al. 2005) and to the 
SSE, along-strike from the SAB, by seismic line 
interpretation (offshore the Gulf of Taranto; Pieri 
et al. 1997; Doglioni et  al. 1999); (2) this structural 

setting is a typical feature of orogenic belts worldwide 
(e.g. Price 1986; Banks & Warburton 1986; Vann 

et al. 1986; Couzens-Schultz et  al. 2003). In this scen- 
mio, some back-thrusts that have been documented 
with great continuity along the external frontal area 

to the NNE of the SAB and related to either deep- 
seated strike-slip faulting (Bonini & Sani 2000a) or 

associated with thrust folds (Calabr6 et  al. 2002; 
Piedilato & Prosser 2005) could be instead refen'ed 
to the proposed passive-roof duplex model. In this 
interpretation, the SAB would represent a triangular 

basin (or full ramp basin according to the definition 

of Cobbold et al. 1993) bounded at the margins by 
oppositely verging structures of the same rank. Our 

hypothesis is schematically shown in Figure 17. It is 
worth noting that the chronology of the deformation 

inferred for the axial deformation belt (i.e. a first fore- 
thrust folding followed by back-thrust folding) is 

strikingly similar to that recognized by Doglioni 
et  al. (1999) in the Ioniml Sea and by Bentivenga 
et  al. (2005) in the Southern Apennines frontal area. 

Regarding the kinematics of the passive-roof 
duplex, one may expect that this structure could 

be characterized by some significant oblique-slip 
component of displacement given the importance 
of this kinematics during the Mid-Late Pleistocene. 
However, the available data collected on the Alia- 

hello thrust fold belonging to this system evidence 

a roughly ENE direction of shortening that is sub- 
orthogonal to this structure (Hippolyte et  al. 

1994a,b), Similar results are suggested by prelimi- 

nary data collected in the Serra Petrizza area. 
These data seem to give further support to the 
hypothesis that the major components of strike- 

slip faulting started during Mid-Late Pleistocene 
times, thus during, or after, the last phases of the 
basin evolution. 

Finally, the above discussion of the evolutionary 
model of the SAB obviously affects also the 

migration of the basin's depocentre through time, 
which has been generally referred to as a westward 
propagation (Hippolyte et  al. 1994a; Calabr6 et  al. 

2002). We still highlight the importance of the 

westward sense of propagation: for instance, the 
west-directed jump from the deposition area of 

lithofacies Cd and Ad to the depocentre of sub- 
synthem A4 is well exemplified in cross-section 
C-C' (see map). However, the migration pattern of 
the basin' s depocentre resulting from 
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tectonosedimentary evolution proposed in this 

study is more complex, with the occurrence of 

both forward and backward propagations. The 

latter have been previously recognized by Patacca 

& Scandone (2001) in relation to the syndeposi- 

tional activity of 'competing'  east-verging thrust 

faults bounding both the western and eastern SAB 

margins. In our model, such an evolution is 

instead strongly dependent upon the mutual inter- 

play between the east- and west-verging thrust 

faults. In particular, the above-mentioned westward 

shift of basin depocentre manifested by subsynthem 

A4 was followed by an eastward migration of con- 

tinental deposition (map). Continental deposition 

was indeed controlled by back-thrusts located to 

the east of the depocentre of sub-synthem A4 (Alia- 

nello area; see the map and cross-sections A - A ' ,  

B - B ' ,  and C-C ' ) .  
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Abstract: The aim of this study is to reconstruct the evolution of the Strongoli area, a critical 
sector of the Crotone Basin (Calabria, Southern Italy), where a thick Middle-Upper Pliocene 
marine succession is present. The Strongoli succession shows prominent changes in the sedimen- 
tary environment that are partly forced by tectonics. Major tectonostratigraphic events have been 
recognized that might correlate with spreading pulses in the back-arc Tyrrhenian Sea. In particu- 
lar, we demonstrate that a dramatic basinal collapse at c. 2.3 Ma correlates with the so-called 
'Calabrian transgression' Auctorum and is close in age to the oceanization of the Marsili Basin. 

The Strongoli area, located at the northeastern border 

of the late Neogene Crotone Basin, was indicated by 

Roda (1964) as a critical sector for reconstructing 

the tectonostratigraphic evolution of the region. The 

aim of this paper is to reconstruct the major geological 

features of the Middle-Late Pliocene succession of 

the Strongoli area (Figs 1 and 2). In particular, our 

main targets are: (1) to constrain in time and stress 

the regional importance of a basinal collapse event 

that correlates with the 'Calabrian transgression' Auc- 
torum (Early Pleistocene according to Ogniben 

1955); (2) to provide age control for a widespread 

Mid-Pliocene tectonostratigraphic event, poorly con- 

strained so far, which corresponds to the beginning of 

the third sedimentary cycle of Roda (1964; Fig. 3); 

(3) to verify the response of the forearc stratigraphy 

to the dynamics of the Tyrrhenian back-arc, which 

can provide important clues for reconstructing the 

dynamics of plate interactions. 

Geological and stratigraphical setting 

of the Crotone Basin 

The Crotone forearc basin is located in the Ionian 

Calabria (Fig. 1), where one of the thickest and 

best-exposed Late Miocene to Pleistocene marine 

sedimentary succession of the recently uplifted 

Southern Italy is present. The Crotone Basin was 

regarded by Van Dijk (1992) as an oblique, thin- 

skinned strike-slip basin, created by a pull-apart 

between the Petilia-Rizzuto and Rossano-San 

Nicola NW-trending shear zones (Fig. 2) and 

probably detached at a depth of a few kilometres. 

The stratigraphy of the Crotone Basin as estab- 

lished by Roda (1964) in the 1960s is still gen- 

erally valid. Roda subdivided the succession into 

three tectonostratigraphic sequences (Fig. 3). 

The first sequence develops from the opening of the 

basin (Mid-Miocene) to intra-Messinian times, the 

second from late Messinian to Early Pliocene times, 

and the third from Mid-Pliocene to Mid-Pleistocene 

times. This subdivision is based on major unconfor- 

mities corresponding to main reorganization events 

within the Crotone Basin. 

Later, Van Dijk and coworkers (Van Dijk 1991, 

1994; Van Dijk & Okkes 1991 ; Van Dijk & Scheepers 

1995) proposed a model in which relationships 

are analysed between oceanization episodes in the 

Tyrrhenian Sea, active southeastward arc migration, 

and opening of basins in the forearc area. A long- 

lasting tensional regime, characterized by three 

major phases of subsidence and basin opening in 

late Tortonian, Early Pliocene and Late Pliocene 

times, would have been punctuated by short-lived 

phases of compressional deformation in the Mid- 

Pliocene and Mid-Pleistocene as a result of plate 

convergence and the end of the rollback process. 

The Strongoli area: previous studies 

The most prominent feature of the geological land- 
scape of the Strongoli area is represented by a sand- 

stone body > 80 m thick and 6 km wide upon which 

the village of Strongoli is built (Fig. 4), extending 

eastwards towards the Ionian coast (Fig. 5). This 

sandstone body is bracketed between two mainly 

pelitic units that have been named and interpreted 

differently by Ogniben (1955) and Roda (1964), as 

shown in Figure 6. 

Ogniben (1955) interpreted the 'Strongoli Sand- 

stone' (hereafter SS) as the regressive unit of a 

Pliocene transgressive-regressive cycle, in which 

the underlying 'Timpa Biso Marly Clay' (TBMC) 

From: MORATTI, G. & CRALOUAN, A. (eds) 2006. Tectonics of the Western Mediterranean and North Africa. 
Geological Society, London, Special Publications, 262, 323-336. 
0305-8719/06/$15.00 �9 The Geological Society of London 2006. 
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appropriate for presenting our data and more in 
keeping with o111" interpretation of the geological 

evolution of the Crotone Basin. 
However, we could not resolve firmly the puzzling 

relationship between the TBMC and the underlying 
Murgie sandstone body (Fig. 4a), which extends 
west of the study area (Fig. 5). This unit was con- 

sidered by Ogniben (1955) and Roda (1964) as 
mainly belonging to the Scandale Formation, in sub- 
stantial stratigraphic continuity with the TBMC and 

thus belonging to the third cycle of Roda (1964). In 
contrast, Zecchin et  al. (2004) correlated the Murgie 

body with the second cycle of Roda (1964). 

Fig. 1. Outlines of the main geological units and 
structural elements of southern Italy and surrounding 
basins (adapted from Van Dijk 1994). 

would represent a transgressive portion. Likewise, the 

overlying 'Gigliolo Clay' (GC) would record the 
transgressive stage of a younger sedimentary cycle, 
also known as the 'Calabrian transgression' A u c t o r u m  

(i.e. Gignoux 1913; Ruggeri & Selli 1948; Selli 1949; 

Ogniben 1955). 
In contrast, Roda (1964) considered the TBMC and 

GC of Ogniben (1955) simply as component 

members of the Middle Pliocene-Lower Pleistocene 
'Cutro Marly Clay' (CMC), whereas he regarded the 

SS as the record of a local sedimentary episode within 

the CMC with no major eustatic significance (Fig. 6). 
In Roda's interpretation, the offshore CMC would 
gradually onlap shallow-water and lagoonal units 

that are present in the most marginal part of the 
Crotone Basin (i.e. the Scandale sandstone and 
the Spartizzo marly clay, respectively) beginning 

from the base of the third tectonostratigraphic cycle 

(Figs 3 and 6). 
In this paper, we will follow the formational ter- 

minology of Ogniben (1955) because it is more 

Material and methods 

We collected a total of about 100 samples from two 
sections (namely, the 'Ecce Homo' and 'Strongoli' 
sections) and from intervening tracts (spot 
samples). The integration of facies analysis with 

the study of foraminiferal assemblages was aimed 
at reconstructing the depositional environment 
with special reference to the formation of Mediter- 
ranean sapropel-like layers. Pollen and stable 

oxygen isotope studies on selected intervals pro- 
vided critical information on the climatic evolution 

and cyclicity. The latter data, integrated with cal- 
careous plankton biostratigraphy, allow a firm and 
highly resolved chronological framework for the 

investigated succession. The adopted time frame- 
work is reported in Figure 7, which includes the 
chronostratigraphic scale, geomagnetic polarity 

time scale (GPTS; Cande & Kent 1992, 1995), 

Mediterranean calcareous nannofossil biozonation 
(Rio et  al. 1990), major planktonic foraminiferal 

bioevents (after Lourens et  al. 1996, 2004), refer- 

ence oxygen isotope curve of benthic Foraminifera 
from Ocean Drilling Program (ODP) Sites 846 
(Shackleton et al. 1995a,b) and 677 (Shackleton 
et al. 1990), and Mediterranean sapropel layers 

with the i-cycle code (after Lourens et al. 1996; 
Kroon et  al. 1998). Chronology was derived using 

the astronomical tuning of Lourens et al. (1996, 

2004). 
Here we report the most significant data collected 

in the Strongoli area. Calcareous nannofossil biostra- 
tigraphy has been established for about 100 samples. 
Calcareous nannofossil taxonomy and zonation are 

after Rio et al. (1990). Nannofossil quantitative data 

were collected counting the marker species of Dis-  

coas ter  within a total of 20-50 discoasterids; for 

rarer occurrences, three vertical traverses were ana- 

lysed. Planktonic and benthic Foraminifera were 
studied in about 80 samples, 65 of which have 
been analysed with quantitative methods (at least 

300 planktonic and 300 benthic specimens were 
identified and counted) from the > 125 I~m fraction 
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Fig. 2. Simplified geological sketch of the Crotone Basin (modified from Massari et al. 2002) and location of study area. 

Evolution of the Crotone Basin was controlled by two NW-trending crustal shear zones (the Rossano-S. Nicola and 

Petilia-Sosti Zones). 

Fig. 3. Large-scale stratigraphy of the Crotone Basin as outlined by Roda (1964; slightly modified). This paper 
is focused on the third tectonostratigraphic cycle, particularly on the lower part of the Cutro Marly Clay Unit. 



326 L. CAPRARO ETAL. 

Fig. 4. (a) Panoramic view of the Timpa Biso-Strongoli area. Three units can be distinguished: the Murgie sandstone, the 
Timpa Biso Marly Clay (TBMC) and the Strongoli Sandstone (SS). (b) Measured segments of the upward-coarsening 
Strongoli section. Segments I and I! belong to the TBMC; segment III crosses the SS. 

of the split residues. Non-quantitative analyses only 

have been performed on spot samples, for which the 

relative distribution of foraminifer species is reported 

in terms of abundant, common or rare occurrence. 

The complete census dataset is available online as 

a Supplementary Publication at http://www.geolsoc. 

org.uk/SUPl8250. A hard copy can be obtained 

from the Society Library. Standard techniques of 

preparation and microscope analysis have been 

used. Taxonomy of foraminiferal species is alter 

Kennett & Srinivasan (1983) and Loeblich & 

Tappan (1988), and palaeoecology is after Sen 

Gupta (1999, and references therein). Planktonic for- 

aminiferal quantitative data (measured sections only) 

are presented here in terms of the relative abundance 

fluctuations of marker species Globorotalia bono- 

niensis and Globorotalia crassaformis sx (see 

Fig. 9). By means of the relative distribution of 

selected planktonic foraminiferal species, a sea 

surface temperature (SST) proxy model was also 

reconstructed (Lourens et al. 1996), which allows 

the recognition of cool and warm intervals (Fig. 9), 

Benthic foraminifers (measured sections only) 

have been used to construct the benthic foraminifera 

oxygen index (BFOI) curve, which is largely based 

on the model proposed by Kaiho (1994; Fig. 9). The 

planktonic foraminiferal distribution reported by 

Lourens et al. (1996) and Sprovieri et al. (1998) has 
been used as reference (particularly for the corre- 

lations of sapropel-like layers). Stable oxygen 

isotope analyses of 55 samples have been carried 

out on the planktonic foraminiferal species Globiger- 

inoides ruber and the benthic foraminiferal species 

Cibicidoides dutemplei, Uvigerina peregrina and 

Uvigerina bononiensis. Analyses were performed 

by an automatic Finnigan MAT 252 mass spec- 

trometer at the Department of Geology and Geochem- 

istry of Stockholm University. Data are reported in 

notation with respect to the VPDB standard reference; 

measure precision is about _+0.1%o. For pollen 

analysis, we have processed 57 samples. From each 

sample, 10 g of sediment were treated according 

to standard acid-alkali procedures followed by 

heavy liquid separation (ZnCI2 at d = 2.004) and 

ultrasound treatment. A minimum of 120 pollen 
grains was counted in each sample excluding Pinus. 
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Fig. 5. Simplified geological map of the Strongoli area (modified from Ogniben 1955). Measured sections and 
principal spot samples are reported. 

Ogniben (1955) Roda (1964) 

Gigliolo clay 

Strongoli 
sandstone 

Timpa Biso 
marly clay 

Scandale 
sandstone 

Spartizzo marly 
clay 

Cutro marly clay 

S c a n ~ _ ~  
dale 

Spar~= -z~ 
tizzo ~ 

Fig. 6. Simplified comparison between the informal 
terminology proposed by Ogniben (1955) and that of 
Roda (1964) for subdividing the stratigraphy of the 
Strongoli area. 

Fern and fungal spores and dinoflagellate cysts were 
not included in the pollen sum. 

The Strongoli stratigraphic succession 

In the Strongoli area, part of the stratigraphic succes- 

sion is poorly exposed (Fig. 4). A continuous succes- 
sion could not be reconstructed, apart from two 

well-exposed sections (the Ecce Homo and Stron- 
goli sections), which have been sampled in detail 
(Figs 4a and 9). In contrast, intervening tracts have 
been spot sampled only (Fig. 5). Although distances 

between the measured sections might prevent a firm 
correlation, we reconstructed a composite represen- 

tative log of the succession by splicing together four 
major segments (Fig. 8). 

The local substrate of the Timpa Biso 

Marly Clay 

The lower part of the TBMC crops out only along the 
southern flank of the Timpa Biso hill (Figs 4a and 5). 
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Fig. 8. Simplified log of the Strongoli successzon according to the adopted chronological framework. Major 
stratigraphic events and inferred palaeobathymetry are indicated. 

Here, below the TBMC, a sandy-pebbly unit consist- 
ing of a number of transgressive-regressive, 

marginal-marine cycles is present that might correlate 
with the Spartizzo-Scandale complex (Fig. 8). This 

unit is discontinuously capped by shallow-marine, 

highly fossiliferous and tightly cemented sandy and 

pebbly limestones with Isognomon and large pecti- 
nids. Immediately above, a thin lag of bored pebbles 



330 L. CAPRARO ETAL. 

_ _ , .  ( a )  E C C E  H O M O  S e c t i o n  a ~"O V E G E T A T I O N  G R O U P S  

i ~ , t ~  ~ . . - - - u .  o 

~l=[~ -~1 sarnp=e .,.,,~o" ~,s~ (W/W+C) BFOI  - -U .  t ube r  ~ .r,a-kO ~ "~Z~,'~ O" ..<.C.,O~",,,.O'~ u "  
-~ ] %0 . 5o O .  ~ "  ~ .~  bonon iens i s  __  ~ o ~ V ~ 0 "*~" 

- _  --EH33 .~ v I l i ~ 

!li',~ 
2O 

10 

00 

8 (  

~SD 

~ 4O 

20 

10 

O 

n,u'u 

G O L I  S e c t i o n  

VEGETATION GROUPS 

_o,~'~,o~ ,~ ~ 
,~n Ou ~S~ SST  

, u ~ fo  - BFOI  
," O. ~ = (WlW+C) 

. . . . . .  ; . . . .  

i J i \  8 8 8 8 8 ~  I 

i i /  c. G. ~ - - ~ "  I 

l..,~,,,,,,, ,, ,..,.,,, ~ - -  . . . . .  " . . . . .  

w~rm 

Fig. 9. Palaeoclimatic and biostratigraphic data from the Ecce Homo (a) and Strongoli (b) sections. Left: stratigraphic 
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curve of sea surface temperature, i.e. a ratio between 'Warm' (W) and 'Cold' (C) planktonic Foraminifera species: 

W/(W + C). 'Warm' species are GIobigerinoides ex gr. ruber, G. ohliquus, G. sacculifer gr., Zeaglobigerina spp., 

Orbulina universa and Globorotalia crassaformis. 'Cold' species are Globigerina falconensis, G. quinqueloba, 
G. glutinata, Neogloboquadrina spp. sx and GIohorotalia scitula (after Lourens et al. 1996). BFOI, Benthic foraminifer 
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Quinqueloculina spp. 'Dysoxic' species are Bolivina spp., Bulimina exilis, Chilostomella oolina, Fursenkoina 

schrembersiana, Globobulimina spp., Stainforthia complanata, Stilostomella spp., Uvigerina bononiesis and 
U. cylindrical. Dashed bars indicate low-oxygen intervals. Oxygen isotope data are given in 6 notation with respect to 

the VPDB standard. MIS, correlative Marine Isotope Stages as deduced from oxygen isotope, microfaunal and pollen 

data. Right: selected vegetation groups with high ecological significance. Relative percentages of pollen taxa are 

calculated without Pinus. Taxodiaceae (Taxodium 4-Sciadopitys + Nyssa) and temperate forest elements 

(Quercus + other mesothermic broad-leaved trees) are indicative of a warm and humid cli mate; Picea + Abies 4- other 

conifers (Tsuga 4- Cedrus) indicate cool to cold climatic conditions with high precipitation rates. 
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and cobbles is present, which can be extensively 
traced laterally in the field as a marker horizon (Figs 
4a and 8). 

The Timpa Biso Marly Clay: deepening stage 

The abrupt transition from the carbonate unit to the 
overlying outer-shelf and upper slope hemipelagic 
mudstones (TBMC) suggests a rapid deepening 
(Fig. 8). The base of the TBMC is not exposed, 
being generally hidden below a grass cover. The 
lower part of the TBMC mainly consists of silty 
marly clay and marly silt with sparse sandy beds, 
two ashbeds and a number of laminated sapropel- 
like layers (Figs 8 and 9). The latter usually indicate 
a palaeodepth in excess of 300 m (as suggested by 
Rohling & Gieskes 1989). 

We spot sampled the lowermost outcrops of the 
TBMC on the southern side of the Timpa Biso hill 
(group A, Fig. 5). These samples belong to the Dis- 

coaster tamalis Zone, the paracme interval of which 
(extending from Marine Isotope Stage (MIS) 121 to 
MIS 117, according to Sprovieri et al. 1994, 1998) 
was clearly recognized (Fig. 8). In this sampling 
area, three sapropel-like laminated layers have been 
detected in the field (corresponding to samples TB/ 
02/10, TB/02/16-17 and TB/02/23 as coded 
in the Supplementary Publication 18250 tables; see 
p. 000). In these layers, siliceous remains are abun- 
dant and benthic foraminiferal assemblages are domi- 
nated by low-oxygen tolerant genera such as Bolivina, 

Bulimina and Uvigerina (Sen Gupta 1999, and refer- 
ences therein). Based on their stratigraphic position 
with respect to the peculiar distribution pattern of 
D. tamalis (before the paracme, Fig. 8) the presence 
of Globorotalia bononiensis and the presence or 
absence datum of Globorotalia crassaformis dx 
(see Supplementary Publication tables), two of these 
sapropel-like layers can be confidently correlated 
with the Mediterranean sapropels i-cycle 286 
(2.988Ma) and i-cycle 284 (about 2.966Ma). 
Minor constraints are available for the third sapro- 
pel-like layer (Fig. 8), which occurs within the 
D. tamalis paracme interval and thus might correlate 
with Mediterranean sapropel i-cycle 282 (2.943 Ma), 
i-cycle 280 (2.921 Ma) or i-cycle 278 (2.900 Ma). 
The Last Occurrence (LO) of D. tamalis (2.83 Ma) 
has been detected in the middle part of the Ecce 
Homo section, which belongs to the Discoasterpen- 

taradiatus Zone (2.83-2.51 Ma) in its upper part 
(Fig. 9a). In this section, oxygen isotope analyses, 
as well as quantitative analyses of the foraminiferal 
and pollen contents, have been performed (Fig. 9a). 
Based on the oxygen isotope ratio, two glacial- 
interglacial cycles have been recognized. Both inter- 
glacials are characterized by low-oxyffen conditions 
(dashed bars in Fig. 9a) and very light 6 SO planktonic 
values (Fig. 9a). Interestingly, the SST curve shows 

low values during these intervals, mainly because 
of a frequency drop in the oligotrophic, warmth- 
demanding planktonic species Globigerinoides ex 
gr. ruber and Zeaglobigerina spp. (Hemleben et al. 

1989; Pujol & Vergnaud-Grazzini 1995). Together, 
these data suggest that 6180 interglacials in the Ecce 

Homo section were characterized by eutrophic con- 
ditions possibly favoured by increases in freshwater 
runoff. The lower low-oxygen episode occurs just 
above the paracme of D. tamalis. As G. bononiensis 

is rather abundant (about 10% of the total assemblage; 
Fig. 9a), this interval might correlate with the Medi- 
terranean sapropel i-cycle 276 (c. 2.87 Ma). The LO 
of D. tamalis, which is correlative with interglacial 
MIS 115/GI 1 (Fig. 7), has been confidently detected 
within the upper sapropel-like interval (Fig. 9a). It 
follows that the latter corresponds to the Mediterra- 
nean sapropel i-cycle 272 (2.828 Ma) and, conse- 
quently, correlation of glacial intervals below and 
above with MIS 116/G12 and 114/G10, respectively, 
is straightforward (Fig. 9a). 

Two further laminated sapropel-like layers 
have been recognized in the spot samples collected 
between the Ecce Homo and Strongoli sections 
(group B in Fig. 5, TB/02/5 and ST/03/1-3 as 
coded in the Supplementary Publication tables), 
which belong to the Discoaster pentaradiatus Zone 
(Fig. 8). Both these layers are characterized by abun- 
dant G. bononiensis; however, one is dominated by 
'cold' and 'eutrophic' planktonic species, whereas 
the other is dominated by 'warm' species (see Sup- 
plementary Publication tables). These planktonic 
assemblages closely resemble those reported by 
Lourens et al. (1996) for the Mediterranean sapropels 
i-cycle 260 (2.703 Ma) and i-cycle 258 (2.679 Ma), 
respectively. 

The shallowing stage: transition f rom Timpa 

Biso Marly Clay to Strongoli Sandstone 

A shallowing trend begins some tens of metres 
below the Strongoli section and develops in this 
section, as clearly indicated by coarsening from 
clayey silt to fine to medium, highly fossiliferous 
sand (Fig. 8). Below the Strongoli section, spot 
samples belonging to the Discoaster pentaradiatus 

Zone have been collected (group B, Fig. 5; KR/ 
03/143 and KR/03/142 in the Supplementary Pub- 
lication tables), in which benthic foraminiferal 
assemblages suggest the occurrence of two distinct 
low-oxygen intervals. The lower one (KR/03/143) 
is characterized by a planktonic assemblage similar 
to that described by Lourens et al. (1996) for the 
Mediterranean sapropel i-cycle 256 (c. 2.658 Ma), 
whereas the upper (KR/03/142) is faunistically 
similar to the Mediterranean sapropel i-cycle 254 
(2.632 Ma; Lourens et al. 1996). 
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From the base up to c. 83 m, the Strongoli section 
(Fig. 9b) is composed of silts and fine sands that are 

thoroughly bioturbated with sparse macrobenthic 
assemblages dominated by Turritella, pectinids, sca- 

phopods, ahermatypic corals and annelids. Four 
firmground horizons draped by Neopycnodonte 
clumps and marked by Glossifungites ichnofacies 
at 24, 39, 58.5 and 104 m may record minor flooding 

events. Starting from about 83 m, the dominant sedi- 
mentation pattern consists of cyclic alternation of 

bioturbated fine sands and highly fossiliferous fine 
to medium sands and sandstones with common pave- 
ments and layers of transported shells forming sedi- 
mentological concentrations with convex-up and 

locally nested valves (Fig. 9b). In the upper Strongoli 

section and above, sediments are either (1) not 
cemented or poorly cemented, or (2) cemented into 

some protruding sandstone layers as a result of selec- 
tive erosion (Figs 8 and 9b). Common plant remains 
and sedimentological features suggest a direct or 
lateral link with a prograding, wave- and storm- 

influenced delta system developing from a prodelta 

to a delta-front setting. 
In the upper part of the Strongoli Sandstone Unit, 

a sharp transition to fossiliferous coarse shoreface 
sandstone and fine-grained conglomerate layers 
that sparsely crop out may indicate a downward 

shift of the facies tracts (DWS in Fig. 8). 
The entire Strongoli section (about 120 m) belongs 

to the Discoasterpentaradiatus Zone (Fig. 9b). In the 

lower part of the section (0-30 m), oxygen isotopes 
and both foraminiferal and pollen assemblages docu- 

ment a full glacial interval bracketed by two intergla- 
cials (Fig. 9b), in the midst of which two low-oxygen 

episodes have been recognized (see the BFOI in 
Fig. 9b). These low-oxygen episodes (which are 

located at the base of the section and at 30 m level, 
respectively) can be confidently correlated with the 
Mediterranean sapropels i-cycle 252 (2.611 Ma) and 

250 (2.588 Ma; Figs 8 and 9b). Therefore, it follows 
that the lower part of the Strongoli section (0-  
30 m) corresponds to the MIS 105-MIS 103 interval 

(Figs 7 and 9b). Above, from 30 to 104 m level, fora- 
miniferal assemblages (where available) indicate per- 

sisting warm climatic conditions (see the SST curve in 
Fig. 9b), as also confirmed by a pollen assemblage 
dominated by warmth-demanding Taxodiaceae 
(Fig. 9b). Thus, the interval from 30 to 104 m level 

may correlate with the long MIS 103-101 interglacial 
complex, during which no severe glacial occurs (Figs 

7 and 9b). In fact, we did not detect pollen evidence of 
the prominent MIS 100-96 glacial complex, which is 
well documented in Northern Italy as a time of severe 
glacial conditions (e.g. Marecchia section: Rio et al. 
1997), although it is not well known from Southern 

Italy. 
Pollen and microfaunal analyses are not feasible 

in the upper portion of the Strongoli Sandstone 

because of the unsuitable facies. However, recog- 
nition of the interglacial MIS 103-101 complex 
(Fig. 9b) suggests that the upper part of the SS 
encompasses at least the glacial MIS 100. Thus, 

we speculate that the downward shift recognized 
close to the top of the SS may have been chiefly 
controlled by glacioeustasy (Fig. 8). 

The Gigliolo Clay transgression and 

abrupt deepening 

At the top of the SS, a distinct transgressive sheet is 
present that consists of highly fossiliferous sand- 

stone and pebbly sandstone separated by a silty 
layer (Fig. 8). This interval, which is some 5 m 
thick, is overall very rich in brachiopods with subor- 

dinate echinoids, pectinids, ahermatypic corals 
and bryozoans, which are commonly bored and 

encrusted. The fossiliferous interval grades very 
rapidly into deep-water silts and marly clays with 

sapropel-like layers (namely, the Gigliolo Clay, 
GC; Fig. 8). The transition is rapid but without dis- 
continuity, thus suggesting that the Strongoli area 
underwent a dramatic tectonic collapse after SS 

times. Spot samples have been collected from an 
exposure of the GC in the eastern part of the Stron- 
goli area (group C, Fig. 5). Nannofossil assemblages 

indicate that the basal portion of the GC (0-20 m) 
belongs to the Discoaster brouweri Zone 
(Fig. 8). Moreover, the absence of foraminiferal 

marker species Globorotalia bononiensis, Globoro- 
talia inflata and Neogloboquadrina atlantica 
provides evidence that sedimentation of the 
GC began after the LO of G. bononiensis and 
N. atlantica (2.41 Ma) and before the FO of G. 

inflata (2.09 Ma). Based on this biostratigraphic evi- 
dence, the sapropel-like layers recognized in the 

basal GC (KR/03/155-153 and KR/03/144 in 
the Supplementary Publication tables) are correlata- 

ble with the Mediterranean sapropels of cluster 
B, between 2.3 and 2.1 Ma (Figs 7 and 8). 

Discussion 

Onset of Roda's (1964) third 

tectonostratigraphic sequence 

According to Roda's interpretation, in the Strongoli 

area the base of the CMC (that is, the base of the 
TBMC of Ogniben 1955) would be time equivalent 

to the base of the marginal marine-continental units 
laterally developing west of the study area (i.e. 
the Spartizzo-Scandale complex). The base of 

these units would also correlate with the beginning 
of the third tectonostratigraphic cycle of Roda 

(1964). Here, for the first time, we provide firm evi- 
dence that the onset of Roda's (1964) third cycle is 
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older than 3 Ma because, in the Strongoli area, the 
basal CMC (i.e. the TBMC) belongs to the upper 
D. tamalis Zone. In this area, the beginning of the 
third tectonostratigraphic cycle of Roda (1964) is 
documented by marginal-continental sediments 
(the Spartizzo-Scandale complex). Deposition of 
the deep marine CMC began later in the area, after 
an unresolved time interval corresponding to the 
deposition of both the sandy and limestone units 
(which we consider here as part of the Scandale sand- 
stone) that are present below the TBMC (Figs 4a and 
8). According to a very rough evaluation, the time 
elapsed might be very significant. Thus, evidence is 
provided that in the Strongoli area, the base of 
the CMC (i.e. the TBMC) is correlative neither with 
the base of the Spartizzo-Scandale complex, nor 
strictly with the beginning of Roda's (1964) third 
tectonostratigraphic cycle. 

The interaction of  glacioeustasy-tectonics-  

sediment supply 

Our data suggest that a large part of the regression 
associated with the deposition of the SS is not primar- 
ily controlled by glacioeustasy. In fact, it is proposed 
that (1) most of the shallowing trend from the TBMC 
to the SS takes place under warm and humid climatic 
conditions (i.e. fully interglacial; Fig. 9b) that are 
usually correlative with high sea level, and (2) 
the total thickness of the regressive portion of the 
TBMC (some 100 m; Fig. 8) is not large enough to 
explain a simple terrigenous infill of the former 
accommodation space (of the order of 200-300 m) 
without invoking a strong synsedimentary uplift. It 
follows that the regressive evolution of the TBMC- 
SS complex was probably largely shaped by tec- 
tonics. Likewise, the rapid deepening corresponding 
to the base of the TBMC can be explained only in 
terms of accelerated subsidence. Nevertheless, we 
speculate that the downward shift recognized in the 
upper SS may reflect a major glacioeustatic event 
(i.e. the glacial MIS 100). In this case, we would 
confirm that glacioeustasy may still be readable 
also in active tectonic settings such as that of 
the Crotone Basin (i.e. Rio et al. 1996; Massari 
et al. 2002) although tectonics and sedimentary 
supply are still dominant in shaping the large-scale 
architecture of the stratigraphic record. 

The rapid deepening events at the onset 

of  the GC deposition 

Above the SS, the GC unit records a dramatic dee- 
pening of the Strongoli area in the Discoaster 

brouweri Zone, between 2.3 and 2.1 Ma. In the 
interpretation of Ogniben (1955), the beginning of 
the GC deposition is correlative with the so-called 

'Calabrian transgression' Auctorum (e.g. Gignoux 
1913; Ruggeri & Selli 1948; Selli 1949). Apparently, 
this event is not just local in scope because, beginning 
from Late Pliocene-Early Pleistocene times, a thick 
succession of deep-marine sediments is widespread 
over the entire Crotone Basin. Here, we provide 
tight chronological framing that this regional event 
began in Late Pliocene times, and thus, the so-called 
'Calabrian transgression' is not Pleistocene in age 
(at least in the Crotone Basin area), as suggested by 
previous studies (e.g. Gignoux 1913; Ruggeri & 
Selli 1948; Selli 1949; Ogniben 1955). Moreover, 
we demonstrate that the so-called 'Calabrian trans- 
gression' occurs mainly in response to the tectonic 
collapse of the entire Crotone Basin rather than 
because of glacioeustasy. 

The regional geological framework 

Van Dijk (1991, 1992, 1994) and Van Dijk et al. 
(1998) subdivided the tectonostratigraphic develop- 
ment of the Crotone Basin into four stages: (1) a 
Serravallian-early Messinian stage of progressive 
enlargement of the basin, closed by a major intra- 
Messinian transpressional tectonic event; (2) a 
mid-Messinian-Early Pliocene stage characterized 
by intense faulting overprinted by the Messinian sal- 
inity crisis, and closed by a major Mid-Pliocene 
compressional phase responsible for basin closure; 
(3) a Late Pliocene-Early Pleistocene stage, charac- 
terized by pulsating onlap, and later interpreted (Van 
Dijk & Scheepers 1995) to be closed by a regional 
Mid-Pleistocene contraction phase accompanied 
by oroclinal-type rotations, transpressions and 
basin inversions; (4) a Mid-Pleistocene-Recent 
stage, characterized by strong vertical movements. 
Stress analyses revealed a pattern of overall 
tension, with three major phases of subsidence and 
basin opening in late Tortonian, Early Pliocene and 
Late Pliocene times, interrupted by short periods of 
compressional deformation in the Mid-Pliocene 
and Mid-Pleistocene. The extensional stages would 
correlate with long episodes of rollback, translation 
of the Calabrian lithosphere to the SE, attributed to 
gravitational displacement and spreading in the Tyr- 
rhenian back-arc area. Phases of cessation of spread- 
ing in the back-arc basin would have coincided with 
interruption of slab migration. This would have 
resulted in short pulses of regional compression 
caused by the movement of the African Plate relative 
to the European Plate, which generated a component 
of NE-directed translation of the Calabrian block 
(Van Dijk 1992). 

Focusing specifically on the Pliocene evolution, a 
strongly extensional-transtensional regime and 
high subsidence rate dominated in the Crotone 
Basin from the late Messinian and especially during 
the Early Pliocene. This regime is recorded by 
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spectacular listric normal growth faults in the Lower 

Pliocene succession (Van Dijk 1991; Moretti 1993; 
Zecchin etal. 2004). As already noted, a contractional 

phase possibly at the end of the Early Pliocene can be 
documented throughout the Crotone Basin (Roda 
1964; Van Dijk 1991, 1994; Zecchin et al. 2004). 

Transpressional and compressional effects can be 
recognized thi'oughout the basin and are recorded in 

its northern part by a major erosional and angular 
unconformity corresponding to the base of Roda's 
(1964) third tectonostratigraphic cycle. 

This contraction phase should coincide with a 
major phase of shortening, where upper Messinian 
and Lower Pliocene deposits of both internal and 

external chain domains were incorporated in the 
thrust belt and unconformably covered by sediments 

of the Globorotalia puncticulata Zone of Sprovieri 
(1992) (Patacca et al. 1990; Sartori 1990). In the 
Crotone Basin, data collected so far are not sufficient 

to firmly constrain this event in time. However, we 
speculate that the base of the third tectonostrati- 

graphic cycle of Roda (1964) might fully, or at least 
partly, represent the regional response of the Calab- 
rian forearc to the G. puncticulata event. Unfortu- 
nately, as stated above, in the Strongoli area the 

base of the third cycle of Roda (1964) is documented 
by shallow-water sediments that are not amenable to 
biochronological studies. Further investigations are 

needed on the Mid-Pliocene offshore sediments of 
the Crotone Basin, where the base of Roda's third 
cycle is likely to be represented by an uninterrupted 

stack of deep-marine clays belonging to the CMC. 
A second, rapid acceleration of subsidence 

occurred during Late Pliocene times (the GC event). 
According to Ogniben (1955), this event corresponds 
to the so-called 'Calabrian transgression' reported by 

various workers as a supra-regional event recognized 
in several localities of the Italian peninsula (Gignoux 

1913; Ruggeri & Selli 1948; Selli 1949). This event is 
well documented in the northeastern marginal part of 
the Crotone Basin, where deep-marine sediments 

abruptly were overlain on a shallow-marine substrate. 
Collapse was then followed by continuing high subsi- 
dence rates throughout the latest Pliocene and Early 

Pleistocene, as shown by the exceptionally thick dom- 

inantly hemipelagic succession of this age in the 
Crotone Basin. 

The  c o n n e c t i o n s  w i t h  b a c k - a r c  e v e n t s  

in the  T y r r h e n i a n  S e a  

As currently known, the migration of the Calabrian 

arc was characterized most of the time by an upper 
plate velocity slower than the rollback velocity, so 
that extension in the upper plate and opening of 

back-arc basins kept pace with the trench retreat (Mal- 

inverno & Ryan 1986). The geodynamic frame 
leading to rapid retrograde motion of a subducting 

plate and concurrent opening of a back-arc basin is 

typically that of a subduction zone that has become 
narrow in the along-trench direction after a process 
of slab break-off (Dvorkin et al. 1993; Gvirtzman & 

Nur 1999, 2001; Faccenna et al. 2001a,b, 2004). 
Rollback velocity was much greater in the 

southern Tyrrhenian Basin (5-6 cm a -1 according 

to Faccenna et al. 2004; 6-10 cm a-~ according to 
Rosenbaum & Lister 2004), than in the northern 
Tyrrhenian Basin, where it did not exceed 

2 cm a -~, because in the southern area the subduct- 
ing lithosphere (the Ionian downgoing slab) 

remained oceanic until the present day, whereas in 
the northern area rollback slackened as a result of 
buoyancy of the subducting continental lithosphere 
(Dercourt et al. 1986; Malinverno & Ryan 1986; 

Patacca et al. 1990; Royden 1993; Rosenbaum & 

Lister 2004). Several researchers (e.g. Patacca 
et al. 1990; Rosenbaum & Lister 2004, and refer- 
ences therein) have argued that differential rates of 

extension between the northern and southern Tyr- 
rhenian Sea may have been accommodated by the 
activation of two major crustal shear zones allowing 

the rapid southeastward migration of the Calabrian 
block. Slab tear led to the formation of a narrow sub- 
ducting slab beneath the Ionian Sea whose width is 
estimated at c. 200 km. Lateral mantle flow around 

the slab flanks was accompanied by their large- 
scale rotation, leading to oroclinal bending of the 
arc (Faccenna et al. 2004; Rosenbaum & Lister 

2004). 
Oceanization in the southern Tyrrhenian Basin took 

place through discrete jumps with southeastward 

polarity. Rifting and spreading episodes first gener- 
ated the Vavilov Basin, then the Marsili Basin. 

Kastens et al. (1988) concluded that formation of 
basaltic crust in the Vavilov Basin may have began 

during the late Miocene, and the process was certainly 
widespread by the Early Pliocene. Biostratigraphic 

data for the oldest cored sediments overlying the 
basaltic basement of Marsili Basin have been obtained 
from ODP site 650 (Kastens etal.  1987). The position 
of the drill site was chosen in a location (near the 

western rim of the basin) ensuring that the basement 
age is probably the oldest in the basin (Kastens et al. 

1987). The cored nannofossil ooze has been attributed 
to the terminal part of the Discoaster brouweri Zone 
because of the presence of the zonal marker species 

associated with G. inflata (i.e. between 2.1 and 
1.95 Ma, according to the new chronology of 
Lourens et al. 1996). This is a minimum age for the 

opening of the Marsili Basin, as it may be assumed 
that the spreading event initiated and developed some- 

what before the age of the overlying sediments. 

Conclusions 

Data presented in this paper provide a new chrono- 

logical control on the geological evolution of a 
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marginal although critical sector of the Crotone 

Basin. For the first time, a good chronology is avail- 

able both for establishing a minimum age for the 

third tectonostratigraphic cycle of Roda (1964) and 

for constraining the age of the so-called 'Calabtian 

transgression' Auctorum. This chronology also pro- 

vides time controls that are regional and supraregional 

in scope when compared with the overall evolution of 

the Calabtian back-arc (i,e. the Tyrrhenian Basin; 

Fig. 1). Our data suggest that the Gigliolo Clay col- 

lapse event in the forearc Crotone Basin is very 

close in time to the tiffing associated with the oceani- 

zation of the Marsili Basin, which resulted in a strong 

acceleration in the regional subsidence. Thus, it is 

tempting to infer that this event in the Tyrrhenian 

Basin correlates with the beginning of the deposition 

of the exceptionally thick Late Pliocene and Early 

Pleistocene succession of deep-marine sediments 

that are exposed in the Crotone Basin (i.e. the Cutro 

Marly Clay pro pane). 
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Abstract: Aeromagnetic data from the Southern Tyrrhenian Sea have been analysed, to remove 
the contributions of shallow and deep sources to the magnetic anomalies by applying a processing 
technology that increases the informative potential of the magnetic data acquired by AGIP with 
great accuracy, uniform distribution and high density. The aeromagnetic anomaly field has 
been reduced to the bottom topographic surface by the bottom reduction method. Spectral 
signal analysis has been carried out to separate low- and high-frequency components. The spectral 
reference field (SRF), obtained from the cotransformation of low frequencies, gives information 
about deep magnetic structures. The high-frequency components, computed from the difference 
between the magnetic anomaly field and the SRF, provides the spectral anomaly field (SAF). 
The bottom reduced magnetic anomaly field is derived by merging the high- and low-frequency 
bands. The resulting map provides information about geotectonic features in the Southern Tyrrhe- 
nian area and shows the effectiveness of the adopted approach over traditional procedures. 

The magnetic cartography of Italy and its surround- 

ing seas is made up of the following previous works: 

(1) the aeromagnetic anomaly map of Italy (AGIP 

& Servicio Geologico d'Italia (SGN) 1994; scale 

1:1 000 000), obtained by processing the same data 

as used in this work; (2) the shaded relief magnetic 

anomaly map at sea level (Chiappini et al. 2000; 

scale 1:1 500 000); (3) the aeromagnetic anomaly 

map of Italy and surveyed provinces, which is the 

final product of data processing of the old AGIP 

map after some integrative surveys conducted by 

Eni Exploration & Production Division in 2000- 

2001 in collaboration with the Istituto di Geofisica 

Marina (Eni Exploration-Production Division & 

IGMar 2002; scale 1:1 500 000). 

The aeromagnetic maps (AGIP & SGN 1994; 

Eni Exploration-Production Division & IGMar 

2002) are smoothed by the effect of the data acqui- 

sition height with respect to the Chiappini et al. 
(2000) map, the data for which were acquired in 

marine and ground surveys. The Chiappini et al. 

map was compiled by merging the marine data of 

the Osservatorio Geofisico Sperimentale (OGS) of 

Trieste and the ground network records of the Istituto 

Nazionale di Geofisica e Vulcanologia (INGV), 

involving many researchers for several years. This 

long and expensive data patchwork clearly shows 

differences from the previous layout and a consequent 

enhancement in signal informative potential. 

In this study the problem of smoothing, typical of 

aeromagnetic maps, is overcome by means of the 

(bottom reduction method, BTM; Faggioni et al. 
2001), which reduces the topographic effect in a 

short time and shows more highly distinct geomag- 

netic anomalies with a considerable improvement 

of informative data content. The present procedure 

is based on a downward continuation to cancel 

spectral difference caused by the topographic dis- 

tance between magnetic sources (seamounts and 

volcanic islands) and survey level so as to better 

characterize the anomalies. 

Main  volcanic and structural  features 

The Southern Tyrrhenian Sea represents a complex 

Cenozoic oceanic back-arc basin with different 

areas of extensional deformation as a result of lower- 

ing, spreading, subduction and magmatism (Faccenna 

et al. 2004). Its triangular shape is irregular, with the 

western margin larger than the eastern one. It is delim- 

ited on the western side by the Corsica-Sardinia 

block, on the southern side by Sicily and on the 

eastern side by the Italian mainland and the Calabrian 

Arc. The abyssal plain is floored by basaltic crust. 

Different dynmnic processes have generated a volcan- 

ism associated with extension and another linked to 

subduction phenomena, so we find different mag- 

matic volcanic sites: (1) northward the small circular 

oceanic basins of Magnaghi-Vavilov and Marsili are 

separated by a north-south trending structural dis- 

continuity; (2) to the SE, the Aeolian Arc with its 

From: MORATTI, G. & CHALOUAN, A. (eds) 2006. Tectonics of the Western Mediterranean and North Africa. 
Geological Society, London, Special Publications, 262, 337-348. 
0305-8719/06/$15.00 �9 The Geological Society of London 2006. 
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seven volcanic edifices forms a semicircle offshore 

from the continental shelf of the Calabrian Arc; 

(3) Ustica is in a transition zone between two 

domains, the Tyrrhenian Basin and the Apennine- 

Maghrebian Chain. 

In the Southern Tyrrhenian Sea, because of 

the greater extension rate than in the northern 

part, there are more intense magmatic processes and 

thinned crest. Therefore oceanic crust occurs mostly 

in the southern sectors of the area (Malinverno 

& Ryan 1986). The deep-water volcanoes have devel- 

oped through an incremental growth process. 

Vavilov and Magnaghi were formed in the Early 

Pliocene back-arc basin, Marsili dates back to the 

Mid-Pliocene (Faggioni et  al. 1995). Aeolian volcan- 

ism and Ustica were active from the Early Pleisto- 

cene. Furthermore, geological studies and seismic 

reflection profiles have revealed the presence of 

approximately NW-SE transcurrent faults in the 

Southern Tyrrhenian area. The Pleistocene and 

present-day rise of magmas within the Tyrrhenian 

domain causes a very high heat flow, reaching 

average values of 200 mW m -2 and a geothermal 

gradient locally exceeding 100 ~ km-1 in the Tyr- 

rhenian Sea and its margins (Mongelli e t  al. 1989). 

Across the Selli Line and the Vavilov-Magnaghi 

basin, heat flow values are irregular and show a 

wider range between <100 and >200mWm -2. 

This is typical of young rift domains or young 

oceanic crust-volcanic districts subject to hydrother- 

mal circulation (Della Vedova e t  al. 2000a, b). The 

highest values occur as minor spots within the 

Vavilov-Magnaghi and Marsili basin and occupy 

wider sectors across the Campania margin and in 

the Northern Sicily basin. Crustal thickness decreased 

from 30 km to about 10km during middle late 

Miocene to Pleistocene stretching and then both intru- 

sive and extrusive magmatism became important 

(Sartori e t  al. 2004). 

Input data 

The input data used for the bottom reduction method 

are the following: Southern Tyrrhenian Sea bathyme- 

try (kindly provided by CNR of Bologna, Fig. 1); 

aeromagnetic data (intensity of total magnetic field 

F) acquired by AGIP in the late 1970s aeromagnetic 

surveys (Fig. 2); vertical gradient increase parameters 

(parameters of vertical projection for frequency bands 

of the anomaly field: the first parameter is for low 

frequency, the second for high frequency). 

Aeromagnetic surveys 

The analysed data come from the aeromagnetic 

surveys performed by AGIP over the Southern 

Tyrrhenian Sea in 1977. The flight pattern covers 

a surface area of 69 173 km 2 and is made up of 

230 850 measurements with an average spacing 

of sampling step of 0.5km, covering an area 

approximately between 38 ~ and 41~ and 10 ~ and 

15~ 
The surveys are arranged in a grid of lines (L) 

oriented NE-SW and spaced 5-10 km apart, linked 

to transverse check tie-lines (T) oriented SE-NW 

and spaced at an average of 15 and 7.5 kin, respect- 

ively (Fig. 3). The area has been explored by means 

ofa caesium-vapour magnetometer (0.01 nT sensibil- 

ity) and reliable flight line positioning systems at a 

flying height of 2590.80 m above sea level (about 

8500 feet) and 1463.04 m above sea level (4800 

feet). The regional gradient is 3.232 nT km -1 (Aq~) 

to the north and 0.726 nT km 1 to the east (AM. 

Data processing 

The aeromagnetic data have been treated as 

follows: (1) pre-processing to produce a new data- 

base; (2) gridding; (3) systematic error correction; 

(4) reduction to the International Geomagnetic 

Reference Field (IGRF); (5) preliminary geomag- 

netic anomaly map representation; (6) further 

elaboration of the aeromagnetic anomaly map; 

(7) production of a definitive version of the mag- 

netic anomaly map 'polished' from the linear 

trend. All data processing was carried by means 

of Oasis montaj v5.0 (Geosoft) software. The 

geographical data were projected into a new 

cartographic system based on the Transverse 

Mercator Projection (latitude 0 ~ longitude 14 ~ 

east 1 50 0000 m and false north 0 m), using the 

WGS84 datum. Accordingly, UTM is used as 

the projection system for all maps produced in 

this study. The grid cell size is 3 km, the scale is 

1:1 500 000 and illumination has an inclination of 

45 ~ and a declination of 45 ~. 

Short-term variations of the geomagnetic field, 

such as magnetic storms and bays, have been 

removed from the airborne magnetic data, using a 

reference base station within the study area. The 

IGRF is updated every 5 years to take into 

account the geomagnetic field changes over time. 

The 1980 epoch is the nearest to the survey one 

(1977-1979), so the calculated IGRF 1980.0 has 

been removed from the magnetic relief. The 

residual contribution, AF, is the magnetic field 

mainly associated with magnetic minerals in 

crustal rocks. The magnetic anomaly is, in fact, 

expressed by the relation AF = Fobs - F r e f ,  where 

Fob s is the observed magnetic field and Ere f is the 
magnetic field computed through the IGRF model. 

The computed anomaly values on the preliminary 

aeromagnetic anomaly map are unreliable because 

at the survey time the reference field was based 



AEROMAGNETICS IN THE SOUTHERN TYRRHENIAN SEA 339 

Fig. 1. Grey-scale map, in which the colour saturation from light to dark is modulated by the bathymetry values 
(shallow areas are the lighttest; deepest areas are the darkest). The greatest depth in the Southern Tyrrhenian Sea is 
about 4 km. 

on a subjective surface made up of a tangle of local 

planes. Furthermore, the resulting anomaly map 

shows a shift of some tens of nanotesla with 

respect to the IGRF field at its composed zero 

level (Cassano 1984). To define and remove this 

difference in the reference field, the most represen- 

tative geomagnetic profile in the area has been used. 

The procedure to remove this subjective surface 

contribution is as follows: a north-south-oriented 

profile on the reduced map has been selected (see 

Fig. 3 for profile location); the values extracted 

along the corresponding grid points have been visu- 

alized in a diagram (Fig. 4); the mean ( -71  nT) 

between the two nearest points to the inflexion 

below the peak value ( -62 .7  and -79.7  nT) has 

been subtracted from the geomagnetic anomaly 

field values (Piangiamore 2005). 

The inflexion indicates the most significant refer- 

ence value to define the anomaly area and it has 

been assumed as a reference correction value. 

This procedure implies an approximation, because 

the compensation parameter is computed by a 

profile and extended to the entire area examined, 

but this approximation is negligible in regional 

studies. 

Now the geomagnetic anomaly values are accep- 

table and the aeromagnetic anomaly map appears 

'cleaned' from linear trend (Fig. 5). 

A new residual aeromagnetic anomaly map 

in the Southern Tyrrhenian region 

The reprocessed aeromagnetic anomaly map of the 

Southern Tyrrhenian Sea defines with precision 

an area that is characterized by high-frequency 

anomalies that can be associated with local volcanic 

features. Some magnetic anomalies are well isolated 

from the regional background and assume a strictly 

dipolar shape. The negative magnetic signature of 

the Tyrrhenian domain is caused by the high heat 

flow and geothermal gradient observed in this area 

(Mongelli et al. 1989), which demagnetizes crust 

above the 580 ~ isotherm. The relative strong nega- 

tive values reach-350 nT, characterizing the sea 
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Fig. 2. Total geomagnetic field map of the Southern Tyrrhenian Sea. 

bottom, whereas the magnetic values rapidly increase 

generally corresponding to seamounts and volcanic 

islands. Finally, the values decrease again to slightly 

negative near the Tyrrhenian margin with its 

large regional amplitude anomalies (up to 100 nT 

less than in the southwestern Tyrrhenian sector off- 

shore). This area corresponds to the shelf and the con- 

tinental margin of the northern Sicilian coast, and is 

due mainly to the contact between oceanic and conti- 

nental crust. The seamounts match high-frequency 

anomaly zones. The interpretation of these magnetic 

features as submarine volcanic manifestations is 

also supported by the following evidence. 

(1) Heat flow and magnetic anomalies are elev- 

ated in the Southern Tyrrhenian Sea (Della 

Vedova et  al. 2000). 

(2) Metal-rich sediments near the Messinian- 

Pliocene boundary (Robertson 1990) may have 

been produced by coeval hydrothermal circulation 

triggered by the shallow intrusions. 

(3) The Moho is almost flat regionally, around a 

mean value of i0 km in the Magnaghi and Marsili 

basins where the lithospheric mantle also seems to 

be very thin (Panza et  al. 2004); whereas it increases 

to 15 km in the Southern Tyn'henian margin. More- 

over, the very wide area with the Moho at shallow 

depth includes not only the inferred oceanic crust 

but also the lower and middle Sardinia continental 

margin. 

Signal analysis 

The magnetic signal depends on the size, shape, 

depth of occurrence and magnetization of the source 

body. Magnetic anomalies generally arise from 

source bodies at significantly different depth levels. 
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Fig. 3. Aeromagnetic track lines and north-south profile analysed in the Figure 4 and used to remove the linear trend 
from aeromagnetic anomaly values. 

A filtering procedure is used to separate anomalies 

by their wavelengths as well as to enhance high- 

f requency (short-wavelength) residual components  

of  the observed potential field by attenuating the 

dominant  regional components  and suppressing 

regular and random noise. Residual-regional 

anomaly separation by filtering is based on the 

assumption that a given geological source 

energy is attenuated more  rapidly at high spatial fre- 

quencies (short wavelengths) than at low spatial 

frequencies (long wavelengths) as the source depth 

increases. The radially averaged power  spectrum is 

a logarithmic plot of  the Fourier t ransformed 

gridded magnetic data, representing the power  
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Fig. 4. North-south profile selected to correct anomaly data. The ground units in metres are represented on the x-axis, 
and the values extracted from the grid of anomaly data in units of nT on the y-axis. 
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Fig. 5. The reprocessed aeromagnetic anomaly map of the Southern Tyrrhenian Sea alter spurious trend removal. 

logarithm, which is equal to the square of spectral 
amplitude. It represents the spectral energy content 

in all surface directions, being obtained by integrating 
each radial frequency component over all azimuths. 

The spectrum is a statistical estimate of the average 
frequency bands over the area. 

The power spectrum exhibits a distinct slope 

(Fig. 6) that provides the intercept parameter for the 
evaluation of cut-off wavelength. It shows an ampli- 

tude decay at the wavelength h of 90 km correspond- 
ing to a cut-off wavenumber of 0.01 cycles km -j .  It 
is assumed that the decay of the power spectrum 
curve may be approximated by linear slopes (gradi- 

ents) associated with ensembles of magnetic 

sources located at different depths, Applying a 2D 
fast Fourier transform (FFT) filter created on this 

cut-off wavelength to the gridded aeromagnetic 
anomaly, different depth sources are separated. The 
low-pass filter used with 90 km cut-off wavelength 

value retains all wavelengths larger than 90 km 
and rejects all wavelengths smaller than 90kin. 

High-frequency (short-wavelength) components of 

the observed potential fields originate from relatively 
shallow magnetic sources, whereas low-frequency 
components derive from deep sources. 

Spectral reference field 

A low-pass filter map at a cut-off wavenumber of 0.01 

cycles km ~ is the graphical representation of the 
spectral reference field (SRF) and it gives information 

about deep magnetic structures with long wavelength. 
The anomaly pattern, after low-pass filtering, tends to 

accentuate anomalies caused by deep sources at the 
expense of anomalies caused by small and shallow 

sources (typically volcanoes or intrusive bodies). 
Low-amplitude anomalies usually indicate basement 
block structures (e.g. uplifts, horsts). The computed 
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Fig. 6. Radially averaged power spectrum. The energy (power) of the observed data components is presented on a 
logarithmic scale. The horizontal axis represents wavenumber values in cycles per ground units (km); the cut-off 
wavelength ~ = 90 km. 

SRF map (Fig. 7) shows a minimum magnetic pattern 
separating the two great Southern Tyrrhenian basins 

(the Vavilov and Marsili basins). It is a narrow zone 
corresponding to a thinning continental crust called 

the 'Issel Bridge', which crosses Issel Seamount 
(Sartori 2003) (see the next map). 

Spectral anomaly field 

Anomaly separation is a processing method used to 
reveal shallow subsurface source distributions, 
which are often the main target of magnetic explora- 
tion. A high-frequency map has been obtained by 

subtracting the contribution of the SRF from the 

reprocessed aeromagnetic anomaly data. The result 
is the spectral anomaly field (SAF), which highlights 
shallow magnetic sources that are related to short 
wavelengths (Fig. 8). This map amplifies our knowl- 

edge about superficial magnetic structures, showing 
in detail the geomagnetic characteristics of all sea- 
mounts of the Southern TylThenian area. Complex 

and intense short-wavelength anomalies, caused by 
volcanic edifices arising from crustal thinning and 
effusive events, are plainly evident. Magnetic 

anomalies clearly correspond to the emerged volca- 

noes (such as the Aeolian Arc and Ustica Island); 
some are major seamounts (Marsili, Magnaghi) 
and some minor ones (such as De Marchi, Flavio 
Gioia, Glauco, Sisifo, Aceste, Anchise, Prometeo, 

Enarete, Eolo and Lamentini). The Vavilov and Far- 
falla Seamounts and some Aeolian Arc volcanic 

areas show strongly negative anomalies; this is 
very unusual for crustal magmatic bodies, which 
are potentially highly magnetic (Arisi Rota & 

Fichera 1987). The Secchi, Sirene and Issel Sea- 

mounts magnetic anomaly are negative, too, but 
less than the previous seamounts. Various hypoth- 

eses can be formulated to justify the apparent incon- 
gruity of the presence of negative anomalies in an 
area rich in lower continental crust, oceanic crust 

and upper mantle, which are usually strongly mag- 
netic: (1) demagnetization of the rocks as a result 
of the Curie temperature being exceeded, as this is 

a zone of elevated heat flow (the Moho is at about 

10kin depth in the Vavilov and Marsili basins 
(Scrocca et al. 2003); (2) intense tectonization with 
consequent rock fracture and cataclasis favouring 

rock alteration and the oxidation of magnetite, even- 
tually to other oxides (hematite, goethite); (3) hydro- 
thermal alteration, which occurs particularly in 
geochemical environments with gas leaks (Etiope 

et al. 1999). 

Application of the bottom reduction method 

(BTM) to analysis of aeromagnetic data 

The intensity of the geomagnetic field is distorted 
by the topographic effect, especially in highly mag- 

netic volcanic rocks. Geomagnetic anomaly field 
intensity strongly decreases with increasing depth. 
In magnetic interpretation it is referred to as the 
'continuation concept', as the magnetic anomalies 

become broader (exhibiting lower fi'equency 
content) when the distance between the source of 

anomaly and magnetometer sensor increases. 
Moreover, the topographic compensation tends to 
flatten out the amplitude differences of high- and 



344 G.L. PIANGIAMORE ETAL .  

Fig. 7. Spectral reference field (SRF): low-pass component of IGRF anomaly field. The Issel Bridge is indicated by the 
white dashed line. 

low-frequency components. The topographic 
reduction to the aeromagnetic anomaly field of the 
Southern Ty1Thenian Sea has been performed, by 

means of the Bottom Reduction Method (BTM) 
by Faggioni et al. (2001). This technique provides 
a rapid and straightforward method to process 

data so as to reduce the distortions of the geomag- 
netic anomaly field caused by the sea bottom mor- 

phology and corresponding variation of the 
sensor-sea bottom distance. The aim of BTM is 
to discriminate, in a simple and efficient way and 
with the highest possible definition, the high- 

frequency spatial anomaly field, often associated 
with seamounts and volcanic islands, from the 

low-frequency crustal structure, regardless of the 

depth of the sea bottom topography. The Tyrrhenian 
structural setting is characterized by variable 

bathymetry. The BTM is based on the downward 

continuation of the spectral high- and low-fre- 
quency bands, in accordance with their own vertical 

gradient. The data are projected over the topo- 
graphic surface according to the following formula: 

L,H AFBTM(~, ,~.) --: AFL'H(q~, h) 

1 d AFL'ff(q~, )t) 
+ 2 (q~' N)KL'rt L,tt 

[AFmax [ 

where q~ and k are the geographical coordinates 
of array points; AF~'H(q~, X) is the low- (high)- 

frequency BTM corrected intensity of geomagnetic 

field anomaly; AF L'H (% k) is the low- (high)-fre- 

quency intensity of sea-level geomagnetic field 
anomaly; d(~p, h) is the bathymetric depth; K L'H is 
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Fig. 8. Spectral anomaly field (SAF): high-pass component of the IGRF anomaly field. The Southern Tyrrhenian 
seamounts are indicated. 

the low- (high)-frequency vertical increment coeffi- 

cient; AF~nax (q~, k) is the low- (high)-ffequency 
maximum intensity of the sea-level anomaly. 

This metrological technique allows us to spread 
the magnetic data values, measured at a certain alti- 
tude over the topographic surface, varying the depth 
by means of low-frequency band vertical increment 
gradient K L for the correction of low-frequency 

band anomaly field component and high-frequency 
band vertical increment gradient K H for the correc- 

tion of the high-frequency one. The values of K for 
each of the spectral bands can be computed in an 

empirical way. The assumption that the continu- 
ation has different behaviour according to the fre- 

quency bands is respected by using different 
vertical gradients for the high- and low-frequency 
bands. This procedure allows us to recalculate the 

observed potential field at the sea bottom surface 
beneath the plane of measurements. It enhances 

short-wavelength (high-frequency) components of 
the potential field, which are generated by relatively 
shallower sources. Reduction involves the follow- 

ing steps: (1) transform matrix of magnetic values 
to the frequency domain; (2) carry out spectral 
analysis of data and search for frequency of classi- 

fication (cut frequency) to separate high (H) and 
low (L) bands; (3) co-transform low frequencies 
to obtain the spectral reference field (SRF); 
(4) compute the anomaly field high-frequency 

band to obtain the spectral anomaly field (SAF) 
by subtraction from the IGRF anomaly field of the 

SRF; (5) make a vertical projection of SRF and 
SAF to the sea bottom by means of the K L (LF 
band vertical gradient and the K H (HF band vertical 
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Fig. 9. BTM map of the Southern Tyrrhenian Sea: IGRF anomaly field projected to sea bottom. Tectonic lineaments 
redrawn from Mattei et al. (2004) are shown by the bold black lines. 

gradient); (6) merge subsets of frequency to obtain 

bottom reduced magnetic anomaly field (BTM). 

The definitive and 'corrected' aeromagnetic 

anomaly dataset is processed using an FFT. The 

power spectrum is analysed to delineate an appropri- 

ate cut frequency, to separate the magnetic effects 

of deep subsurface sources from shallow ones. To 
achieve an efficient merging, the low- and high- 

frequency components of the geomagnetic field are 

isolated and projected over the topographic surface 

by means of differentiated vertical gradients for the 
two bands: K L = 55 nT km l for the low-frequency 

band; K n = 72 nT km ~ for the high-frequency one. 

These coefficients, calculated in the central and 

northern Tyrrhenian Sea, are extended to the 

southern zone, because the differences in vertical 

gradients, caused by the inductive field latitude vari- 

ations, are not significant at our scale of investigation 

(Faggioni et  al .  1995, 2001). The style of the 

anomaly field is defined by shape and susceptibility 

of the natural crustal sources. 

The BTM corrected anomaly map is then syn- 

thesized by merging the BTM corrected SAF and 
BTM corrected SRF. To apply the BTM formula, 

three database channels are necessary: geographical 

reference, geomagnetic anomaly intensity and 

depth. Thus, the magnetometric and the bathymetric 

databases have been linked, digitizing the line-path 

grid anomaly values over the topography values. At 

this point the data are ready to be filtered and BTM 
processed. 

Figure 9 shows the BTM map of the Southern 

Tyrrhenian area. The improvement of the information 

potential of the geomagnetic signal is mainly due to 

the enhancement of the large wavelength anomalies, 

which are otherwise suppressed by other projection 

methods. The BTM procedure has emphasized 

some deep sources, without increasing the high- 

frequency noise too much. The high-frequency 

noise, typical of standard projection techniques, 

does not affect the procedure, which is more stable 

and shows a meaningful signal increase. This 

approach has allowed us to obtain a better definition 

of the geomagnetic signals even when applied to a 

large area with a strong horizontal gradient of depth 

and magnetic field intensity. The BTM map empha- 

sizes geomagnetic anomalies described so far and 

highlights a field of relatively strong anomalies 
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Fig. 10. Flow-chart explaining the data-processing and signal analysis steps. 

confined between the Selli Line and the De Marchi 

Seamount. The moderate positive magnetic 
anomaly associated with the Campania margin and 
the long wavelength modest negative anomaly, trend- 

ing west-east across the North Sicily Basin, shows a 
geomagnetic field style characterized by low intensity 
and low horizontal gradient, typical of continental 
crust geomagnetic field. 

All the methods, phases of work and procedures 
that have been used to produce the final map layout 

are schematically summarized in the flow-chart 
shown in Figure 10. 

Conclusions 

The aeromagnetic anomaly map of Southern 

Tyrrhenian area has been reprocessed. It gives an 

unprecedented view of the magnetic signature of 
the major tectonic elements in their regional setting 
in comparison with the previously available 
compilations. 

The spectral reference field (SRF) map, obtained 
by low-pass filtering of the reprocessed aeromag- 

netic anomaly data, shows the contribution of deep 
magnetic sources with long wavelength, without 
the effect of superficial anomalies, which in the 

Southern Tyrrhenian Sea are typically seamounts 

and submarine lava flow (such as Prometeo). 
The most important evidence in the SRF map is the 
minimum magnetic pattern separating the 

Vavilov-Magnaghi basin from Marsili one. In this 

area the edge of thinning continental crust called 
the 'Issel Bridge' is located. 

The spectral anomaly field (SAF) map, obtained 

by subtracting the SRF contribution from the 
anomaly field, highlights the shallow subsurface 
sources. The SAF map provides a detailed picture of 

the geomagnetic characteristics of all the seamounts 
(Marsili, Vavilov, Magnaghi, Secchi, Farfalla, De 

Marchi, Flavio Gioia, Sirene, Issel, Poseidone, 
Glauco, Sisifo, Lamentini, Aceste, Anchise, Prome- 
teo, Enarete, Eolo) and volcanic islands (the 
Aeolian Arc and Ustica Island) of the Southern Tyr- 

rhenian area. Almost all volcanoes are highly mag- 
netic, except for Vavilov and Farfalla seamounts 

(and other restricted volcanic areas, such as in the 
Aeolian Arc), which have a highly negative magnetic 
signature. 

The sea-bed reduction of the geomagnetic 
anomaly field of the Southern Tyrrhenian Sea has 

been carried out using the bottom reduction 
method, which is based on downward continuation 
to cancel spectral differences caused by the distance 
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between magnetic sources (seamounts and volcanic 

islands) and the survey level. 

A shaded relief map showing the integrated 

anomaly field projected over the Tyrrhenian Seabed 

provides a regional-scale view of the crustal magnetic 

anomalies of the area. There is good correlation 

between known structural geological features and 

the magnetic anomaly field. The pattern of magnetic 

anomalies in the Tyrrhenian Sea is similar to that 

of other back-arc basins worldwide, and does not 

show clear spreading-type lineation. The generally 

low magnetic field values of the Tyrrhenian Sea 

bottom are dominated by short-wavelength posi- 

t ive-negative anomaly couplets centred over volca- 

nic or intrusive bodies. The strongest magnetic 

anomalies across the Marsili and Vavilov-Magnaghi  

basins are roughly centred on the largest seamounts of 

the area (Marsili and Magnaghi positive and Vavilov 

negative) or on subcircular or slightly elongated 

sea-floor elevations often related to volcanic edifices. 

The BTM map derived from the AGIP survey 

could be used for detailed structural studies in the 

Tyrrhenian Sea. 
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A. Casas and J. W. Jones for their careful reviews and 
useful suggestions that improved the manuscript. The first 
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Abstract: The Gioia Basin is a small trough located in the southeastern Tyrrhenian Sea between 
the Aeolian island arc and Sicily and Calabria. It is experiencing a post-rift margin evolution, 
while tectonic deformation and high rates of vertical movement are still affecting the Sicilian 
and Calabrian mainland. The analysis of the evolution of the post-rift depositional systems 
along the various sectors of the Gioia Basin margin has been carried out through the combined 
interpretation of multibeam bathymetry and seismic reflection data. Two seismic units have 
been identified and their component geomorphological elements ascertained through the analysis 
of seismic facies distribution. In general, the depositional architecture of the margin, the sedimen- 
tary environments and facies and related geomorphological elements that are active in the shaping 
of the margin appear to be mainly controlled by the physiography of the basin itself and by the 
geology of the hinterland that results from the structural evolution of the adjacent land areas. 
An evolution from a generalized slope bypass setting to a prograding offlapping slope architecture 
is recognized and explained as due to the transition from an out-of-grade to a graded profile pro- 
gressing from the early post-tift stage to the later margin growth stage. Along the Sicilian margin, 
a constructional apron, mainly consisting of channel levee deposits, makes up much of the studied 
sedimentary package and reflects a high sediment supply related to the large size of river catch- 
ments on land. In contrast, the northeastern Sicilian basin sector is a destructional margin that 
flanks a region where small river drainage systems result in a low sediment supply to the basin 
and a continued high uplift rate promotes slope instability; as a consequence, the basin infill is 
here almost completely made up of mass-wasting deposits. In the Calabrian margin, a first 
phase of low sediment supply probably coinciding with the filling of the further inland Gioia 
Tauro half-graben was followed by the establishment of the Gioia-Mesima channel-canyon 
system that, furnishing an effective sediment flux to the margin, allows the formation of an intra- 
slope depositional body consisting of channelized turbidite lobes. 

The Western Mediterranean Sea, although character- 

ized by a complex geology, consists, as a general rule, 

of rifted continental margins surrounding the deep 

Algero-Provencal and Tyrrhenian Basins. The differ- 

ent character and age of the geological processes 

that have shaped the region underpin the highly vari- 

able physiography, depositional architecture and 

sedimentary facies of the Western Mediterranean 

continental margins. This is particularly evident in 

the peri-Tyrrhenian area, which presents a highly 

uneven distribution of tectonics, seismicity, volcan- 

ism and rate of vertical movements through time 

and space. Different present-day sedimentary pro- 

cesses are observed along the Tyrrhenian margin at 

a regional scale and at the scale of the single intraslope 

basins that surround the deep abyssal plain of the 

Vavilov and Marsili Basins (Gamberi & Marani 

2004). 

In this paper, we unravel the evolution of the sedi- 

mentary processes that have led to the post-rift devel- 

opment of the margins of the Gioia Basin, one of the  

intraslope basins of the Tyrrhenian Sea. We then 

discuss the inferred depositional history, to illustrate 

the major importance of the geology of the adjacent 

land areas and of the physiography of the basin 

itself in controlling the growth style of the studied 

margin. 

Geological setting 

In the southeastern Tyrrhenian Sea, the Cefal~, 

Gioia and and Paola intraslope basins stretch 

across the eastern Sicilian and Calabrian margins. 

The basins are flanked offshore by the islands and 

seamounts of the active Aeolian volcanic arc, posi- 

tioned southeastward of the Marsili back-arc basin 

(Fig. 1). The Cefalfi, Gioia and Paola Basins are 

the result of the extensional tectonics that have 

led to the opening of the Marsili back-arc basin. 

In particular, the Gioia Basin, located in the 

southeastern Tyrrhenian Sea, is a 7 0 k m  long, 

SW-NE-e longa ted  trough between Sicily and 

Calabria to the south and east and the Aeolian 

island arc to the west and north (Figs 1 and 2). To 

the SW, the Gioia Basin is separated from 

the Cefalh Basin by the submerged sill of the 

From: MORATTI, G. & CHALOUAN, A. (eds) 2006. Tectonics of the Western Mediterranean and North Africa. 
Geological Society, London, Special Publications, 262, 349-363. 
0305-8719/06/$15.00 �9 The Geological Society of London 2006. 
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Milazzo Ridge (Tramontana et  al. 1995), which 

connects the Aeolian islands and the Sicilian 

slopes (Figs 1 and 2). The offshore extension of 

the Capo Vaticano Promontory and a SW-NE- 

trending fault scarp, which represent the barrier to 

the Paola Basin, form the northern boundary of 

the Gioia Basin. 

The Gioia Basin dips and widens toward the NE, 

reaching, at its furthest point, a maximum depth of 

1400 m and a maximum width of 70 km. In the Sici- 

lian portion, it is composed of a slope sector, with a 

dip as high as 10 ~ followed by a base-of-slope 

portion with a downslope decreasing gradient 

reaching a value of 0.47 ~ in the distal area. A phy- 

siography more akin to a ramp setting characterizes 

the Calabrian sector, with a more homogeneous dip 

of around 1.27 ~ throughout. 

A very narrow continental shelf, with a 

maximum width of 6 km in the area of Capo Raso- 

colmo, is present along the Sicilian margin (Fabbri 

et  al. 1980). In contrast, the entire Calabrian 

margin, from Capo Vaticano to the northern 

Messina Strait, is characterized by a ramp mor- 

phology without any evident shelf-slope break 

Fig. 1. Shaded relief map, from multibeam bathymetric 
data (grid cell size 50 m) of the southeastern Tyrrhenian 
Sea. The Marsili back-arc basin (MB) is located in the 
centre of the map and is flanked southeastward by the 
Aeolian island arc (AAV). The Cefal/1 Basin (CB), Gioia 
Basin (GB) and Paola Basin (PB) are intraslope basins 
positioned between the Sicilian and Calabrian margin 
and the edifices, both islands and seamounts, of the 
Aeolian volcanic arc. Along the axis of the Gioia Basin, 
the Stromboli Valley (SV) is the main trunk of a 
submarine sedimentary pathway that feeds a deep-sea 
fan in the Marsili Basin. The box corresponds to the area 
shown in the detailed maps of Figures 2 and 3. 

(Fabbri et  al. 1980). The proximal part of a wide 

submarine drainage system that drives sediment 

from the Aeolian, Sicilian and Calabrian slopes to 

the 3500 m deep Marsili back-arc basin (Gamberi 

& Marani 2004) is the main present-day physio- 

graphic element of the Gioia Basin. The Stromboli 

deep-sea axial valley (SV hereafter), in the central 

portion of the basin, is the main trunk of this 

system. Its tributaries are the Milazzo and Niceto 

channels from the Sicilian margin and the Gioia- 

Mesima channel-canyon system from the Calab- 

rian slope. Moreover, a series of canyons and 

gullies in the slopes of the volcanic edifices of the 

Aeolian island arc connect with the SV at varying 

water depths. Since Late Miocene time, the Gioia 

basin and the adjacent land areas have been affected 

by major NE-SW-, north-south- and east-west- 

trending extensional faults related to the rifting pro- 

cesses that led to the opening of the Tyrrhenian Sea 

(Fabbri et  al. 1980; Del Ben et  al. 1996; Monaco 

et al. 1996; Monaco & Tortorici 2000). Whereas 

rifting is still active in the emerged Calabrian arc 

(Monaco & Tortorici 1995, 2000; Monaco et  al. 

1996; Del Ben et al. 1996), major extensional tec- 

tonics in the Gioia Basin has been quiescent since 

at least the Late Pliocene (Fabbri et al. 1980). 

However, the rifting heritage is still evident in the 

present-day physiography of the Gioia Basin, 

where intrabasinal ridges represent the edges of 

blocks tilted during the extensional tectonics. The 

Acquarone Ridge (Del Ben et al. 1996) separates 

the Sicilian from the Calabrian sector of the basin, 

and the Gioia Ridge, located further upslope 

than the limit of the available multibeam data, 

splits the southern portion of the Calabrian sector 

from the Palmi Basin (Selli 1979) (Figs 2 and 3). 

Further details of the present-day physiography 

of the Gioia Basin will be given in the section out- 

lining the depositional facies of the upper seismic 

unit of the basin infill that is intimately related to 

the present-day geomorphological elements. 

The present-day geological setting of the Sici- 

lian and Calabrian areas adjacent to the Gioia 

Basin is mainly the result of recent extensional tec- 

tonics, which exerts a profound effect on the 

growth style of the basin. In Sicily, differential 

vertical movements along NE-SW and NW-SE 

faults have caused the foundering of the Barcel- 

Iona depression among the uplifting Naso and Cas- 

tanea ridges (Fig. 2) (Catalano & Di Stefano 

1997). High uplift rates of the Castanea and Naso 

ridges have caused the erosion of the sedimentary 

cover of the Calabro-Peloritanian units, and there- 

fore, metamorphic rocks extensively crop out 

(Fig. 2). In contrast, a thick succession of Serraval- 

lian to Messinian mainly clastic rocks, followed by 

hemipelagic deposits of Early and Mid-Pliocene 

age and by clastic deposits of Late Pliocene 
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Fig. 2. Bathymetric map of the study region (contour interval 20 m, grid cell size 25 m) and schematic geology of the 
surrounding areas (simplified from Lentini 2000). The Milazzo Ridge (MR) and the submarine extension of the Capo 
Vaticano promontory (CVH), consisting of the Capo Vaticano Ridge (CVR) and of an extensional fault (F), separate 
the Gioia Basin respectively from the Cefal~ Basin (CB) and the Paola Basin (PB). The Stromboli axial valley (SV) 
runs along the centre of the basin at the base of the slope of the Aeolian Islands (AI). In the southwestern Sicilian 
margin, a channel-levee complex (CLC), fed by the Milazzo (MC), the Niceto (NC) and the Villafranca (VC) 
channels, is evident. The channel course is influenced by the presence of the Capo di Milazzo Ridge (CMR). A re- 
entrant in the Sicilian margin (HW), west of the Acquarone Ridge (AR) corresponds to the headwall of the Villafranca 
mass-wasting complex (VMWC) that is responsible for the highly eneven sea floor in the distal part of the basin. The 
Mesima-Gioia channel-canyon system (GMC) is present in the Calabrian sector of the basin, between the Capo 
Vaticano Terrace (CVT) and the AR, which is offshore from Capo Rasocolmo (CR). Furthermore, the Gioia Ridge 
(GR), marked by the dashed bold line, separates the Gioia Basin from the Palmi intraslope basin (PIB). The slopes of 
the intrabasinal AR and CMR coincide with extensional faults (F) along which the foundering of the Gioia Basin 
depocentres has occurred. On land, two major tectonic depressions, the Barcellona (BD) and Gioia Tauro (GG) 
grabens, respectively in Sicily and Calabria, are filled with Late Miocene to Pleistocene mainly clastic and hemipelagic 
deposits. They are flanked by the Naso (NH), Castanea (CH), Aspromonte (AM) and CVH structural highs, where high 
uplift rates have caused the erosional unroofing and exposure of the metamorphic basement. The CH and the CVH 
continue offshore respectively in the AR and CVR and CVT. 

and Pleistocene age, is still preserved in the Bar- 

cellona depression (Fig. 2) (Catalano & Di 

Stefano 1997). 

In Calabria, metamorphic  rocks of  the Calabrian 

arc crop out in the areas adjacent to the Messina 

Strait and in the Capo Vaticano promontory 

(Fig. 2). Marine sediments of Late Pliocene to 

Mid-Pleistocene age fol lowed by alluvial deposits 

crop out in the Gioia Tauro half-graben that is the 

result of the Calabrian arc rifting along N E - S W -  

trending extensional faults (Fig. 2) (Monaco & 

Tortorici 1995). 

Dataset and methods 

Multibeam (Simrad EM12) bathymetric data were 

acquired in 1996 and 1999 by the Institute for 

Marine Geology of  Bologna in the Gioia Basin 

sectors deeper than around 500 m (Figs 2 and 3). 

Analogue multi-channel,  unprocessed,  airgun 

seismic lines parallel to the basin axis and spaced 

at around 2 k m  furnish a complete  coverage of  the 

areas mapped  by the detailed bathymetric data; 

they are integrated with a lower-density grid of 

30 kJ sparker single-channel seismic lines, both 
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parallel and transverse to the basin axis, that allow 

the tying of the recognized seismic horizons 

(Fig. 3). A well-grounded correlation of the 

seismic units across the SV, from the Sicilian and 

Calabrian side of the basin to the Aeolian one, is 

not possible; as a consequence, our analysis is con- 

centrated exclusively on the sedimentary package 

of the Sicilian and Calabrian margin. 

The lower part of the post-rift infill of the Gioia 

Basin is restricted to the more depressed areas and 

has reflectors that, onlapping the intrabasinal 

ridges, cannot be correlated across adjacent basin 

portions (Fig. 4). In contrast, two basin-wide, con- 

tinuous reflectors (brown and green reflectors) 

allow us to split the upper, post-rift infill into two 

seismic units and provide the framework for inter- 

preting the development of the Gioia Basin deposi- 

tional systems (Fig. 4). Unit I is between the brown 

and green reflectors, and unit II is between the green 

reflector and the present-day sea floor (Fig. 3). The 

lowermost brown reflector lies above the X horizon 

(X in Fig. 4) that, on the basis of the result of sea- 

floor sampling in the SV, was assigned to the late 

part of the Mid-Pliocene (Fabbri et al. 1980). 

Although extremely variable, the places in con- 

siderable thickness between the X horizon and the 

brown reflector (Fig. 4) makes an age between 

the Late Pliocene and the Early Pleistocene reason- 

able for the brown horizon, the base of the package 

we deal with in this study. 

The analysis of the Gioia Basin depositional 

systems has been carried out focusing on the 

Fig. 3. Grid of available seismic lines, totalling 1000 
km, on a shaded relief map of the Gioia Basin (same 
multibeam data and same area as in Fig. 2). The bold 
lines correspond to the profiles shown in this paper. 

identification of the geomorphological elements 

that have contributed to the development of the 

margin. Five facies association components, reflect- 

ing specific sedimentary environments, have been 

recognized and mapped: channel fills and related 

levee and overbank deposits; sheet turbidites 

and hemipelagic drapes; slumps and mass-wasting 

complexes; turbidite lobes; contourite mounds. 

As a first step, the present-day geomorphological 

elements and the sedimentary environments in the 

various sectors of the Gioia Basin were interpreted 

through the swath bathymetry and their specific 

seismic facies established on the seismic reflection 

profiles. The distribution of the recognized seismic 

facies was then extended back in time to the whole 

thickness of Units I and II, allowing us to map the 

evolution of the geomorphological elements and 

consequently of the sedimentary environments. 

Finally, the scheme of Galloway (1998), combining 

seismic unit geometry and component facies, has 

been used to classify the slope and base-of-slope 

depositional systems of the Gioia Basin. 

In the following, to start with the description of 

the present-day geomorphological elements of the 

Gioia Basin we will first describe the interpretation 

of the sedimentary facies of Unit II, the upper unit 

that is closely tied to the current geomorphological 

elements. 

Data interpretation 

Uni t  H 

The isochron (time-thickness) map of Unit II 

shows a distinct depocentre in the southwestern 

basin sector (Fig. 5a), where the Milazzo, Niceto 

and Villafranca canyons evolve downslope into 

leveed channels (Figs 2 and 3). The Milazzo and 

Niceto channels join at a depth of around 1100 m 

in the upper reaches of the Stromboli Valley, 

whereas the Villafranca channel dies out at a 

depth of around 1100 m without joining the SV 

(Figs 2 and 3). 

In this basin portion, a channel-levee seismic 

facies, with channel fill high-amplitude reflections 
(HARs) and convergent downlapping low-amplitude 

levee reflectors, characterizes Unit II. As a whole, the 

present-day channel-levee complex has an along- 

slope width of 20 km (Fig. 4). In a dip seismic line, 

the reflectors of the basal part of Unit II become 

parallel and more continuous downslope from the 

HARs of the Villafranca channel fill (Fig. 6); they cor- 

respond to a package of laterally discontinuous 

mounded reflections with sometimes bidirectional 

downlap terminations in the strike line of Figure 7. 

This is a pattern typical of turbidite lobes, indicating 

that, during the sedimentation of the lower part of 
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Fig. 4. Strike profile BG8 (see location in Fig. 3) over the Sicilian margin at a depth of around 1000 m (light blue, 
channel fills and related levee and overbank deposits; pink, slumps and mass-wasting complexes; yellow, sheet 
turbidites and hemipelagic drapes; light brown, turbidite lobes; green, contourite mounds); the arrows mark the 
crossing with the other lines presented in this paper. The multiple channel-levee complex of the southwestern Sicilian 
margin strands the central part of the line and progressively spreads eastward over sheet turbidites; the high-amplitude 
reflections (HAR) of the channel fill indicate a continuous migration of the Villafranca channel (VC) toward the west, 
whereas a more stable position is evident for the Niceto channel (NC). In the northeastern Sicilian margin, the lateral 
extent of the Villafranca mass-wasting complex (VMWC), which constitutes much of Unit II, is observable; some 
undeformed, horizontally layered portions are present within the otherwise transparent or chaotic deformed horizon. 
The transparent horizon that, although very thin, covers almost the whole margin at the base of the Unit I is the Nicotera 
slump (NS); it onlaps against the Capo di Milazzo Ridge (CMR) and the Acquarone Ridge (AR). 

Unit II, turbidite lobes developed in the distal margin 

at the mouth of the leveed channels. In the same distal 

areas, in contrast, the upper part of Unit II is made up 

of continuous, low-amplitude reflectors arranged in a 

wedge that thins out away from the SV and has no 

temporal equivalent in the proximal part of the 

margin (Fig. 6) and downslope along the SV 

(Fig. 7). They can be interpreted as deposits within 

an overbank wedge formed by flows that run in the 

proximal part of the SV and are also responsible for 

the development of sediment waves (Gamberi & 

Marani 2004). It therefore appears that in the course 

of Unit II, in the distal western Sicilian margin, an 

overbank wedge developed in the eastem levee of 

the SV and replaced turbidite channel-mouth lobes. 

In the eastern Sicilian margin, the slope can reach 

a gradient as high as 9~ in particular along the 

western side of the Acquarone Ridge, linear or cir- 

cular scars are the evidence of slope degradation 

acting mainly through mass-wasting processes 

(Figs 2 and 3); in the dip seismic line of Figure 8, 

the areas where sediments have been removed cor- 

respond to evident evacuation surfaces in the upper 

slope. Further downslope, the sea floor is rough and 

Unit II presents either highly discontinuous hum- 

mocky or mounded reflections, or a transparent 
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Fig. 5. Isochron maps (contour interval 50 ms) of 
seismic Units II (a) and I (b); the large differences in 
thickness of both units in the various sectors of the basin 
should be noted. (a) Unit II is arranged in three distinct 
depocentres coinciding respectively with the channel- 
levee complex of the southwestern Sicilian margin, with 
the intraslope turbidite lobes of the Calabrian margin 
and with the contourite mound in the Capo Vaticano 
Terrace (light green, thickness between 150 and 250 ms; 
medium green, thickness between 250 and 350 ms; dark 
green, thickness between 350 and 450 ms. (b) Unit I 
shows a pronounced difference in thickness between the 
southwestern Sicilian margin, where it was deposited in 
a channel-levee complex, and the other basin sectors, 
where there was a reduced depositional rate; in the 
Calabrian sector, the only significant accumulation 
corresponds to the distal, thicker portion of the Nicotera 
slump (light brown, thickness between 150 and 250 ms; 
dark brown, thickness between 250 and 350 ms). 

pattern indicating a package of variably disrupted 

sediment, corresponding to a mass-wasting body 

named the Villafranca Mass-Wasting Complex 

(VMWC) (Fig. 8). The base of the VMWC 

usually coincides with the green horizon; in the 

easternmost area, however, it ramps upsection to a 

slightly higher stratigraphic level and the basal 

portion of Unit II is made up of subparallel reflec- 

tions that probably typify the parental material of 

the VMWC. The VFMC has a length of around 

25 km (Fig. 8) and an average lateral extent of 

around 9 km (Fig. 7) covering a surface of around 

225 km2; its maximum thickness is 300 ms 

(Fig. 5a). 

In the Calabrian margin, a detailed investigation 

of  the upper slope, not covered by our multibeam 

data, shows that the proximal trunk of the Gioia-  

Mesima channel -canyons  system is mainly affected 

by erosional and transport processes (Colantoni et al. 

1992). In the upper part of the area where multibeam 

bathymetry was acquired, from a depth of around 

750 to 1000 m, the Gio ia -Mes ima  submarine drai- 

nage network is, in contrarst, characterized by 

three channels with both meandering and linear seg- 

ments (Fig. 2). Here, Unit II consists mainly of 

highly discontinuous reflectors often bounded by 

erosional surfaces but a pattern consisting of more 

continuous reflections is also observable (Figs 9 

and 10). Together, the seismic facies and the 

present-day geomorphological elements of these 

areas can be taken as evidence for a depositional 

body developed in an intraslope setting and built 

through the stacking of turbidite channelized lobes 

and the fill of migrating channels. This 300 km 2 

wide depositional area corresponds to the Unit II 

depocentre in the middle Calabrian slope (Fig. 5a). 

At a depth of 1100 m, the channel network ends in 

a single canyon, which runs down the lower Calab- 

rian slope to the axial part of the basin and joins 

the SV at a depth of 1600 m (Figs 2 and 3). This 

distal trunk of the Gio ia -Mes ima system has a 

V-shaped profile and, having mainly erosive charac- 

ter, cuts through a basin portion where Unit II has a 

reduced thickness (Fig. 5a) and parallel, continuous 

reflectors probably reflecting the distal deposition 

from the turbidity currents that build the intraslope 

lobes upslope (Fig. 10). In the flat sea floor of the 

Capo Vaticano Terrace, Unit II reflectors give rise 

to a thick (Fig. 5a) mounded body with progressive 

upslope downlap terminations that probably reflect 

sediment accumulation under the effects of contour 

currents (Fig. 9). 

Uni t  I 

An almost basin-wide horizon, with a transparent or 

chaotic seismic facies and a rough top, represents 

the basal part of Unit I. It has been interpreted as 
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Fig. 6. Dip seismic profile (BG2) in the southwestern Sicilian margin (see location in Fig. 3; colours refer to facies as 
in Fig. 4). An onlap geometry prevails during Unit I deposition whereas Unit II reflectors are characterized by an 
offlapping architecture. The top portion of Unit I and most of Unit II are characterized by a channel-levee complex that 
builds over turbidite lobes in the distal margin. The Villafranca channel (VC) crossed by the line at various water depths 
progressively loses relief downslope. The upper part of Unit II is represented by an upslope thinning wedge of 
sediments (OW) flanking the Stromboli Valley (SV); it is interpreted as a levee developed on the proximal, right side of 
the SV. The Nicotera slump (NS) is evident in the distal margin portion at the base of Unit I. 

a slump deposit and will be called hereafter the 

Nicotera slump (NS). In the Sicilian sector, the 

NS has a sheet-like form with a rather homogeneous 

low thickness (around 50 ms, but sometimes at the 

limit of seismic resolution) and shows only a 

gradual thinning toward the SW onlap against the 

Capo di Milazzo Ridge (Fig. 4). In contrast, in 

the Calabrian sector, to the NE of the Acquarone 

Ridge, the NS is a mounded body with a downslope 

thickness increase and reaches the intersection with 

the SV (Fig. 10). The NS occupies the central part 

of  the Calabrian margin onlapping the intrabasinal 
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Fig. 7. Strike profile (line BG 7) furnishing a section of the whole length of the distal Gioia Basin margin at a depth of 
around 1100 m (see location in Fig. 3; colours refer to facies as in Fig. 4). In the eastern Sicilian margin, Unit II is 
characterized by a mounded body made up of discontinuous reflections, sometimes characterized by bidirectional 
terminations, interpreted as resulting from the stacking of turbidite lobes; in the top portion of Unit II, however, it is 
replaced by the same overbank wedge (OW) thinning away from the Stromboli Valley (SV) as shown in Figrue 5. The 
Villafranca mass-wasting complex (VMWC) is characterized by a transparent pattern; a comparison with Figure 4 
highlights that the degree of disruption within the VMWC increases toward the distal portion of the chaotic body (this 
line). The abrupt thickness reduction of the studied interval at the crossing of an inactive extensional structure (EF) 
along the northern continuation of the Acquarone ridge should be noted. The thinning from the Calabrian to the Sicilian 
margin of the Nicotera slump (NS) at the base of Unit I is also evident. The distal part of the Gioia-Mesima 
channel-canyon system (GMC) is a V-shaped, mainly erosive feature. 

ridges of  Acquarone and Capo Vaticano Terrace. 

The NS has a total area of  around 300 km 2 and 

reaches its max imum thickness of  150 ms in its 

middle portion at a depth of around 1220m 

(Fig. 5b). The area from which the material that 

forms the NS was removed coincides with an ero- 

sional surface that can be tentatively followed 

from the western slope of  the Acquarone Ridge, 

through the Calabrian basin sector, to the Capo Vati- 

cano Terrace. Upslope from the NS a thin package of 

parallel, continuous reflections represents the base 

of  Unit I (Fig. 10); it thickens away from the area 

where the NS reaches m a x i m u m  thickness and 

mainly constitutes the filling of  the embayment  

left by the material removed by the slump processes 

and of  the areas where the NS is thinner. Further 

upslope, Unit  I has a very reduced thickness 

(Fig. 5b) and its seismic and depositional facies 

cannot be ascertained. A seismic facies consisting 

of  parallel, continuous reflections is typical of the 

first reflectors above the NS in the Sicilian basin 

sector; upward it is replaced by a channe l - l evee  

facies that progressively covers further basin por- 

tions toward the Acquarone Ridge (Fig. 4) and 

toward the distal margin (Fig. 6). In the upper part 

of  Unit I, moreover,  a seismic facies that can be 

interpreted as due to turbidite lobe deposits is devel- 

oped in the most  distal basin portion. 

Evolution of the Gioia Basin margin 

depositional systems 

The results of  the interpretation of  the multibeam and 

seismic data are summarized in Figure 11, which 

shows the distribution of  the geomorphological 
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Fig. 8. Dip seismic section (line BG3) over the northeastern Sicilian margin of the Gioia Basin (see location in 
Fig. 3; colours refer to facies as in Fig. 4). Destructive processes dominated this basin portion up to recent times. 
The Nicotera slump (NS), present along most of the line, disappears only over the intrabasinal high (IR) in the 
centre of the profile. In the upper slope, the main headwall and smaller evacuation surfaces (ES) that have fed 
the Villafranca mass-wasting complex (VFMC) are present; downslope, the VMWC spans the whole margin, and 
reaches the Stromboli Valley (SV). 

elements responsible for the deep-sea deposition 

during Unit II (Fig. 11a) and Unit I (Fig. 1 lb) in the 

various sectors of the Gioia Basin. 

The southwestern Sicilian margin 

This evolves from the Unit I onlapping constructional 

apron to the Unit II offlapping constructional apron 

(Fig. 6). Apart from the basal Nicotera slump, the 

Unit I apron is made up of channel- levee deposits 

passing downslope to channel-mouth turbidite lobes 

(Fig. 1 lb); progradation of the channel- levee depos- 

its over turbidite lobes occurs through time both 

along and across the basin (Figs 4 and 6). The depo- 

sition of the Unit I apron is accompanied by erosion 

within canyons and slope bypass. 
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Fig. 9. Line BG 8 crossing the Calabrian margin (see location in Fig. 3; colours refer to facies as in Fig. 4). The 
unconformity (U) that marks the end of the extensional deformation in the Gioia Basin lies slightly deeper than the 
brown reflector. At the base of Unit I the Nicotera slump (NS) is evident as a transparent, thin horizon that onlaps the 
slope of the Capo Vaticano Terrace (CVT). The intraslope turbidite lobes of the Calabrian slope are characterized by 
the discontinuous reflectors of Unit II in the centre of the line where the channelized portion of the Gioia-Mesima 
system is crossed (GMC). Sediment instability and removal (SI) is affecting the sea floor in the CVT slope. At the base 
of the Capo Vaticano Ridge (CVR) most of Unit II presents features that can be related to deposition driven by contour 
currents. 

The Unit II offlapping constructional apron is 

mainly made up of a multiple channel- levee 

complex consisting of the fill of the Milazzo, Niceto 

and Villafranca depositional channels and of their 

levee and overbank deposits (Figs 4, 6 and 1 la). 

Whereas in the lower part of Unit II turbidite lobes 

were developed at the mouth of the channels, at 

present, the Milazzo and Niceto channels join in the 

upper reach of the SV, and deposition is restricted to 

the right levee of the SV. 

(Fig. 8). The Unit I apron is mainly made up of 

the basal Nicotera slump followed by sheet turbi- 

dites, and by a thin hemipelagic draping over the 

submerged basement highs (Fig. 1 lb). The Unit II 

autocthonous apron consists of the large VMWC, 

which spans almost the whole basin sector and is 

flanked upslope by the areas where the sediments 

affected by instability have been removed 

(Fig. 1 la). 

The northeastern Sicilian margin 

Slope bypass and erosion prevails during deposition 

of both Units I and II, resulting in the continuous 

development of an onlapping autocthonous apron 

The Calabrian margin 

Unit I deposition occurred in an onlapping apron 

mainly composed of the Nicotera slump; only a 

very thin veneer of sheet turbidites appears to fill 
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Fig. 10. Line BG 4 (see location in Fig. 3; colours refer to facies as in Fig. 4). The reflectors of both Units I and II 
onlap the Gioia intrabasinal ridge (GR). The Nicotera slump (NS) is a mounded package with a chaotic internal 
appearance that thickens downslope, reaching the Stromboli Valley (SV). The absence of any erosional feature or 
canyon fill within Unit I indicates that the Gioia-Mesima submarine drainage system (GMC) is a later-stage element of 
the Calabrian margin. The extensional faults (F), affecting the older basin infill, dip toward the east. 

the space created upslope from the Nicotera s lump 

(Fig. l lb ) .  

The interval of  Unit II deposition is still character- 

ized by an onlapping apron terminating against the 

Gioia Ridge (Fig. 10) but an offlapping geometry 

develops in the northern portion of  the Calabrian 

sector. In the proximal area, sheet turbidites deposited 

between the mainly erosive Gioia and Mesima 
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Fig. 11. Distribution of the depositional geomorphological elements and facies (colours refer to facies as in Fig. 4) 
along the Gioia Basin margin during Units II (a) and I (b); red continuous lines are the traces of mass wasting and slump 
headwalls. The maps are drawn on the basis of the facies at the top of Units I and II; in the case of Unit II, therefore, the 
map represents the present-day facies distribution. The geology of the adjacent Sicilian and Calabrian region is also 
sketched; the Barcellona trough (BT), with Pliocene-Quaternary (yellow) and Miocene clastic sediments (brown) 
flanks the western Sicilian margin, and the Castanea horst (CH), with outcropping metamorphic rocks (violet), extents 
along the coastal areas of the eastern Sicilian margin. The red dashed line marks the divide in Sicily; because on the 
Tyrrhenian side, rivers flows toward the NW, larger catchment size characterizes the Barcellona Trough than the 
Castanea horst. Pliocene and Quaternary sediments also fill the Gioia Tauro half-graben (GG) along the coast of 
Calabria. (See text for further details on the relationships between the depositional history of the studied margin and the 
geology of the surrounding land areas.) 

canyons are present. The canyons evolve to deposi- 

tional channels from a depth of 700 to 1000 m 

where an intraslope fan is present (Figs 9 and l la) .  

The distal basin portion is the site of sheet turbidites 

flanking the distal erosive trunk of the Gioia-Mesima 

channel-canyon system (Fig. l la). A contourite 

mound is developed in the Capo Vaticano Terrace, 

at the base of the Capo Vaticano (Fig. 11 a). 

Discussion 

The post-tift depositional units older than Unit I have 

parallel, often very faint reflectors and mainly display 

a draping geometry over the intrabasinal ridges 

that reflects sedimentation as a result of hemipelagic 

settling and thus indicates a reduced sediment flux 

to the basin. The development of Unit I and II deposi- 

tional systems, consisting of geomorphological 

elements that record the development of effective 

sediment gravity flow dynamics, therefore marks an 

important change in the Gioia Basin sedimentary pro- 

cesses. During the Early Pliocene the present-day 

Sicilian and Calabrian landmasses were to a great 

extent still submerged and mainly characterized by 

the hemipelagic 'Trubi' deposition (Westaway 

1993; Di Stefano & Lentini 1995; Monaco et al. 

1996); hemipelagic deposition was also widespread 

in the Mid-Pliocene (Di Stefano & Lentini 1995). In 

the Late Pliocene, in response to an almost general, 

although differential uplift trend, much of the region 

started to emerge (Westaway 1993; Di Stefano & 

Lentini 1995; Monaco et al. 1996; Tortorici et al. 

2003). As we have already argued, the age of the 

base of Unit I can be assumed to be between the 

Late Pliocene and the Early Pleistocene. We therefore 

relate the development of the Unit I depositional 

systems to the creation of sediment source areas 

large enough to afford an abundant sediment supply 

to the Gioia Basin. Moreover, the strong differential 

vertical movement between the basin margin and 

the adjacent land areas must have fostered a wide- 

spread instability of the region, which, in turn, could 

have triggered the mass-wasting event responsible 

for the basin-wide Nicotera slump, the basal horizon 

of Unit I. 
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Much of the sediment fed to the Gioia Basin during 
the deposition of Unit I bypassed the upper slope 
and formed an onlapping apron. This stratigraphic 
architecture, typical of out-of-grade margins (Ross 
et al. 1994; Galloway 1998) records a stage during 
which, probably as a heritage of the preceding rift- 
stage extensional tectonics, the Sicilian margin had 
slope gradients steeper than the depositional grade. 

Within the ubiquitous scenario of slope bypass, 
however, a great heterogeneity of the sedimentary 
processes that governed the margin development is 
revealed by the highly varied thickness (Fig. 5b) 
and facies building blocks (Fig. l lb) of Unit I. 
Besides basin physiography, sediment supply is 
amongst the main factors that control facies associ- 
ations in deep-water systems and is primarily influ- 
enced by the history of extensional tectonics and the 
resulting morphology of the emerged areas, which 
dominates drainage development and the distance of 
hinterland areas to successive sub-basins (Leeder & 
Jackson 1993; Gawthorpe et al. 1994; Ravnas & 
Steel 1998; Alves et al. 2003). Lithology of source 
regions is another important factor in controlling sedi- 
ment yield potential and calibre to the basin 
(Gawthorpe et al. 1994; Ravnas & Steel 1998; 
Leeder et al. 2002). It is again in the geology of the 
adjacent emerged areas that the explanations for 
the observed different depositional environments 
can be sought. In the Sicilian mainland, the Barcel- 
lona tectonic trough flanks the southwestern portion 
of the Gioia Basin, whereas the Castanea horst 
crops out along the coast of the northeastern basin 
sector (Figs 2 and 11). The Barcellona depression is 
characterized by larger catchments than the Castanea 
horst and by the presence of Tertiary terrigenous 
rocks at variance with the metamorphic basement 
rocks that crop out extensively in the Castanea horst 
(Figs 2 and 11). Both the catchment size and the litho- 
logies of the source regions therefore point to a 
present-day, relatively higher sediment yield poten- 
tial and higher calibre of sediment supply to the 
western portion of the Gioia Basin, as is indeed con- 
firmed by hydrological data (Amore et al. 1995; 
Brambati et al. 1995). As the present-day structural 
grain of the Sicilian mainland was, to a large extent, 
the result of the Late Pliocene uplift (Catalano & 
Cinque 1995; Del Ben et al. 1996), it can b e  
assumed that a differential sediment supply to the 
western and eastern portion of the Sicilian Gioia 
Basin was already established during deposition of 
Unit I, thus accounting for the halving of Unit I thick- 
ness from the western to the eastern Sicilian margin 
(Fig. 5b). The unequal sediment supply rate also influ- 
enced facies distribution. The progradation of a 
channel-levee complex over basin plain sheet turbi- 
dites occurred in the well-supplied western Sicilian 
margin, whereas basin undersupply resulted in an 
autochthonous apron consisting mainly of sheet 

turbidites passing to hemipelagites over intrabasinal 
structural ridges and small-scale slumps in the 
eastern one (Fig. 1 lb). 

In a similar way, the rate of sediment supply can be 
responsible for the character of Unit II deposition in 
the eastern and western Sicilian margin. A continued 
adequate sediment flux ultimately led to the develop- 
ment of an offlapping geometry along the southwes- 
tern Sicilian margin. Similar stratigraphic settings 
develop when sediment supply exceeds accommo- 
dation generation, allowing the progradation of 
the siliciclastic depositional system (Galloway 
1989, 1998; Ravnas & Steel 1998; Ross et al. 

1994). Therefore in the western Sicilian margin, 
Unit II deposition represents the establishment of a 
graded margin with a dynamic equilibrium profile. 
In particular, an assemblage of interfingering 
channel-levee, turbidite lobe deposits and SV levee 
and overbank deposits was responsible for the 
margin progradation. In contrast, in the eastern Sici- 
lian margin, Unit II still has an onlap geometry and 
is characterized by the deposition of sheet turbidites 
successively involved in the recent downslope move- 
ment of the Villafranca mass-wasting complex. The 
depositional setting of the eastern Sicilian margin is 
therefore representative of long-lasting slope instabil- 
ity, which has resulted in the persistence of a destruc- 
tional margin during both Units I and II. The 
continuing low sediment supply and the possible 
effect of the oversteepening of the Acquarone Ridge 
slope that represents the offshore extension of the 
uplifting Castanea horst (Catalano & Cinque 1995) 
can explain this depositional setting. An onlapping 
apron characterizes the interval of Unit I deposition 
also in the Calabrian sector of the Gioia Basin. As 
in the Sicilian margin, this stratigraphic setting can 
result from an out-of-grade slope, an inheritance 
from the rift-stage tectonics. The extremely reduced 
thickness of Unit I in comparison with that along 
the Sicilian margin (Fig. 5b) can, however, support 
the possibility of the role of a low sediment supply 
in maintaining this depositional architecture. 
Although the small thickness of Unit I could be inter- 
preted to result from the larger dimension of the 
Calabrian margin, a low sediment supply to the 
basin also agrees with the absence of any submarine 
sediment delivery system during Unit I deposition 
(Fig. 1 lb). The Calabrian margin is flanked on land 
and separated from the rift hinterland by the 35 km 
wide, 50 km long Gioia Tauro half-graben (Monaco 
& Tortorici 1995, 2000), filled by at least 600 m of 
marine sediments of Late Pliocene to Mid-Pleisto- 
cene age, followed by alluvial deposits of Mid-Late 
Pleistocene age (Monaco & Tortorici 1995; Tortorici 
et al. 1995). Furthermore, in the area north of the 
Messina Strait, the intraslope Palmi Basin (Selli 
1979) is present between the Gioia Tauro half- 
graben and the Gioia Basin. It could hence be 
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assumed that the effective trapping in the Gioia Tauro 
half-graben and in the Palmi Basin of most of the sedi- 
ment from the rift hinterland caused a low sediment 

supply to the Calabrian margin during Unit I. An 
increase of sediment supply to the northern Calabrian 
margin is substantiated by the thickness of Unit II, 

which in some places equals that in the area of the 
Sicilian margin channel-levee complex (Fig. 5b). 

The change in the supply rate to the Calabrian 
margin could coincide with the establishment of sedi- 

ment spilling from the Gioia Tauro half-graben fol- 
lowing its complete filling in Mid-Pleistocene time. 
The mechanism of filling of successive sub-basins is 
in fact a typical tract of extensional settings (Ravnas 

& Steel 1997, 1998). The increased sediment flux, 
fed to the margin by the submarine Gioia-Mesima 

drainage network, ultimately allowed the develop- 
ment of an offlapping constructional apron in the 
northern Calabrian margin during Unit II deposition. 

Sediments accumulated mainly in an intraslope 
depositional area within channelized turbidite lobes 

located in the middle margin portion whereas sedi- 
ment bypass prevailed further downslope, in the 
distal erosive trunk of the Gioia-Mesima system. A 
similar depositional style is frequently recognized 
along margins characterized by gradient variations 

mainly resulting from salt tectonics deformation 

(Satterfield & Behrens 1990). In the case of the 
Gioia Basin the dam effect of the NS could be the 
ultimate cause of the observed depositional setting. 

A further effect of the basin physiography on 

depositional facies development arises from inter- 
action with the path of contour currents. The devel- 

opment of a contourite mound in the Capo Vaticano 
Terrace can be in fact the result of the deflection of 
bottom currents by the adjacent Capo Vaticano 

Ridge. 

Conclusions 

The present study highlights the different depositional 
systems with distinctive sedimentary environments 

and processes, facies association and stratigraphic 

geometry that develop at the same time along the 
Gioia Basin margin. In addition, it emphasizes that 

a temporal evolution of the sedimentary dynamics 
along each sector of the Gioia Basin margin can be 

recognized. 
The physiography of the margin, which is the 

result of the past extensional faulting in the basin, 
and the geology of the surrounding emerged 
areas, which are still affected by tectonic defor- 

mation and high rates of vertical movement, have 
been recognized as the major factors controlling 

the observed depositional evolution. 
The uplift of the adjacent areas is the basic agent 

that, allowing for the development of large source 

areas, controls the switch from an almost basin- 

wide hemipelagic draping to the depositional 
systems of the studied interval that record the estab- 
lishment of a high sediment flux to the Gioia Basin 

margins. The phase of general uplift probably led to 
widespread instability along the margin and pro- 
moted the movement of the basin-wide Nicotera 

slump body that is emplaced at the base of the 
studied interval. 

A stage of quiescent tectonism accompanies the 
deposition of Units I and II. However, during the 
deposition of the early post-rift Unit I, the tectonic 

legacy is manifested in the stratigraphic architecture 
of the margin that, as a result of bypass on the over- 
steepened, out-of-grade slopes, consists of an onlap- 

ping base-of-slope sedimentary package along the 
whole margin. In contrast, the interval of Unit II 
marks the late post-rift establishment of a graded 

depositional profile with the development of an off- 
lapping geometry along a large part of the margin. 

The geology of the adjacent emerged areas and 

the physiography of the Gioia Basin itself are the 

main controls on the sedimentary entry points and 
on the course and character of the canyons and 
channels along the Gioia Basin margin. These two 

controlling parameters therefore play a major role 
in determining distribution, thickness and the sedi- 

mentary facies of the depositional systems along 
the margin. In the Sicilian margin, a channel- 
levee complex develops to the SW, where large 

catchments are present on land. In the northeastern 
Sicilian margin, in contrast, where rivers drain very 

small areas, an undersupplied margin is maintained 
for the whole interval studied; hence, slope destruc- 

tion is the prevailing sedimentary process, as shown 
by an infilling consisting almost entirely of the 
Niceto slump and of the recent Villafranca mass- 

wasting complex. Finally, the presence of under- 
filled basins in the hinterland of the margin is a 
further important element that influences the Gioia 

margin evolution. In the Calabrian margin, in fact, 
the development of the Goia-Mesima canyon- 
channel system and of the related intraslope chan- 

nelized fan is probably coincident with the 

complete filling of the Gioia Tauro extensional 
trough that previously separated the Gioia margin 
from the rift hinterland. 
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Abstract: Two independent active faults, capable of generating medium-sized earthquakes in the 
San Vito lo Capo peninsula, northwestern Sicily (Italy) have been identified as a result of detailed 
field studies. In western Sicily, instrumental seismicity is low; in fact, except for the 1968 Belice 
earthquake (Ms = 5.4), historical records indicate that this area is relatively quiescent. Most of the 
seismicity is in the offshore sector of the Sicilian Maghrebian Chain, which is characterized by 
several medium- to low-magnitude events. The main shock of the 2002 Palermo seismic sequence 
(Mw = 5.9) represents the largest earthquake felt in the area in recent years. The deformation 
pattern characterizing the most recent faults mapped in northwestern Sicily includes a grid of 
high-angle faults consisting of major east-west-striking right-lateral and north-south-striking 
left-lateral features. This fault grid is related to a regional transcurrent right-lateral shear zone, 
here named the UEKA shear zone, bounded to the north by the Ustica-Eolie fault and to the 
south by the Kumeta-Alcantara fault. The UEKA shear zone accommodates the regional strain 
induced by the current stress field acting in the area, which, as emerges from both structural 
and seismological data, is characterized by a NW-SE-striking main compression. 

The northern coast of Sicily and its Tyrrhenian off- 

shore have been interpreted by various workers (e.g. 

Boccaletti et al. 1982; Malinverno & Ryan 1986; 

Dewey et al. 1989; Chironi et al. 2000) as a hinge 

zone between the Tyrrhenian basin (characterized 

by incipient oceanization processes) and the 

emerged portion of the Sicilian Maghrebian 

Chain. This hinge zone is interpreted as a regional 

east-west-striking right-lateral shear zone that 

developed from Pliocene time, while the structuring 

of the fold-and-thrust belt continued in southern 

Sicily (Boccaletti et al. 1982; Ghisetti & Vezzani 

1984; Giunta et al. 2000). 

As concerns seismicity, the Sicilian offshore is 

mainly characterized by medium- to low-magnitude 

events. The main shock of the 2002 Palermo 

seismic sequence (Mw = 5.9; CMT Catalog, 

Harvard Seismology, http://www.seismology.har- 

vard.edu/) represents the largest earthquake felt in 

the area in recent years (Giunta et al. 2004). 

Onshore, in western Sicily, the 1968 Belice seismic 

sequence (Ms = 5.4 for the main shock; Anderson 

& Jackson 1987b) represents the strongest earthquake 

that has occurred in the area in historical times. 

Several faults, in western Sicily, involve Pliocene 

and Early Pleistocene deposits; in the San Vito lo 

Capo peninsula, they cut through conglomerates 

of Tyrrhenian age and Holocene sediments, hence 

recording the effects of active tectonic processes 

in the area (Giunta et al. 2004). For this reason 

we focused our analyses in the San Vito Lo Capo 

peninsula, as it may be considered a key area for 

better understanding the tectonic processes acting 

in this sector of the peri-Tyrrhenian orogenic 

system, and to evaluate the seismic potential of 

northwestern Sicily. 

Tectonic framework 

The present-day structural setting of northern Sicily 

is the result of the Cenozoic collision between 

the North African continental margin and the 

Sardinia-Corsica block. The main tectonic units 

derived from the deformation of the northern margin 

of the African plate display a general southward ver- 

gence, and a structural style that is characterized by 

folds with a wavelength of a few kilometres and by 

thrusts that extend for tens of kilometres (Fig. 1; 

From: MORATTI, G. & CHALOUAN, A. (eds) 2006. Tectonics of the Western Mediterranean and North Africa. 
Geological Society, London, Special Publications, 262, 365-377. 
0305-8719/06/$15.00 �9 The Geological Society of London 2006. 
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Fig. 1. Schematic geostructural map of Sicily. 

Fig. 2. (a) Plio-Quaternary faults of northwestern Sicily; (b) active fault zones in the San Vito lo Capo peninsula. 
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Ogniben 1960; Scandone et al. 1974; Catalano et al. 

1979; Catalano & D'Argenio 1982). The main stages 

in the Neogene deformation history of the area 
include (Giunta et al. 2000): (1) thrust tectonic 

events, from the Early Miocene; (2) extensional tec- 
tonics and crustal thinning processes, from the Late 

Miocene; (3) strike-slip tectonic activity, often reacti- 
vating inherited structures, during the Plio-Pleistocene 

evolution of the northern Sicily- southern Tyrrhenian 
hinge zone (Boccaletti et al. 1982; Finetti & Del Ben 

1986). 
According to some workers, strike-slip tectonics, in 

the area separating the southern Tyrrhenian Sea from 
northern Sicily, started in Pliocene time, when the 

UEKA shear zone was first established. The latter 
extends offshore for more than 400 km from the 
island of Ustica to the Aeolian Islands (the Ustica- 

Eolie Line of Boccaletti et al. 1982), and onland, 
for more than 300 km, from the Trapani mountains 
to Mt. Etna, including the so-called Kumeta- 

Alcantara Line (Ghisetti & Vezzani 1984). Lower- 
rank structures related to the Ustica-Eolie and 

Kumeta-Alcantara lines comprise the NW-SE- 
striking faults of Marettimo, Trapani, San Vito and 
Palermo (Nigro et al. 2000; Gueguen et al. 2002). 
Taken as a whole, these structures were interpreted 

as a right-lateral duplex: the Southern Tyrrhenian 

Strike-Slip Duplex (Renda et al. 2000). 
Related to these faults, some minor shear zones 

are well exposed at several localities (Fig. 2a; 

Giunta et al. 2004). Based on their geometric and 
kinematic characteristics, these have been grouped 
into three major sets: (1) an ESE-striking mainly 

right-lateral to transtensive fault set; (2) a north- 
south-striking left-lateral to transtensive fault set; 
(3) a NE-SW-striking set including faults with 

left-lateral transpressive and reverse kinematics. 

Some of these high-angle faults involve Pliocene 
and Early Pleistocene deposits; at San Vito lo 
Capo peninsula, in particular, two fault zones 
(trending roughly ESE and NNE) cut through both 

conglomerates, of Tyrrhenian age, and Holocene 
sediments (Fig. 2b). 

Seismicity 

The seismicity pattern recorded in the southern Tyr- 
rhenian Sea since 1988 is shown in Figure 3a. As 

may be seen in Figure 3b (see also Giunta et al. 

2004), the distribution of the hypocentres reveals 
the presence of two seismogenic zones. The first 

is located in the eastern portion of the southern Tyr- 
rhenian Sea, where about 480 events are concen- 
trated around a NE-dipping plane with a slope 

angle of 58 ~ down to a depth of about 400 km. 
This distribution has been associated with the 
Wadati-Benioff plane of the Ionian lithospheric 

slab dipping beneath the Calabrian Arc (Gasparini 
et al. 1982; Anderson & Jackson 1987a). 

The second seismogenic zone extends parallel to 
the northern coast of Sicily and is generally located 

within the upper crust. The 2002 Palermo seismic 
sequence is located within this belt (Fig. 3c). The 
hypocentral distribution of about 540 earthquakes 
recorded from 6 September to 15 October 2002 

shows a N E - S W  trend and a NW-dipping seismic 
belt (Fig. 3d; Giunta et al. 2004). The focal sol- 

utions of the main shock (Mw-----5.9) display 
NE-SW-striking nodal planes with compressive 
mechanisms (CMT Catalog, Harvard Seismology, 
http://www.seismology.harvard.edu/). As may be 

seen in Figure 3c, some 60 earthquakes cluster at 
about 55 km west from the main shock. 

On land, in western Sicily, instrumental seismi- 
city is very low and the 1968 Belice earthquake 

sequence, characterized by six main shocks with a 
magnitude of 5-5.4 (Anderson & Jackson 1987b), 

represents the strongest seismic event recorded in 
historical times (CPTI Gruppo di Lavoro 1999). 

There is some controversy about the seismogenic 
structure responsible for the 1968 Belice seismic 
sequence. Monaco et al. (1996) discussed the possi- 

bility that the seismic source might be a blind 
steeply north-dipping reverse fault, whereas 

Michetti et al. (1995) recognized surface faulting 
evidence interpreted in terms of strike-slip tectonics 
associated with a NW-SE-striking fight-lateral 

fault. 

Active faults in the San Vito 1o Capo 

peninsula 

The San Vito lo Capo peninsula, located at the 

western end of the northern coast of Sicily, 
extends in a roughly north-south direction into 

the southern Tyrrhenian Sea (see Fig. 2). This 
area represents the westernmost and the most exter- 
nal sector of the Sicilian orogenic belt, which is 

composed mainly of south-verging folds and 
thrusts. Here, deformed Mesozoic to Tertiary plat- 
form carbonates evolve upwards into deep-water 

marls, limestones and siliciclastic deposits. These, 
in turn, are unconformably overlain by terrigenous 
deposits of Plio-Pleistocene age that crop out 

widely in the coastal plain of Castelluzzo (Piana 
di Castelluzzo; Fig. 4). These latter deposits 

consist of carbonate grainstones overlain by shales 
and sands. Along the coast, small outcrops of 
Tyrrhenian conglomerates and bio-calcarenites 

are well exposed (see Fig. 4). 
At San Vito lo Capo peninsula we analysed in 

detail the two main active faults shown in the map 

of Figure 4. The NNE-striking fault (here named 

the Faro fault) is exposed, for a length of about 
3 kin, in the Mesozoic carbonates cropping out in 
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Fig. 3. Distribution of epicentres (a) and hypocentres (b) of the 2100 earthquakes occurring in the southern Tyrrhenian 

Sea and northern Sicily between 1988 and 15 October 2002. The epicentre location of the main shock (Ms = 5.4) of 

the 1968 Belice seismic sequence is also shown. (d) Distribution ofepicentres (e) and hypocentres of the c. 540 earthquakes 
belonging to the Palermo seismic sequence, recorded from 6 September to 15 October 2002 (after Giunta et al. 2004). 

The epicentre and hypocentre location of the main shock (Mw = 5.9) is marked by a star. 
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Fig. 4. Geological map of the Plio-Pleistocene deposits cropping out in the San Vito lo Capo peninsula (Abate et aL 1993). 

the surroundings of the San Vito lo Capo village. 

Here, we observed striated fault surfaces showing 
left-lateral strike-slip kinematics, and a few mor- 

photectonic features characterizing NE-striking 
lower-rank positive flower structures (Fig. 5a and 
d). Evidence for recent tectonic activity of the 

Faro fault is given by a continuous 20 m high 
fault scarp cutting a flat erosional surface that is 
interpreted to be an Early Pleistocene marine 

terrace (Fig. 5c; Abate et  al. 1998). Furthermore, 
about 3 km north of the marine cliff shown in 
Figure 5a, at Faro, the fault runs across Late Pleisto- 

cene to Holocene aeolian deposits (see Fig. 4). The 
latter deposits are also cut by lower-rank (metre- 

scale) faults related to the main NNE trend (Fig. 5d). 
The southern margin of the Piana di Castelluzzo 

is bordered by an ESE-striking fault (here named 
the Castelluzzo fault), which is exposed for about 

2 km in Early Pleistocene marine sediments (see 

Fig. 4). The morphological evidence of the Castel- 
luzzo fault is given by a fresh-looking fault scarp 
(about 15 m high; Fig. 6). At several localities, 
along the coast, we observed striated surfaces 

indicating prevalent right-lateral kinematics 
(Fig. 6b). In the fault footwall, lower-rank features 

(meso-faults and shear fractures) cut through 

Tyrrhenian conglomerates (Fig. 7). 
In the Piana di Castelluzzo, Early Pleistocene 

bio-calcarenites cropping out along the coast are 

also affected by several minor faults (Fig. 8). 
There, we produced a detailed map (at 1:25 scale) 

by combining field data and image analysis of a 
photo mosaic composed of digital photographs 

taken from a helicopter. The marine fiat surface 
is pervasively affected by individual deformation 

bands and zones of deformation bands with over- 

printed stylolites, sheared stylolites and slip sur- 
faces (Fig. 9). Individual deformation bands are 
known to represent the smallest structures, caused 
by faulting in high-porosity, poorly cemented sand- 

stones (Aydin & Johnson 1978; Antonellini et  al. 

1994) as well as in porous carbonate grainstones 
(Tondi et  al. 2006). They consist of broken and 

compacted grains defining roughly planar features 

that record small amounts of displacement, typi- 
cally from a few centimetres to < 1 mm. Larger 
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Fig. 5. (a) Surface evidence of active faulting associated with the NNE-striking Faro fault. (b) Line drawing from the 
digital image of the marine cliff shown in (a). (c) The 20 m high fault scarp, associated with the Faro fault, cutting a flat 
erosional surface of Early Pleistocene age. (d) Fault orientation and kinematic data (see Fig. 4 for locations). 

amounts of displacement can be accommodated by 

wider zones of multiple, composite, deformation 

bands (Engelder 1974; Aydin & Johnson 1978; 

Antonellini et al. 1994). In the Piana di Castelluzzo, 

deformation bands are generally shear bands 

(Aydin et al. 2006), mostly trending ESE 

(Fig. 10). Sheared stylolites are associated with 

all sets of shear bands. The geometry of step-over 

zones and 'horse-tail' terminations (Figs 11 

and 12) indicates a right-lateral strike-slip character 

for most of them (striking east-west and ESE) and 

left-lateral strike-slip kinematics for those (subordi- 

nate) trending NNW and north-south. The NW- 

striking set is often characterized by oblique- 

normal kinematics, whereas all sets of shear bands 

and related sheared stylolites show cross-cutting 

relationships that suggest that they sheared at the 

same time (see Fig. 8). 
In the Piana di Castelluzzo, several mesofaults 

also affect the Dendropoma coastal reef platform, 

which is made of worm populations still growing 

at present in the temperate climate of northwestern 

Sicily (Fig. 13; Antonioli et al. 1999). The fault- 

controlled reef therefore records clear evidence of 

the very recent activity of these structures. 

The information collected in the study area also 

suggests that the geometry of the stress field respon- 

sible for the overall deformation pattern observed in 

this sector of northwestern Sicily is characterized 

by a direction of maximum compression oriented 

roughly NW. In fact, as shown in Figure 14, the 

most abundant features exposed in the Piana di Cas- 

telluzzo may be interpreted as R shears related to 

a roughly east-west-striking fault driven by a 

NW-oriented compression. 

As concerns chronology, our observations indi- 

cate that deformation bands are the oldest structures 

formed in the Piana di Castelluzzo area, from 

Early Pleistocene time, whereas sheared stylolites 

and mesofaults affecting the Dendropoma reef 
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Fig. 6. (a) The 15 m high fault scarp in Early Pleistocene marine deposits associated with the Castelluzzo fault. (b) 
Fault orientation and kinematic data (see Fig. 4 for locations). 

(characterized by distinctive slip surfaces, visible 

gauge, and the same kinematics of the deformation 

bands) developed later. This also suggests that the 

geometry of the stress field acting in the area has 

not changed from Early Pleistocene time to the 

present. 

Discussion and conclusions 

Detailed analyses of macro- and mesostructural fea- 

tures exposed in the San Vito lo Capo peninsula, in 

northwestern Sicily, show that the overall defor- 

mation pattern in the area may be interpreted in 

terms of strike-slip tectonics driven by a current 

Fig. 7. Remains of macrofauna of Tyrrhenian age cut by an east-striking right-lateral shear fracture: (a) photograph; 
(b) schematic drawing. 
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Fig. 9. East-West- and NW-striking deformation 
bands, in the Piana di Castelluzzo, easily recognized 
because of their increased resistance to weathering with 
respect to the host-rock. 

stress field geometry characterized by a NW- 

oriented maximum compression. The stress field 

acting in the area appears to be directly controlled 

by the convergence between the African and Euro- 

pean plates. The present-day Africa motion along 

NNW-SSE- to NW-SE-directed vectors is sub- 

stantiated by geological, seismological, VLBI 

(very long baseline interferometry) and global 

positioning system data (Ward 1998; Zarraoa 

et al. 1994; Cello et al. 1997; Di Bucci & Mazzoli 

2003; Goes et al. 2004; Tondi et al. 2005). 

In the San Vito lo Capo peninsula, we identified 

two main active faults: the Faro and Castelluzzo 

faults. Both faults are marked by 15-20 m high 

fault scarps cutting marine deposits of Early Pleis- 

tocene age. 

Integrating the values of the vertical component 

of motion (derived from the height of the fault 

scarps) and data from mesostructural analysis 

(which shows a mean pitch value of about 10 ~ for 

the faults mapped in the area) we computed the 

cumulative displacement across both faults as 

some 90-120 In. Consequently, slip on both faults 

must have occurred at a rate of about 0.05 mm 

a-1 since the Pleistocene. Furthermore, the notion 

that empirical expressions relating fault length and 

displacement (Cowie & Scholz 1992; Schlische 

et al. 1996; Tondi & Cello 2003) may provide 

good estimates for their dimensional properties 

allowed us to suggest that the cumulative length 

of each fault is in the range of about 10 km. 
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Fig. 10. Orientation data for the structures exposed in the Piana di Castelluzzo outcrop. 
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Fig. 11. Detail of Figure 8 showing: (a) east-west-striking mature mesofaults with right-lateral kinematics, and (b) 
NNW-striking sheared stylolites with left-lateral sense of motion. 

Fig. 12. (a) Left-stepping geometry of ESE-striking sheared stylolites; (b) 'horse-tail' termination showing right- 

lateral kinematics. 



ACTIVE FAULTS IN NW SICILY 375 

Fig. 13. (a, b) Fault-controlled morphology of the Dendropoma reef platform. 

y ..... / " ' ~  ~.._, j ..,,. 

-"----1 

Fig. 14. Two-dimensional geometry of the stress field 
acting in northwestern Sicily, and structural 
interpretation of the structures mapped in the Piana di 
Castelluzzo. 

From (1), it follows that the moment  magnitude 

is (Kanamori 1977) 

Mw = ( log Mo/1.5)  - 10.73. (2) 

Considering each seismogenic structure indivi- 

dually, and a mean coseismic displacement of the 

order of 0.5 m (Wells & Coppersmith 1994), we 

propose that the maximum expected moment mag- 

nitude for each fault is about 6.0. This result 

suggests therefore that, in western Sicily, as well 

as the Belice region, the San Vito lo Capo peninsula 

may also be considered as a seismic source area for 

medium-sized earthquakes. 

This work was supported by the Universities of Camerino 
and Palermo (research funds to E. Tondi, G. Giunta, 
P. Renda and M. Unti), and by the MIUR, Cofin 2002 
(research funds to G. Cello and D. Zampieri). 

Based on this estimate, we also computed the 

maximum expected moment  magnitude for both 

faults from the relationship 

Mo = ~Agu (1) 

where Mo is the seismic or geological momentum, 

A is the fault surface area, ix is the rigidity modulus 
(3 x 1011 dyn cm -2)  and gu is the last slip incre- 

ment on the fault. 

We calculated A from the inferred fault length, by 

assuming that its width is equal to the thickness of 

the seismogenic layer (about 10 kin; as may be 

averaged from the hypocentre distributions shown 

in Fig. 3). 
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joints, Almeria-Nijas Basin 224 
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Kabylian domain 196 
Kabylian Units 9, 13 
Kasserine Fault 55, 57 

Ketama 102, 148 

Ketama nappe 194, 196 
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stratigraphy 280-281 
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Flyscu nappes, 173 
Subduction 162, 172 

Maghrebide thrust front 366 
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Pseudoverrucano 9-11 
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Post-Pseudoverrucano 9 
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deformation events 108, 111 

orogenic system 142 
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Milazzo Ridge 350, 351 
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stratigraphy, Almeria-Nijas Basin 
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tectonics of Italian Alps 
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Missanello-Noepoli synthem 
palaeogeography 313- 314 
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results 
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oxygen isotope stratigraphy, Pliocene 
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111, 113-115, 147-148, 
161-162, 217 

Mountain 102, 115 
calciturbidite studies 
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Plio-Pleistocene record 
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analysis 367-371 
tectonic significance 371-375 
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duration magnitude 119-121 
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significance of results 126-128 
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sequence stratigraphy 
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description 179, 181-183, 184, 

185, 186, 187-188 
sedimentological significance 
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Cretaceous of Tunisia 67 
Tagus Basin 238-242 

Serj Formation 56 
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Sidi Aich Formation 56 
Sidi Ali Ben Aoun Fault 55, 57 
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Sila Unit 4, 6, 7, 8, 9, 16, 24, 38, 41 
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347 
statistical methods of analysis see 
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results 92-94 
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Cretaceous stratigraphy 233-238 
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tectonic evolution 
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Aptian palaeogeography 58 
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49-51 
see also catciturbidites 

Turborotalia pessagnoensis 200 
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palaeogeography 315 
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Terraced fluvial gravel and sand mainly characterised by flat morphologies and occurring at different altitudes along 
the main rivers, n (1 to 4) indicates the different order of terraced surfaces (4 the youngest, 1 the oldest). 

C H I A R O M O N T E - S E R R A  CORNETA S Y N T H E M  (MIDDLE PLEISTOCENE)  

Deeply weathered angular to subrounded gravel and sandy silt in 
lenticular beds cm to m thick. Total thickness does not exceeds 30 m, 

Breccia of angular and subangular boulder- to pebble-size cemented gravel. This unit is exposed limitedly in the Racanello Creek valley at 
the base of Raparo Mount. Clast composition is mostly made of limestones and dolostones of Ap. Thickness does not exceeds 15 m. 

Fluvial gravel and subordinate sands in tabular dm to m thick beds locally with planar or through-cross 
lamination. Gravels are clast-supported, moderately to well embricated. Total thickness is 50-60 m, 

MA4 

M I S S A N E L L O - N O E P O L I  S Y N T H E M  ( U P P E R M O S T  L O W E R - L O W E R M O S T  M I D D L E  PLEISTOCENE)  

Fluvial gravels and sands in tabular m-thick beds alternated with floodplain sandy-clayey silts in bedsets up to 15 m 
thick. Gravels are clast supported with abundant sandy matrix. Planar cross lamination is locally present. 

Floodplain-lacustro-palustrine greysh-whitish silty clays dominant on fluvio-deltaic sands and gravels which overlain the previous lithofacies asssociation. 

Fine-grained sediments, forming bedsets up to 20 m thick, are generally massive in places horizontal laminated. Dm-m thick volcanoclastic and organic-rich 
beds are locally present (Rifreddo-S.Lorenzo creeks). Vertebrate, mostly micromammal, remains, terrestnal-palustrine molluscs and root traces are locally 
present. Coarse-medium grained sands occur in dm-m thick tabular beds arranged in bedsats up to 20 m thick. Sands are massive to planar-through cross- 

laminated. Pebble-sized gravelly beds are locally interbedded with sands. 

Alluvial gravels in bedsets up to 20 m thick alternated with yellowish sandy-clayey silts. Gravelly bedsets consist of dm-m 
thick amalgamated beds of polymodal clast-supported cobble-pebble sized gravels with abundant sandy-silty interstitial 
matrix. These deposits are massive to crudely normal graded. Sandy-clayey silts are generally massive. 

Matrix-rich gravels cropping out exclusively in the Racanello Creek valley west of S. Chirico Raparo. Gravels consist of boulder 

to pebble-sized angular to sub-angular clasts rich in clayey-silty matrix. Clast composition is predominantly derived from Af 
and subordinately from Ap lithologies, These deposits are crudely bedded massive or normal-graded, up to 200 m thick. 

m 
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Ad 

i 
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A L I A N O  S Y N T H E M  (GELASIAN-LOWER PLEISTOCENE)  

Unconformable bounding contacts recognized all over the area of exposition allow to classify this sub-unit as a sub-synthem made of alluvial gravels 
and sands interbedded with floodplain silty clays exposed in the WSW portion of the basin. Gravels and sands are arranged in dm-m thick beds stacked 
within hedsets up to 15 m thick Gr~'els range in size from cobble to pebble, are characterized by a clast-suol3orted framework with abundant sandy- 
silty interstitial matrix, occasional clast imbrication indicates palaeoflow from WSW. Gravelly beds are massive or crudely normal graded and rest on silty 
clays trough high-relief erosive surfaces. Sands occur as small lenses within gravels or locally form bedsets up to 15 m thick. Silty clays are greysh 
arranged in bedsets up to 30 m thick in the easternmost outcrops (i.e. around Francavilla in Sinni village) generally massive locally bearing organic-rich 

sediments, terrestrial molluscs and rare volcaniclastic beds. 

A1 -A3: W-E transitions from angular unconformities to sharp and gradual stratigraphic contacts characterize the latero-vertical relations among these sub- 
units all over the basin. Intervening deposits are grouped into recurring gravely, sandy and pelitic lithofacies associations which depict genetic linkage among 
fluvial, deltaic and shelfal systems. As a consequence these three sub-units fit the definition of composite depositional sequence. 
A1-3 are composed of three recurring lithofacies associations stacked in an eastward prograding clastic wedge. 

A1-3a: fluvial gravels and subordinate sands in dm-m thick beds arranged in tabular bedsets 10-15 m thick. Gravels are brownish-reddish (A1 a), polymodal, 
clast-supported with abundant interstitial sandy-silty matrix, imbricated showing a paleoflow from the western margin. Beds are commonly amalgamated with 
basal low-relief erosive surfaces, internally massive or with low-angle planar cross-lamination. Sands, occurring as residual lenses within the gravely beds, are 

coarse- to medium grained massive or horizontal laminated. 
A1-3b: fluvial gravels and sands and floodplain silty clays which express lateral (toward E) and vertical transition from lithofacies A3a. Gravely and sandy beds 
define fining upward trend. Gravels are polymodal, clast-supported arranged in m thick lenticular beds erosively resting on the floodplain silty clays. Sands are 
coarse-medium grained massive or normal graded. Silty clays are greysh-withish-reddish (A1 b) and generally massive. 
A1-3c: delta-front sands and clayey silts mostly exposed in the central sector of the basin interpreted to represent a lateral transition from lithofacies A1-3a. 
Sands are coarse-fine grained in dm-m thick beds arranged in 10-15 m thick tabular bedsets. Sands are massive, locally horizontal and cross-laminated. A2c is 
typically characterized by shallow marine molluscs (Glycimeris, Pectinid, Ostreids) dispersed or concentrated in thin shell beds and pockets of articulated 
specimens. Locally clay chips occur at the base or within the beds. Clayey silts occur on top of sandy bedsets defining a fining upward stacking pattern. These 
deposits are generally massive and increase in thickness toward E. At S.Giorgio Lucano the upper portion of a sandy body referred to as an A2 delta front fed 
from SSW, is charachterized by different lithofacies (A2d). These consist of coarse-medium sands characterized by trough-cross and low-angle laminations in 
dm-m thick beds with erosive base and subordinate intervening greysh sandy silts bearing a marine molluscan fauna. This portion is interpreted as a proximal 

delta front. 
Ad: prodelta and inner shelf silty clays extensively cropping out in the central-eastern sector of the basin. Silty clays are generally massive with dispersed marine 
molluscs, mostly bivalves (Venerids). In the southern sector of the basin along the Sarmento River the uppermost deposits bear a brackish molluscan fauna 
characterized by the dominance of Cerastoderma. This lithofacies association represents the distal portions of the A1-3 fluvio-deltaic systems and the deepest 

basin areas. 

C A L I A N D R O  S Y N T H E M  (P IACENZIAN-GELASIAN)  

C3: it consists of two lithofacies associations resting on older deposits through an angular unconformity making transition toward E to sharp and gradual 
contacts. The character of the lower bounding surface allows to classify this sub-unit as a composite depositional sequence. 
C3a: fluvial gravels and sands and floodplain silty clays exposed mainly on the western margin along the Agri and Armento valleys• Gravelly and sandy beds 
define fining upward trend• Gravels are polymodal, clast-supported arranged in m thick lenticular beds erosively resting on the floodplain silty clays• Sands are 
coarse-medium grained massive or normal graded• Silty clays are greysh-whitish generally massive• 
C3b: delta front sands cropping out on the western margin along the Agri and Sauro river valleys. Sands are medium-fine grained in dm-m thick beds 
massive or cross-laminated• Scattered clay chips, pebbles and mollusc fragments are occasionally present at the base of beds. 

C2: it is represented by three vertically stacked lithofacies associations and it is bounded at the base and to the top by angular unconformities fitting the 

definition of sub-synthem. 
C2c: fluvial sands exposed limitedly on the western margin along the right flank of the Agri river valley, Sands are coarse-medium grained in dm-m thick beds 

characterized by trough-cross lamination• 
C2b: brackish silty clays overlain by lithofacies C2c. Silty clays are massive, organic rich and bear scattered molluscs mostly Cerastoderma. 
C2a: deltaic sands overlain by lithofacies C2b and cropping out in the Agri river valley. An isolated outcrop is present north of Armento village. Sands are 

coarse-medium grained in dm-m thick massive, normal graded or cross-laminated beds. 

Ce: whitish diatomeaceous silts exposed exclusively on the north-eastern margin of the basin. These deposits are generally massive locally planar laminated 
Ceg: alluvial gravels locally occurring at the base of Ce (Monticchio area, Sauro-Agri rivers confluence) 

C1 : it is formed by three main lithofacies assemblages included within a composite depositional sequence. 
Clc:  fluvio-deltaic sands and paralic silty and diatomeaceous clays exposed along the eastern margin• Sands are yellowish, medium-fine grained in massive 
or normal graded dm-m thick beds. Clays are dark-pale grey generally massive, locally rich in organic matter. 
Clb:  deltaic and shoreface sands cropping out mostly along the western and northern margin of the basins• Sands are yellowish medium-fine grained rich in 

bioclasts (pectinids, ostreids, ecc.) and generally arranged in m thick massive beds• 
C1 a: slope and alluvial gravels resting on the substratum units along the western and eastern margins of the basin• Gravels are polymodal, well-rounded to 
sub-anqular, clast supported, locally rich in silty-clayey matrix (e.g. on the western margin along the Agri river valley)• Thickness not exceeds 20 m. 

S U B S T R A T U M  UNITS 

P: Bradano Unit. Marine sands, clays, calcarenites, sandstones and conglomerates. Early Pliocene. Gf: Gorgoglione Flysch. Marly and silty clays alternated 
with sandstone layers. Late Miocene; SP: Serra Palazzo Formation• Turbidite sandstones, marls and whitish marly limestones• 
Langhian-Serravallian. Af: Albidona Flysch and Sareceno Fm: Marls and marly clays alternated with graded sandstone layers. Calcilutites and calcarenites with 
marls and marly clays. Late Oligocene-Middle Miocene; Lagonegro Unit Nu: Numidian Flysch. Quartz -rich turbidite sandstones, alternated with shales and 
siltstones• Early-Middle Miocene; Fr: Flysch Rosso. Calcarenites and calcirudites with reddish marls and shales. Cretaceous-Oligocene; Lag: Galestri, Scisti 
Silicei, Calcari con selee Fins.. Brownish shales with calcarenites and thin sandstones; radiolarites and cherty shales; cherty limestones and marls. Late 
Triassic-Cretaceous; Apenninic Platform Unit - Ap: Platform limestones, dolostones and calcilutites. Middle Jurassic Cretaceous; Frido Unit - UF: Caleschists, 
quartzites, slates and phyllites with marble levels and slices of metaophiolites and cristalline rocks (mainly gneiss). Late Jurassic-Cretaceous.; Calabro-Lucano 
Flysch Unit - CL: Brownish shales, sandstones and calcarenites with ophiolites blocks. Late Jurassic-Late Oligocene; Sieilide Complex ]q-: Tufiti di Tusa. 
Micaceous turbidites sandstones and marls• Late Oligocene-Early Miocene; MSA: Monte Sant'Areangelo Fm.. Marly limestones, calcarenites, limestones and 
reddish marls• Late Cretaceous-Eocene; AW : Argille varicolori. Varicoloured shales with marly limestones and sandstones. Cretaceous-Oligocene. 
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Field mapping performed during 2000-2005. Basin deposits from original field 
mapping. Substratum units modified from Carta Geologica d'ltalia. 2ed. (scale 
t:lO0.000), sheets 211-Sant'Arcangelo, and 200-Tncarico; Carta geologica 
d'ltalia, 3rd ed. (scale 1:50.000), sheet 506- Sant'Arcangelo; Bonini and Sani 
(1999), Geological map of the Potenza-Guardia Pertlcara area. 

Topographic map by : I.G.M. (Istituto Geografico Militare autorizzazione n. 4726 in data 16-1-1998) 
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From: Benvenuti, M., Bonini, M., Moratti, G. & Sani, E 2006. Tectono-sedimentary 
evolution of the Plio-Pleistocene Sant' Arcangelo Basin (Southern Apennines, Italy). 
In: Moratti, G. & Chalouan, A. (eds) Tectonics of the Western Mediterranean and North 

Africa. Geological Society, London, special Publications, 262. 0305-8719/06/$15.00 
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Tectonics of the Western 

Mediterranean and North Africa 

Edited by 

G. Moratti and A. Chalouan 

This book provides an insight into the overall tectonic evolution of the Western 

Mediterranean region and North Africa. The tectonic setting of the region reflects a long- 

~ " ~  : .: - . . , - . .  - ~ , , . . .  ~ . .  

lived and complex evolution, mainly related to the Alpine 

Orogeny. This inheritance is expressed by an intricate pattern of 

arc-shaped mountain chains, the Alps, the Betic-Rif Cordilleras 

and the Apennine-Maghrebian belt, whose southern branches 

mark the present limit between the African and Eurasian 

plates. The volume covers the Maghrebian chains in North 

Africa, from Tunisia to Morocco and the Western and Clentral 

Mediterranean, from Spain to Italy from the pre-oroger~c 

phases (Palaeozoic-Mesozoic) to the post-collisional r 

neotectonic and Quaternary development. It includes both original research papers and 

syntheses dealing with the aspects of structural, sedimentary, metamorphic and marine 

geology. 

Visit our online bookshop: http://www.geolsoc.org.uk/bookshop 

Geological Society web site: http://www.geolsoc.org.uk 

Cover illustration: 

Digital elevation of the Mediterranean region from ETOPO-5. 
Courtesy of A.Argnani, ISMAR-CNR, Bologna, Italy. 
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