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Chapter 1
Introduction

The Early Toarcian Oceanic Anoxic Event (T-OAE) was one of the most important
environmental changes of the Mesozoic, resulting in a mass extinction event of
benthic and pelagic groups in marine ecosystems (Hallam 1996; Wignall et al.
2005). Typically, the T-OAE is characterised by the record of organic-rich sedi-
ments associated with a negative excursion in d13C (Jenkyns and Clayton 1997;
Cohen et al. 2004; Hesselbo et al. 2007; Suan et al. 2008; Hermoso et al. 2009;
Bodin et al. 2010; Gómez and Arias 2010; Littler et al. 2010; Izumi et al. 2012;
Ait-Itto et al. 2017; among others).

There is no consensus about the genesis of the T-OAE. Proposals include the
massive enrichment of isotopically light carbon and its transfer between the dif-
ferent reservoirs, now interpreted in light of diverse phenomena such as a massive
dissociation of methane hydrates in marine sediments (e.g., Hesselbo et al. 2000,
2007), or the production of thermogenic methane during the concomitant intrusive
eruption in the Karoo-Ferrar province (e.g., McElwain et al. 2005). Several envi-
ronmental changes may have been involved in the mass extinction event, including
generalised anoxia, the enhancement of greenhouse conditions and a warming
trend, and/or the incidence of sea-level changes (e.g., Hallam 1986, 1987; Elmi
1996; Hylton and Hart 2000; McArthur et al. 2000; Bailey et al. 2003; Ruban and
Tyszka 2005; Wignall et al. 2005; Gómez and Goy 2011; Suan et al. 2011).
Although considered as a global phenomenon, the expression of the T-OAE varies
worldwide as revealed, for example, by the diachronous record, the associated
facies, and the distinctive incidence on benthic and nektonic environments between
the Tethyan and Boreal provinces (Wignall et al. 2005).

The South Iberian Palaeomargin during the Pliensbachian and Toarcian was a
complex context, where the deposits are actually represented by the Subbetic
outcrops (Betic Cordillera, southern Spain). The Toarcian deposits of the Subbetic
represent a hemipelagic marine setting close to the Hispanic Corridor, a passage
between the Western Tethys and the Proto-Atlantic seaway (Aberhan 2001; Bailey
et al. 2003; Rodríguez-Tovar and Reolid 2013), at an approximate palaeolatitude of
30° N, near the Iberian Meseta (Osete et al. 2011). The fragmentation of the

© The Author(s) 2018
M. Reolid et al., The Toarcian Oceanic Anoxic Event in the South Iberian
Palaeomargin, SpringerBriefs in Earth Sciences,
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palaeomargin during the Late Pliensbachian and the configuration in different tilted
blocks with variable subsidence determined differences in thickness and facies
during the Toarcian. In this context, the record of the T-OAE is not homogeneous in
the palaeomargin and is very different to the typical black shales of the central and
North Europe sections. Nevertheless, data from the Subbetic allow understanding
the evolution of this part of the Western Tethys, being essential for the advance of
the knowledge of the complexity of the global T-OAE. In this book we report the
state of the art for the T-OAE in the Subbetic from the analysis of well studied
reference sections of the Subbetic taking into account the biotic and abiotic signals.
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Chapter 2
The Betic External Zones

The Betic Cordillera is the major geological domain situated to the S and SE of the
Iberian Peninsula. It is bounded by the Iberian Massif and the Iberian Mountain
Range to the N and by the Atlantic Ocean and Mediterranean Sea to the SW, S, and
SE (Fig. 2.1). It belongs, along with other mountain ranges of North Africa, to the
western segment of the Perimediterranean Alpine Orogen. In the Betic Cordillera,
three main geological domains of greater rank are differentiated: the Betic External
Zones, the Betic Internal Zones and the Campo de Gibraltar Complex. The general
knowledge of the geology of the Betic Cordillera has been shown with in previous
works (Sanz de Galdeano 1997; Gibbons and Moreno 2002; Vera 2004) and its
exhaustive analysis is not the objective of this publication. However, we will
present here a synthesis of the External Zones focused in the Subbetic domain.

2.1 The External Zones and the South Iberian
Palaeomargin

The outcropping sedimentary rocks of the Betic External Zones were deposited in
the South Iberian Palaeomargin (Western Tethys) during the Mesozoic and most of
the Cenozoic, and were mainly deformed during the Miocene, between the
Burdigalian and the Late Miocene. García-Hernández et al. (1980) proposed a first
model of the palaeogeographic evolution of this margin during the Mesozoic, and
established a tectonic and palaeogeographic subdivision in geological units that,
with some nuances, is still used nowadays (Vera 2004).

© The Author(s) 2018
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2.1.1 Tectonic Units and Palaeogeographic Domains

In the Betic External Zones units of diverse range have been defined by tectonic and
stratigraphic criteria. These units comprise deposits accumulated in the South
Iberian Palaeomargin, in palaeogeographic domains individualised throughout the
successive stages of its Mesozoic history. The higher rank division of the Betic
External Zones is into Prebetic and Subbetic. These terms designate areas clearly
differentiated by its regional geographic position as well as by its structural,
stratigraphic or palaeogeographic characteristics. This terminology has been used
with equivalent meaning since its original definition (Blumenthal 1927; Fallot
1945, 1948; Fontboté 1970). From a tectonic point of view, the Prebetic, located to
the north, consists of parauthocthonous or moderately allochthonous sedimentary
rocks, whereas the Subbetic allochthony is beyond doubt and the rocks generally
more deformed than those of the Prebetic. The Subbetic is relatively well-organised
from a structural point of view, but the deformation is locally such intense that large
sections of it, predominantly made up of Triassic terrains, have lost their internal
coherence and have been transformed into disorganised masses called Subbetic
Chaotic Complexes. Part of these chaotic masses was gravitationally slipped and
included in the mid-Miocene sediments of the southern edge of the Guadalquivir
Basin, forming the Guadalquivir Olisthostromic Complex, or Subbetic
Olisthostromic Complex (Pérez-López and Sanz de Galdeano 1994) or Evaporite-
bearing Accretionay Complex (Pérez-Valera et al. 2017).

The subdivision in Prebetic and Subbetic is even more necessary from a
stratigraphic and palaeogeographic point of view. The Prebetic successions mainly
contain shallow marine facies, with important continental episodes, even with

Fig. 2.1 Geological map of the Betic Cordillera
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intervals of erosion, depending on the sectors. In contrast, in the Subbetic the
pelagic facies are dominant from the Upper Pliensbachian (Domerian), when the
main phase of intracontinental rifting began and the large shallow marine carbonate
platforms disappeared (Vera 2001). This interpretation is evidenced in the
palaeogeographic and palinspastic reconstructions for the Jurassic and Cretaceous
of Azema et al. (1979) and García-Hernández et al. (1980, 1989).

The Subbetic, the southernmost major unit of the External Zones (Fig. 2.1), is
composed of sedimentary rocks from the Triassic to the Middle Miocene and to a
minor extent by volcanic and subvolcanic rocks. Within the Subbetic there are
different thrusting sheet units structurally organised. The distribution of these units
is broadly consistent with the established palaeogeographic subdomains, mainly for
the Jurassic. The boundaries between palaeogeographic subdomains, however, do
not always coincide with tectonic boundaries (thrust faults). The palaeogeographic
nomenclature of the Subbetic was introduced by García-Dueñas (1967) and is
constituted by three large subdomains WSW-ENE elongated: External Subbetic,
Median Subbetic and Internal Subbetic. This triple division was completed with
two modifications (Vera 2004). The first was the assignment to the Subbetic of the
Intermediate Domain (Ruiz-Ortiz 1980, 1981). The Intermediate Domain, located
to the N of the External Subbetic, was separated from both Prebetic and Subbetic in
previous classifications (Azema et al. 1979; Vera 1986), but was ultimately
included in the Subbetic because of its similarities in facies and tectonic style, in
contrast with the much different Prebetic, to which the Intermediate Domain
overthrusts extensively. The second modification is the distinction of the Western
Subbetic as a particular subdomain called Penibetic (Martín-Algarra 1987;
Martín-Algarra and Vera 1982, 1989, 1994; Vera 2001), for its stratigraphic,
palaeogeographic, and tectonic peculiarities.

In conclusion, in the Subbetic, and especially in the central sector of the cor-
dillera, four sets of tectonic units, of structural guideline WSW-ENE are distin-
guished. They come from four pre-existing palaeogeographic subdomains
(Fig. 2.2). The northernmost unit (Intermediate Domain) was the most subsident
and in displays the maximum sediment thickness of the Jurassic and Cretaceous in
the whole basin. In the second unit (External Subbetic), located immediately to the
S and SE of the previous one, the subsidence was minimal during the Middle and
Late Jurassic, which determined the development of condensed facies. The third
unit, more southernly (Median Subbetic), was again more subsident and charac-
terised by a predominance of marly facies in the Middle-Upper Jurassic and
Cretaceous with intercalations of submarine volcanic rocks in its central part,
especially abundant in the Jurassic. Finally towards the S appears the last palaeo-
geographic subdomain (Internal Subbetic-Penibetic) that during the Middle-Late
Jurassic constituted a pelagic swell with slight subsidence (Internal Subbetic in the
oriental and central sectors of the mountain range), and that in the western sector
has own entity (Penibetic) for its peculiar Jurassic facies and for the frequent
stratigraphic hiatuses occurred in the Lower Cretaceous.

2.1 The External Zones and the South Iberian Palaeomargin 7



2.1.2 Higher Range Sedimentary Cycles

Sedimentary cycles of great order have been differentiated in the stratigraphic
record of the South Iberian Palaeomargin (Vera 2004; Fig. 2.3). The criteria that
can be used for the differentiation of these large cycles are diverse, but the ones that
will be distinguished below are based on the recognition of stratigraphic discon-
tinuities in wide sectors of the basin, which are an expression of tectonic, climatic,
oceanographic and/or eustatic events that affected the South Iberian Palaeomargin
as a whole. The defined cycles have very different durations, from more than 45 My
(Cycle I) to about 8 My (Cycle VII), all within the range of second order cycles of
the most usual classifications. Within these larger cycles, lower-range cycles are
differentiated based on the recognition of other stratigraphic discontinuities and
various stratigraphic features, associated to events of similar significance but with
less intensity or more local character than those of the larger cycles.

Seven major sedimentary cycles (Cycles I to VII) were differentiated between
the beginning of the Triassic and the Upper Miocene (Fig. 2.3). An additional cycle
(Cycle VIII) includes sedimentary rocks that have usually been considered as
postorogenic (Upper Tortonian to Holocene), that fill the postorogenic sedimentary
basins. These basins are not part of the Betic External Zones in the strictest sense of
the term. It should be noted that the age of the boundaries between cycles is not
always exactly the same in all sectors of the basin, since the phenomena that caused
them were often heterochronous.

Cycle I comprises the Triassic and early Jurassic rocks (Fig. 2.3). The earliest
are those of Buntsandstein facies which appear in the Tabular Cover and Prebetic,
very rarely in the Subbetic. The Muschelkalk facies appear broadly in the Betic
External Zones, although the most extensive Triassic outcrops correspond to the
Keuper facies. The Jurassic rocks included in this cycle are those of

Fig. 2.2 Configuration of the sea floor topography of the South Iberian Palaeomargin during the
Jurassic
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Hettangian-Carixian age. In the Subbetic they are represented by carbonates
deposited in shallow marine platforms (Gavilán Fm), within which have been
differentiated two cycles of minor order (García-Hernández et al. 1989; Andreo
et al. 1991). The events associated with the discontinuity at the top of Gavilán Fm
(limit between cycles I and II) were initiated during the Late Carixian (Early
Pliensbachian), since its fossilisation occurred between the terminal Carixian and
the basal Domerian, according to the sectors. The Domerian (Upper Pliensbachian)
is clearly included in Cycle II and consists of pelagic sediments.

The upper boundary of Cycle II is located near the Bathonian-Callovian tran-
sition. In the subbetic pelagic swells (External and Internal Subbetics) this boundary
coincides with a very clear stratigraphic discontinuity (Fig. 2.3), a paraconformity
whose surface is covered by crusts of iron and manganese oxides (hardground),
locally with stromatolithic and microbial structures (Martín-Algarra and
Sánchez-Navas 2000; Reolid and Molina 2010; Nieto et al. 2012). When the dis-
continuities in different sections are analyzed in detail, it is observed that this is a
complex discontinuity, composed of three minor discontinuities very close in time
(O’Dogherty et al. 2000) developed during the Late Bathonian.

The Cycle III begins after the Upper Bathonian discontinuity, but the Callovian
sediments are absent in large sectors of the External Betic Zones (Fig. 2.3). In the
pelagic swells of the External and Internal Subbetic its upper limit (top of the Upper
Ammonitic Rosso Fm) is located from the Middle Berriasian (Nieto 1997) to the
end of the Berriasian (Molina 1987) depending on the sector. In the Intermediate
Domain this upper boundary coincides with the limit between the Toril Fm and the
Los Villares Fm dated as Upper Berriasian and, therefore, with the first input of
sand size terrigenous into the pelagic basin throughout mesozoic history, although
this input was initially very moderate.

The Cycle IV has the lower limit in the intra-Berriasian discontinuity described
above and ends near the boundary between the Lower Cretaceous and the Upper

JFig. 2.3 Chronostratigraphic chart for the Subbetic (modified of Vera 2004). 1 Keuper Facies. 2
Microcodium calcarenites (Majalcorón Fm). 3 Dolostones. 4 Shallow carbonate platform
limestones and oolithic limestones. 5 Shallow carbonate platform limestones and calcarenites. 6
Pelagic limestones/marls alternance with ammonites. 7 Cherty limestones (Veleta Fm). 8
Radiolarite facies. 9 Pelagic limestones/marls alternance with calcareous tempestites (Milanos
Fm). 11 Condensed pelagic limestones, mainly ammonitico rosso facies. 12 Pelagic oolithic
limestones and ammonitico rosso facies (Torcal Fm). 13 Black lutittes and marls, with radiolarites
and calcareous turbidites (Carbonero Fm and Fardes Fm). 14 Marls and marly-limestones with
terrigenous turbidites (Cerrajón Fm). 15 White marls and marly-limestones with planktic
foraminifera (Capas Blancas Fm). 16 Pink marly-limestones with planktic foraminifera and
coccolites (Capas Rojas Fm and Quípar-Jorquera Fm). 17 White marls and marly-limestones with
calcareous turbidite beds. 18 Calcilimolites (Represa Fm). 19 Hiatus. 20 Submarine volcanic
rocks. 21 Mainly unconformities. 22 Turbidites, mainly calcareous. 23 Evaporite-bearing
accretionary complex. AR Ammonitico Rosso Superior Fm. B Baños Fm. C Camarena Fm. Ca
Carretero Fm. Car Carbonero Fm. CB Capas Blancas Fm. Ce Cerrajón Fm. CR Capas Rojas Fm.
E Endrinal Fm. F Fardes Fm. G Gavilán Fm. J Jabalcuz Fm. Mi Milanos Fm. MJ Majalcorón Fm.
QJ Quípar-Jorquera Fm. R Represa Fm. RJ Radiolarítica Jarropa Fm. T Torcal Fm. To Toril Fm.
V Veleta Fm. Vi Los Villares Fm. Z Zegrí Fm
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Cretaceous (Fig. 2.3). In the Intermediate Domain the upper limit of the cycle
coincides with the end of the turbiditic sedimentation of the Cerrajón Fm, that has
been dated as the transit between Middle Albian and Upper Albian (de Gea et al.
2001), whereas in other sectors of the Subbetic coincides with the end of a sedi-
mentary hiatus (Fig. 2.3) of wide space-time extension.

The Cycle V begins with the above mentioned intra-Albian discontinuity and
reaches the boundary between the Cretaceous and Paleocene (Fig. 2.3). In the
Subbetic the sedimentary characteristics are quite uniform and in the majority of
this palaeogeographic domain the Quípar-Jorquera Fm (Vera et al. 1982) and Capas
Rojas Fm (Vera et al. 1982; Vera and Molina 1999) were deposited, both consisting
of pelagic marine sediments (not necessarily deep). The presence in some sectors of
the Median and Internal Subbetic of Microcodium calcarenites (Majalcorón Fm;
Molina et al. 2003, 2006) whose bottom almost coincides with the boundary
between the Cretaceous and Paleocene supports the argument of setting the upper
limit of this cycle coinciding with this chronostratigraphic boundary.

The Cycle VI starts at the end of the previous cycle, while the upper boundary is
located within the Burdigalian (Fig. 2.3). In the central sector of the Subbetic, a
stage of “Burdigalian Paroxysm” (Hermes 1985), coincident with the boundary
between the Lower and Upper Burdigalian (Soria 1994a, 1998), marks the end of
the sedimentation of the Almidar Fm among whose sediments are intercalated acid
pyroclastic rocks (Soria 1994b). In the Subbetic, this cycle mostly consists of
pelagic marls with turbidite intercalations, although in some localised sectors
limestones and calcarenites were deposited on shallow platforms (Molina and Nieto
2003).

The Cycle VII has as its lower limit the intra-Burdigalian discontinuity men-
tioned above and as upper limit the intra-Tortonian discontinuity detected in dif-
ferent sectors of the Subbetic (Estévez et al. 1982). It comprises rocks that have
been considered “synorogenic” (Vera 2000) and are mostly white marls with
abundant foraminifera, coccoliths and diatoms.

The Cycle VIII has as its lower limit the intra-Tortonian discontinuity, while the
upper one is the end of the sedimentary fill in each postorogenic basin, which
originates from a continental elevation and the consequent nesting of fluvial net-
works and massive erosion of subhorizontal materials of this cycle in the different
postorogenic basins.

2.1.3 Geodynamic Evolution of the South Iberian
Paleomargin

The following evolutionary episodes are differentiated according to Vera (2004)
(see Fig. 2.4):

A. Initial episode of intracontinental rifting (Cycle I). Corresponds to the initial
phase of the distension that developed during the Triassic-Carixian and which
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is expressed by Cycle I comprising the rocks of the Triassic and the Liassic
infra-Domerian (Fig. 2.4a, b).

B. Main episode of intracontinental rifting (Cycle II). It was developed during the
Domerian-Bathonian period. In the Subbetic, it shows remarkable variations of

Fig. 2.4 Evolution of the South Iberian Continental margin from the first extensional stages until
main deformation phases. C.G.C.: Campo de Gibraltar Complex (Actualized from Vera 2004)
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facies and thicknesses from one palaeogeographic subdomain to other, but in all
cases at the beginning of the cycle pelagic sedimentation began (Fig. 2.4c).
During the cycle in some sectors were developed large-scale shallowing
sequences that ended again with shallow platform limestones.

C. Expansive episode (Cycle III). It began when the first oceanic crust (or oceanic
affinity) was formed between the Iberian Plate and the Meso-Mediterranean
Plate. It started towards the boundary between Bathonian-Callovian (Vera
1988, 2001) and ended in the Upper Berriasian. During this episode it can be
properly said that there is a relatively diversified and evolved South Iberian
continental margin (Fig. 2.4d). In the greater part of the Prebetic there was a
clear differentiation with respect to other areas adjacent to the Iberian Massif,
reaching higher values of subsidence. In the Subbetic, there was a clear dif-
ferentiation between subsident troughs and less subsident swells.

D. Rifting episode of the margin edge (Cycle IV). The Cycle IV was deposited
from the upper Berriasian to the Upper Albian and is equivalent to the “tec-
tosedimentary period without-extension” of Vilas et al. (2001) recognised in the
Prebetic. It was a rifting phase that simultaneously affected the South Iberian
Palaeomargin and other continental margins that surrounded the Iberian Massif.
In the Subbetic, the upper part of this cycle (Barremian-Albian) is particularly
well recognised in the Intermediate Domain (Fig. 2.4e) for the maximum
development of turbidites (Ruiz-Ortiz 1980, 1981; de Gea et al. 2001).

E. Post-rift episode (Cycle V). It is characterised by the progressive disappearance
of tectonic subsidence and the existence of a slow but persistent thermal sub-
sidence (Vera 2001; Vilas et al. 2001). This episode began in the Late Albian
and ended near the Cretaceous-Tertiary boundary (Figs. 2.3 and 2.4f) and
during this period a homogenisation of the facies took place in wide sectors of
the South Iberian Palaeomargin.

F. Convergent episode (Cycle VI). The transition from a passive margin to a
convergent one occurred near the Cretaceous-Tertiary boundary (Vera 2001),
although probably it began somewhat earlier, during the Campanian, as pro-
posed Martín-Chivelet et al. (1997). During this period, the cycle VI com-
prising the sediments of the Lower Paleocene-Burdigalian was deposited
(Fig. 2.4g). The end of this episode coincides with the beginning of the con-
tinental collision, during the Burdigalian, between the Alborán Domain and the
South Iberian Palaeomargin.

G. Collision episode (Cycle VII). Between the Burdigalian and the beginning of
the Upper Miocene, the displacement of the Alboran Domain towards the W
was completed and the collision with the South Iberian Palaeomargin was
blocked. The “Burdigalian Paroxysm” of Hermes (1985) coincided with the
main deformation of the palaeomargin, which marked a true palaeogeographic
revolution by raising the areas of its southernmost part and determining the
individualisation of a subsident basin located at the deformation front. Also
during this time interval (from Late Burdigalian to Early Tortonian) a
remarkable extension occurred in the AlboránSea, simultaneous to a remarkable
shortening of the sedimentary cover of the South Iberian Palaeomargin with the
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consequent structuration of the External Betic Zones (Sanz de Galdeano 1983,
1990, 1997; Vera 1988, 2000; Maldonado et al. 1992; Comas et al. 1992).
Cycle VII corresponds to the sediments deposited in the South Iberian
Palaeomargin from the beginning of the collision to the phase of
intra-Tortonian tectonic deformation (Estévez et al. 1982). Since the structure
of the Betic External Zones took place during this episode, the sedimentary
rocks deposited therein can be considered as synorogenic. The area of greater
depth and greater subsidence, in the western half, was located in the northen
deformation-front of the Betic External Zones that progressed little by little
towards the north. During this episode also occurred the deformation of a
notable part of the Subbetic that produced the lost of internal coherence and the
consequent formation of the Subbetic Chaotic Complexes.

H. Post-collision episode (Cycle VIII). During the Late Tortonian-Messinian-
Pliocene the sedimentation occurred preferentially inside the Postorogenic
Neogene Basins as differentiated subsidence areas, one of them, the most
extensive, to the north of the cordillera (Guadalquivir Basin) and the others
within the cordillera (intramontane basins) (Fig. 2.4h).

2.2 Sedimentary and Palaeogeographic Evolution
of the Lower Jurassic

2.2.1 The Gavilán Formation

The Jurassic begins with the Gavilán Fm whose contact with the Triassic of the
underlying Keuper facies. Three members are differentiated:

Lower member of dolomitised algal laminites (M1): it is constituted by massive
dolomites (around 500 m thick), with remains of algal lamination. These facies,
which are very uniform throughout the mountain range, have been interpreted as
typical of tidal flat environments (García-Hernández et al. 1978, 1979; Andreo et al.
1991; Nieto 1997). Its top has been interpreted as a discontinuity related to the early
stages of development of intracontinental ritfing (Nieto et al. 1992; Vera 2001).

Intermediate member of pseudo-oolitic limestones (M2): it presents varying
thicknesses (0–150 m) and very diverse facies: limestone of oncoids and ooids,
limestone with Lithiotis or limestones with chert. This facies variability is probably
related to a sudden change in the sedimentary conditions of the platform that
divided it into more or less protected sectors and somewhat more open and ener-
getic sectors, as well as into hemipelagic environments (García-Hernández et al.
1986; Andreo et al. 1991). It is a marine platform compartimentalised in small
banks or swells, isolated by somewhat deeper sectors.

Top member of crinoidal limestones (M3): it is composed by calcarenites with
abundant crinoid bioclasts and peloids, usually packstone or grainstone, interpreted
as high-energy deposits of an external platform (Dabrio and Polo 1985).
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The local differences among the members consist in the greater or lesser
development, or in its case the absence of the more modern members. The upper
member (M3) is not always present, whereas the massive dolomites of the lower
member (M1), can extend vertically to cover almost all the formation in some
outcrops due to the unequal extent of the dolomitisation that, according to Martín
(1980), reached greater stratigraphic height in the limits between palaeogeographic
subdomains.

The top of this cycle coincides with the more evident discontinuity of the
Subbetic, record of the rupture of the carbonate platform and the drowning of the
shallow environments (Fig. 2.5). Nieto et al. (2002) have described two phases of
fracturing from the record of breccia deposits and other features related to the
genesis of this discontinuity. The first levels situated on the discontinuity show
condensed sedimentation rich in ammonites of the basal Domerian (Braga 1983),
while in the Gavilán Fm several biozones of the Carixian (Lower Pliensbachian)
have been dated (García-Hernández et al. 1979; Rivas 1979).

2.2.2 The Zegrí Formation

The Jurassic of the External Zones of the Betic Cordillera has been interpreted, from
the perspective of basin analysis, as the recording of a rifting episode that led to the
formation of a continental margin on the southern margin of the Iberian plate (e.g.,
García-Hernández et al. 1989; Vera 2001). The development of this rifting event
meant, in its early stages, the fracturing and dismemberment of the enormous car-
bonate platform that during the Early Jurassic covered the entire area of the South
Iberian Palaeomargin (Fig. 2.6) and extended widely to more northern sectors. In the
early stages of rift evolution, the tectonic phase of the Early Pliensbachian had a very
significant impact (Vera 2001; Nieto et al. 2002; Ruiz-Ortiz et al. 2004). During this
phase the differentiation of the two great domains of the Betic External Zones, the
Prebetic and the Subbetic, took place, and from that moment, they underwent dif-
ferent evolutions. In particular, in the Subbetic, the sedimentation in the Domerian is
restarted, but with a marked pelagic character. Thus, the Zegrí Fm rocks deposited in
a basin compartimentalised block rotated and tilted by faults. This caused important
differences in the rate of subsidence that were recorded in the thickness, and more
locally in the facies, of this lithostratigraphic unit. This formation is therefore the
record of the first stages of the syn-rift stage, so the study of the distribution of
thickness and facies is considered critical in order to quantify the process, not only in
terms of sedimentation/subsidence rates, but also in relation to the size of the blocks,
the lateral extension of the fractures and their spatio-temporal distribution.

The Zegrí Fm was defined by Molina (1987) in the Subbetic. Its age is generally
comprised between the Middle Domerian (Upper Pliensbachian) and Lower
Bajocian although in some places the bottom of the formation is of Early Domerian
age and the top can reach the late Bajocian. This lithostratigraphic unit has two
members (Fig. 2.5): (1) The lower member (Middle Domerian-Lower Toarcian) is a
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Fig. 2.5 Correlation for the Cycle II (see Fig. 2.1). a Geological sketch of the Betic Cordillera
with location of the stratigraphic successions. b Correlation for the Cycle II Upper Pliensbachian
to Bathonian for the Subbetic (modified from Vera et al. 2004). 1 Sierra de Reclot. 2 Sierra de
Crevillente. 3 Sierra de Lúgar. 4 Bermeja Unit (Sierra de Ricote). 5 Garita Unit (Sierra de Ricote).
6 Sierra de Ponce. 7 Sierra del Gigante. 8 Jabalcuz. 9 Grajales-Mentidero Unit. 10 Ventisquero
Unit. 11 Noalejo. 12 Benalúa de las Villas. 13 Zegrí. 14 Sierra Elvira. 15 Sierra Harana. 16
Camarena-Lanchares Unit. 17 Gaena Unit. 18 Sierra Gorda. 19 Torcal de Antequera

16 2 The Betic External Zones



rhythmite of marly limestones and marls, although locally only marls are present;
and (2) The upper member, which is less potent, with mainly marly ammonitico
rosso facies. The lateral and vertical changes in facies and thickness between both
members are frequent. In some sectors this formation has very significant gaps
affecting part or even the entire time interval (Domerian-Aalenian). The total
thickness varies generally between a few metres and 250 m, although in some parts
of the Median Subbetic can reach more than 500 m (Nieto et al. 2004).

This formation was likely deposited in a pelagic or hemipelagic environment
below the base level of the storm surge, but close to it. The Toarcian Oceanic
Anoxic Event (T-OAE) has been recognised in the Zegrí Fm (e.g., Jiménez et al.
1996; Reolid 2014) in the Serpentinum ammonite Zone (according to the
Submediterranean ammonite biozonation, Fig. 2.7). In the central part of the
Median Subbetic, submarine volcanic rocks are intercalated in the Zegrí Fm, in an
WSW-ENE alignment, locally reaching accumulated thicknesses of several hun-
dred metres. These volcanic rocks are mainly pillow lavas of a transitional-alkaline
composition related to extensional crustal thinning. Based on geochemical data,
Vera et al. (1997) indicated that these Jurassic submarine basic volcanic rocks are
mainly ultrapotassic, with some showing shoshonitic affinities. Magmas were

Fig. 2.6 Palaeogeographic reconstruction for the Toarcian in the westernmost Tethys based on
Ziegler (1988) with location of the South Iberian Palaeomargin (star). Note AM Armorican Massif;
BM Bohemian Massif; CSH Corsica-Sardinia High; EH Ebro High; FC Felmish Cap; GB Gran
Bank; GLH Golf de Lyon High; IbM Ibeian Massif; IM Irish Massif; LBM London Brabant Massif;
MC Massif Central; MM Moroccan Massif; OM Oran Massif; PB Porcupine Bank; RHB
Rockall-Hatton Bank
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generated in the upper mantle, passed through a thick continental crust, and were
extruded at the sea-floor.

The lithostratigraphic equivalent in the Intermediate Domain is the Fm Baños
(Ruiz-Ortiz 1980). In the section type has a thickness of 1000 m and is made up of
thin-bedded limestones, among which centimetre marly levels are intercalated. Its
deposition occurred in a pelagic environment of some tens to hundred metres deep
(Ruiz-Ortiz 1980).

In the Penibetic, the Lower and Middle Jurassic is represented by a basal
dolomite (Dolomía Jarastepar) on which the Endrinal Fm (Martín-Algarra 1987) is
located. This formation is 200–300 m thick and likely misses the Upper
Pliensbachian and Toarcian deposits equivalent to the Zegrí Fm in this palaeo-
geographic domain.

According to available biostratigraphic data (see Rivas 1972; Jiménez 1986;
Molina 1987; Nieto 1997; among others), the top of the Zegrí Fm is hete-
rochronous, with a large stratigraphic hiatus in wide sectors of the Subbetic, this
hiatus covers at least the entire Aalenian (Ruiz-Ortiz et al. 1997). In some units this
hiatus can extend from the Upper Toarcian to the Lower Bajocian.

The sedimentary rocks superimposed on the Zegrí Fm can be included in two
large groups. First, those deposited in shallow carbonate platforms, which have
been called Jabalcuz Fm (Intermediate Domain), Camarena Fm (Subbetic) and
Endrinal Fm (Penibetic); and second, typical sediments of hemipelagic or pelagic
environments, included in the Veleta, Ammonitic Rosso Superior, Jarropa and
Ricote Fms, all of them of the Subbetic.

The similarity of the Zegrí Fm facies throughout the subbetic domain revealsthat
the fracture of the large liassic platform in the middle-upper Carixian and the
generalised onset of pelagic sedimentation in the subbetic basin did not involve, on
the contrary, substantial variations of the facies that were deposited from some areas
to others. A limestone-marl rhythmite sedimentation is generalised and only in the
areas closest to the Prebetic platform, in the Intermediate Domain (Baños Fm), the
sedimentation is more calcareous. The rate of subsidence and accordingly the
accumulated thickness in the Middle Jurassic is the only factor that makes a

Fig. 2.7 Uppermost Pliensbachian and Toarcian subdivisions and correlation of ammonite zones
for Borela, Subboreal, Submediterranean and Mediterranean domains based on Elmi et al. (1997),
Zakharov et al. (1997) and Page (2003)

18 2 The Betic External Zones



difference between the incipient Subbetic subdomains that will end up being
individualised, from the point of view of the nature of the facies.

The correlation between the sections of the Zegrí Fm analyzed in previous
published papers is based mainly on lithostratigraphic criteria, since there is no
precise dating that can reveal all the possible gaps within the formation as in the age
of its top in each outcrop. On the other hand, the overlapping of overthrust nappes
characteristic of the structure of the Betic Cordillera, and the lack of solidly argued
palynspastic restitutions, makes difficult the elaboration of palaeogeographic
reconstructions that otherwise, with the knowledge of the currently available
stratigraphic architecture, could be realised. Even with the difficulties exposed, the
few sections in which the Zegrí Fm shows a great contrast of thickness without
significant tectonic translations between them, are located at such great distances
(between 20 and 30 km).

The boundary faults of blocks and palaeogeographic subdomains would have
directions around N 70° E (e.g., Nieto 1997). These faults were responsible of the
changes in thickness that are detected in directions perpendicular to them. In
addition, there would be other transverse faults (transfer faults) that would have
directions close to the N-S. This type of faults would explain the thickness changes
in an approximately E-W direction.

Nieto et al. (2002) identified gravitational deposits linked to small-slip and low
lateral continuity faults, with approximately N-S directions., corresponding to
outcrops with physical continuity belonging to a same subbetic subdomain
(Intermediate Domain). In contrast, it is remarkable that uptodate there are not
known deposits of breccias or other gravitational deposits in relation to what could
be major faults, or margin faults, which would constitute the boundaries of the then
incipient subbetic subdomains.
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Chapter 3
External Subbetic Outcrops

3.1 Fuente Vidriera Section

The Fuente Vidriera (FV) section is located on a valley slope (38° 03′ 19.8″ N; 02°
07′ 01.7″ W), 15 km west of the village of Barranda (Murcia Province), near
Caravaca de la Cruz (Fig. 3.1). The study section pertains to the Upper
Pliensbachian to uppermost Toarcian of the Zegrí Formation, and contains alter-
nating marls and marly limestones in the lower part with nodular marly limestones
in the upper part (Rey and Delgado 2002). During the Toarcian, the FV succession
was deposited in the westernmost end of the Tethys, in a passage between the
Western Tethys and the proto-Atlantic, at an approximate palaeolatitude of 20° N,
near the Iberian Meseta (Fig. 2.6).

The studied Lower Toarcian section contains an approximately 30-m-thick
rhythmic succession of soft and hard marlstones, from a calcilutite bed containing
Dactylioceras (Eodactylioceras) polymorphum, to a succession of limestone beds
just below the Hildoceras bifrons Biozone of the Middle Toarcian (Fig. 3.2).
Biostratigraphic zonation within the Lower Toarcian of the FV section was mainly
obtained based on stratigraphic correlation, due to the scarcity of index fossils
(Jiménez 1986; Jiménez and Rivas 2007). Thus, at the FV section the Dactylioceras
polymorphum (approx. correlated with the Dactylioceras tenuicostatum, or
Dactylioceras semicelatum Biozone) and Harpoceras serpentinum (approx. cor-
related with the Harpoceras serpentinus, or Harpoceras falciferum Biozone) bio-
zones could be distinguished, although their boundaries are imprecise (Jiménez
1986; Jiménez et al. 1996).

This section was studied from different approaches, as ichnology
(Rodríguez-Tovar and Uchman 2010), geochemical analysis for redox, palaeopro-
ductivity and detrital proxies (Rodríguez-Tovar and Reolid 2013), stable isotopes
from microfossils (Reolid 2014a) and analysis of pyrite framboids (Gallego-Torres
et al. 2015).

© The Author(s) 2018
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3.1.1 Mineralogy

The studied Uppermost Pliensbachian-Lower Toarcian section is made up of bio-
turbated soft and hard marlstones with a variable carbonate content (mean value of
42% for soft marls and 54% for indurated marls; Fig. 3.3). Only the sampling bed
FV-18 (Figs. 3.2 and 3.3c) presents thin lamination and trace fossils are absent

Fig. 3.1 Location of the studied reference sections for the External and Median Subbetic. Note Ce
La Cerradura; Am Arroyo Mingarrón; Co Colomera; Po Poloria; Iz Iznalloz; Ca Cueva del Agua;
Fv Fuente Vidriera
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Fig. 3.2 Field appearance of the Lower Toarcian of the Fuente Vidriera section (a and b), and
Dactylioceras (c) from the base of Polymorphum Zone (Scale bar 1 cm)

Fig. 3.3 Microfacies from the Fuente Vidriera section. a Trace fossils from hard marls. b Pyrite
framboids (white masses) under magnification glasses. c Thin laminated marls from FV-18 bed
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(Rodríguez-Tovar and Uchman 2010). In thin section they correspond to mudstones
with scarce bioclasts (benthic foraminifera, ostracods, small gastropods and
echinoderm fragments; Fig. 3.3). A detailed analysis of the micrite under SEM
shows nannoplankton remains to be the main carbonate component, in addition to
quartz grains, clay minerals and sulphides. Preliminary mineralogical analysis
reveals a similar composition in marlstone levels of the FV section, consisting
essentially of calcite, quartz and clay minerals (illite, smectite and interstratified
illite/smectite, and minority chlorite).

Different occurrences of pyrite (Fig. 3.4) are identified according to classifica-
tion of Wang et al. (2012): biomorphic aggregates and abiological aggregates.
Biomorphic aggregates are represented by pyrite radiolarian moulds and pyrite
hexactinellid moulds (see Reolid 2014b), and pyrite laminae growing within coal
wood fragments (Fig. 3.4a, b). Abiological aggregates are constituted mainly by
pyrite framboids, with different organisations. Pyrite framboids are densely packed
aggregates of pyrite crystals with a spherical shape. Different types of abiological
aggregates are identified: (a) disperse single pyrite framboids (Fig. 3.4c),
(b) polyframboid aggregates related to trace fossils (Fig. 3.4d, e), and (c) secondary
fissures infillings composed by irregular euhedral crystal aggregates (Fig. 3.4f).

Two populations of framboids are distinguished according to size: fram-
boids <15 µm and framboids in the range 60–220 µm. The small-size population
corresponds to single pyrite framboids that appear disperse in the sediment and
locally forming small lentoid framboidal aggregates and dumbbell-shaped aggre-
gates with a length <60 µm. Framboids are dominated by the submicron-sized
octahedral euhedral crystals and the crystals are sometimes only aggregated
whereas in other cases they are joined with pyrite cement.

The largest pyrite framboids or macroframboids (s. Wei et al. 2015) are com-
monly located in large polyframboid aggregates commonly related to trace fossils
and locally coal wood fragments (see Gallego-Torres et al. 2015). The polyfram-
boid aggregates related to trace fossils are dumbbell-shaped aggregates and
lenticular-shaped aggregates (s. terminology of Pingkang et al. 2012) with a length
of 70–200 µm. The pyrite crystals are almost exclusively octahedron with sizes
reaching 8 µm and they are commonly joined by pyrite cement. Large pyrite
framboids are locally oxidised to goethite.

The proportion of pyrite framboids <5 µm in this population along the studied
interval (uppermost Pliensbachian-Lower Toarcian) ranges from 13.5 to 19.0%. As a
whole, framboids >10 lm are scarce, 98.5% of all measured framboids are <10 lm
in size (see more details in Gallego-Torres et al. 2015).

3.1.2 Trace Fossils

Ichnological analysis of the section shows a relatively abundant and moderately
diverse trace-fossil assemblage (Fig. 3.5) composed of Alcyonidiopsis isp.,
Chondrites isp., Nereites isp., Palaeophycus heberti, Planolites isp., Teichichnus
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isp., Thalassinoides isp., and Trichichnus linearis, with only local lamination in
FV-18 (Rodríguez-Tovar and Uchman 2010). The trace-fossil assemblage is gen-
erally homogenous, without significant changes in trace-fossil abundance and
composition. Chondrites, especially the smaller forms, and Trichichnus are the
most abundant ichnotaxa; Planolites, Thalassinoides, and Nereites are less com-
mon; and Palaeophycus and Teichichnus are comparatively rare. All of these ich-
notaxa occur throughout the section and in all lithofacies.

Fig. 3.4 Backscattered electron images of pyrite from thin sections from Fuente Vidriera. a Pyrite
radiolarian mould. b Pyrite laminae developed within a coal wood fragment (FV-20). c Single
pyrite framboid (FV-14). d Lenticular-shape pyrite polyframboid aggregate (FV-14).
e Dumbbell-shape pyrite polyframboid aggregate (FV-14). f Polyframboid aggregates infilling a
small trace fossil (Chondrites-like, FV-3). Modified from Gallego-Torres et al. (2015)
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Some trace fossils display repetitive crosscutting relationships, Palaeophycus
crosscuts Planolites and Thalassinoides, Thalassinoides crosscuts Nereites, and
Chondrites and Trichichnus crosscut all other trace fossils. Small Chondrites

Fig. 3.5 Polished slabs from
Fuente Vidriera illustrating
trace fossils. Note Pl
Planolites isp. Pa
Palaeophycus isp.; Chs
Chondrites isp. (small); Chl
Chondrites isp. (large); Ne
Nereites isp.; Te Teichichnus
isp.; Th Thalassinoides isp.;
Tr Trichichnus isp. Pictures
by Uchman and
Rodríguez-Tovar
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crosscut the larger ones, and Trichichnus crosscuts both of them. Thus, a
well-developed endobenthic multi-tiered community is characterised by: (a) an
upper tier represented by homogenised sediment—individual burrows difficult to
discern, (b) a middle tier with a relatively diverse trace-fossil assemblage of mainly
vagile deposit feeders—Nereites and Thalassinoides record the activity of mobile
organisms in the uppermost part of this tier, whereas Alcyonidiopsis, Planolites,
Teichichnus, and Palaeophycus indicate the activities of mobile deposit feeders,
and carnivorous or omnivorous invertebrates at a slightly deeper level, and (c) a
lower tier with activities of semisessile deposit feeders, comprising small and large
Chondrites as well as Trichichnus.

3.1.3 Foraminiferal and Ostracod Assemblages

The recorded foraminiferal taxa are exclusively benthic, belonging to the suborders
Involutinina, Lagenina, Milionina, Robertinina, Spirillinina, and Textulariina
(Fig. 3.6). The benthic assemblage consists predominantly of calcareous forms
(mean value 82%) and scarce agglutinated shell type forms, comprising 32 genera.
The calcareous group includes forms with three wall types: calcitic perforated,
represented by Lagenina, Involutinina, and Spirillinina; porcelaneous Milionina;
and aragonitic, represented by Robertinina. Textulariina represent the agglutinated
foraminifera. In the average composition of the foraminiferal assemblage the fol-
lowing genera prevail: Dentalina (25%), Eoguttulina (15%), Spirillina (9%),
Reinholdella (8%), Lenticulina (6%), Ammobaculites (4%) and Trochammina (3%).
The abundance of foraminifera generally ranges between 500 and 1500
specimens/100 g and in ostracods is usually lower than 500 specimens/100 g
(Fig. 3.7). However, three maxima are reached in foraminiferal abundance with
more than 2500 specimens/100 g (FV-4, FV-13 and FV-19). Especially relevant is
the bed FV-18 where minimum values of abundances of foraminifera are reached
(167 foraminifera/100 g). Regarding the diversity values calculated from for-
aminiferal assemblages, the a-diversity presents values between 4 and 7, except in
beds FV-8 (3.2) and FV-18 (2.0) where lowest values are recorded (Reolid 2014a).
Foraminiferal preservation is characterised by micritic infilling. The aragonitic
shells of Reinholdella are frequently preserved as epigenised calcite shells.
Processes of bioerosion or abrasion/dissolution were not identified. Analysis of
taphonomic features from the foraminiferal assemblage evidences good preserva-
tion and a virtual lack or low incidence of reworking, this being an autochthonous
or para-autochthonous assemblage. Therefore, the foraminiferal assemblages can be
interpreted as a primary signal, linked with the palaeoenvironmental and palaeoe-
cological conditions.

Respect to the ostracods (Fig. 3.8), the top of the Pliensbachian is dominated by
Family Pontocypridae (41%, mainly Liasina lanceolata) and secondarily Family
Healdiidae (28%, mainly Ogmoconcha contractula and O. amalthei) and Bairdiidae
(24%). The Polymorphum Zone begins with high values of Family Bairdiidae
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(28%) and Family Cytherellidae (27%, mainly Cytherella toarcensis) and secon-
darily by families Healdiidae (20%) and Pontocypridae (15%). The ostracod
assemblage of the lower part of the Serpentinum Zone is characterised by high

Fig. 3.6 Secondary electron images of foraminifera from Fuente Vidriera section.
a Ammobaculites. b Textularia. c Trochammina. d Spirillina. e Eoguttulina. f Berthelinella.
g Lingulina. h Dentalina. i Pseudonodosaria. j Nodosaria. k Ichtyolaria. l Planularia.
m Marginulina. n Marginulinopsis. o Lenticulina. p Reinholdella
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values of Family Cytherellidae (75%), followed by Pontocypridae (14%),
Healdiidae (6%) and Bairdiidae (4%). Family Healdiidae disappears during the
microfossil barren interval and the negative carbon isotopic excursion (CIE). The
abundance of ostracods presents two relative maximums reaching almost 1000
specimens/100 g (FV-13 and FV-19). The minimum values of abundances of
ostracods are reached at FV-18 bed (118 ostracods/100 g; Fig. 3.7). Both disar-
ticulated and articulated valves were recorded frequently.

Radiolarids (Spumellaria and Nassellaria) are scarce and only preserved as
pyritised casts (Reolid 2014b).

The abundance and diversity of foraminiferal assemblages throughout the sec-
tion reveal an important decrease in the number of foraminifera per 100 g and in
a-diversity in sampling layer FV-18 (Fig. 3.7). The presence of ostracods also
decreases in this level within the lower part of the Serpentinum Zone.

Fig. 3.7 Fuente Vidriera section and the stratigraphic distribution of abundance (specimen/100 g)
of foraminifera and ostracods, diversity (number of genera and a-diversity) and proportion of
opportunist foraminifera

3.1 Fuente Vidriera Section 31



3.1.4 Stable Isotopes

Isotopic values from bulk rock

The d13C values obtained from whole sample undergo a progressive increase from
the Upper Pliensbachian to level FV-8, from 0.05 to 1.41‰ (Fig. 3.9). Later, the
d13C values show a slight drop, and then increase just until FV-14, where they
reach 1.91‰. After this maximum, the values gradually diminish to the top of the
studied interval.

The d18O values present a more irregular pattern, with short fluctuations between
−4.08 and −3.08‰ (Fig. 3.9). The values decrease slightly from FV-12 to the top
(<4‰). The d18O value in FV-18 is slightly higher (−3.39‰).

Isotopic values from foraminifera and ostracods

The genera of foraminifera selected for isotopic analyses, Lenticulina and
Dentalina, represent different microhabitats and are common foraminifera in the

Fig. 3.8 Secondary electron images of ostracods from Fuente Vidriera section. a Pontocyprella.
b Liasina. c Baidia. d and e Ogmoconcha. f Monoceratina. g Ogmoconcha. h Bairdia.
i Ogmoconchella. j Bairdia. k Polycope. l Rutlandella. m Isobithocypris
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fossil assemblage. Lenticulina is an opportunist form with an epifaunal to deep
infaunal microhabitat related to redox fluctuations within the sediment (Tyszka
1994; Reolid et al. 2008, 2012b; Reolid and Martínez-Ruiz 2012; Rita et al. 2016).
Dentalina is a specialist adapted to shallow infaunal lifestyle (e.g., Rey et al. 1994;

Fig. 3.9 Stratigraphic distribution of the d13C and d18O from bulk sample, and the mean values of
d13C and d18O from Dentalina, Lenticulina and bairdioid ostracods. Modified from Reolid (2014a)
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Reolid et al. 2013a). The ostracod Bairdia has been selected also for isotopic
analyses. Bairdioids require open-marine conditions and present high palaeoeco-
logic tolerance (Fohrer and Samankassou 2005). Bairdia is a shallow infaunal to
epifaunal form (Sohn 1960) with opportunist behaviour (Fohrer and Samankassou
2005).

The mean values of d13C on Dentalina tests show increasing values from Upper
Pliensbachian (0.41‰) to bed FV-14 (1.50‰), with subsequent constant values up
to bed FV-17. The bed FV-18 presents a decreasing d13CDentalina value (0.55‰ with
a diminishing of −0.81‰; Fig. 3.9).

The mean values of d13C obtained on Lenticulina tests show a trend similar to
that of d13CDentalina yet more accentuated (Fig. 3.9). Values in the Upper
Pliensbachian go from slightly lower d13C values (−0.50‰) than in d13CDentalina,
increasing to bed FV-17 (2.07‰). The bed FV-18 features an important negative
isotopic excursion on values of d13CLenticulina (−0.49‰, a drop of −2.56‰). After
bed FV-18, the d13CLenticulina recovers. Values of d

13CLenticulina and d
13CDentalina are

usually lower than d13C from the bulk rock.
As an overall pattern, values of d13Costracods are higher than in foraminifera and

the bulk rock, but show an abrupt negative fluctuation in bed FV-18 parallel to the
curve traced by d13CLenticulina.

Regarding d18O, the values from both Dentalina and Lenticulina show minor
fluctuations in the studied interval (Fig. 3.9), with a mean difference of 0.56‰;
d18ODentalina (−3.22 to −2.45‰) was lower than d18OLenticulina (−2.56 to −2.02‰).
The d18O values obtained from the bulk rock (−4.28 to −3.08‰) present a curve
with stronger fluctuations than the values obtained on foraminiferal shells, which
were the most negative. A short increase in d18O values was seen for bed FV-18.
The d18Oostracods values are higher than those obtained on foraminifera and bulk
rock.

3.1.5 Geochemical Proxies

Detrital proxies—Together with the mineral composition of the studied succession,
some element/Al ratios (Si/Al, K/Al, Rb/Al, Ti/Al, and Zr/Al), have been used as
proxies for the reconstruction of detrital input, with the differentiation between
fluvial contribution (K/Al and Rb/Al, Chester et al. 1977), and eolian transport
(Zr/Al, Si/Al and Ti/Al, Pye 1987). Respect to the geochemical proxies used for the
reconstruction of detrital input, K/Al, Rb/Al, and Si/Al show only minor changes
(Fig. 3.10). Conversely, the Ti/Al and above all Zr/Al ratios temporarily manifest
some increases. The Zn/Al ratios exhibit its highest values in the upper part of the
section, around sample FV-18, though other significant increases are noted in the
middle (samples FV-7 and FV-8; K/Al), and lower parts (samples FV-1 and FV-2;
Ti/Al and Zr/Al) (Rodríguez-Tovar and Reolid 2013).
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Palaeoproductivity proxies—The geochemical proxies commonly used to
interpret relative fluctuations in productivity are P/Ti ratio (Latimer and Filippelli
2001; Robertson and Filippelli 2008; Reolid and Martínez-Ruiz 2012; Reolid et al.
2012a, b) and Sr/Al ratio (Sun et al. 2008). Specially important is the relationship of
uranium with organic matter in the sediment (Baturin 2002), as uranium may form a
complex with dissolved fulvic acid in hemipelagic sediments (Nagao and
Nakashima 1992). In this sense, high values of U/Al ratio would be congruent with
high values in other palaeoproductivity proxies. Stratigraphic distribution of these
proxies indicates peaks with relatively high values of Sr/Al, Ba/Al, U/Al and P/Ti
ratios, as well as high total organic carbon (TOC) (Fig. 3.11). The Sr/Al, U/Al, P/Ti
and TOC clearly increase in FV-18. In the case of the Sr/Al ratio, the trends seen for
soft and hard marlstones levels differ, with values generally higher in hard marl-
stones than in soft marlstones. In both cases, maximum values are in FV-8 and
FV-18. In the case of P/Ti, no significant differences exist between the highest
values with respect to the background. TOC manifests minor fluctuations
throughout the section (usually <0.4 wt%), with the exception of bed FV-18, where
TOC is nearly 1% (0.987 wt%) (Rodríguez-Tovar and Reolid 2013).

Fig. 3.10 Stratigraphic distribution of detrital proxies for eolian (Zr/Al, Si/Al and Ti/Al) and
fluvial (K/Al and Rb/Al) inputs. Modified from Rodríguez-Tovar and Reolid (2013)
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Redox proxies—Diverse geochemical ratios, Co/Al, Cu/Al, Cr/Al, V/Al, Ni/Al,
Mo/Al, and U/Th, have been selected focusing on those which tend to be less
soluble under reducing conditions (Rodríguez-Tovar and Reolid 2013; Reolid et al.
2015a). They have been extensively used as redox proxies to interpret palaeoxy-
genation conditions at time of sediment deposition (Wignall and Myers 1988;
Nagao and Nakashima 1992; Calvert and Pedersen 1993; Powell et al. 2003; Siebert
et al. 2003; Gallego-Torres et al. 2007, 2010; Jiménez-Espejo et al. 2007; Yilmaz
et al. 2010; Reolid et al. 2012a, b). Some redox-sensitive metals are delivered to the
sediment in association with organic matter (Ni, Cu, and Zn). These redox-sensitive
elements tend to coprecipitate with sulfides (mainly pyrite) and are not usually
remobilised during diagenesis in the absence of post-depositional replacement of
oxydizing agents (Tribovillard et al. 2006). In the case of the manganese, high
concentrations indicate an oxidation front that penetrates the sediments (e.g.,
Martínez-Ruiz et al. 2000, 2003). Their stratigraphic evolution shows some fluc-
tuations along the succession (Fig. 3.12), the most significant ones being found in
samples FV-8 and FV-18. In FV-8, relatively high values are registered for Ni/Al,
V/Al, Cu/Al, Mo/Al, and Co/Al, but without changes in Mn/Al (Rodríguez-Tovar
and Reolid 2013). In this level, analysis of grains from sieved samples revealed Cu
and Fe sulfides including pyrite, chalcopyrite and covellite. In FV-18, high values

Fig. 3.11 Stratigraphic distribution of selected palaeoproductivity proxies. Data obtained
retrieved from Rodríguez-Tovar and Reolid (2013) and Reolid (2014a)
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are recognised for Cr/Al, Mn/Al, Ni/Al, V/Al, and U/Th, while other redox proxies
do not increase (Co/Al, Cu/Al, and Mo/Al). A maximum in Mn/Al, together with an
increase in Fe/Al, are registered at this sample level. Analysis of grains from sieved
samples reveals common goethite grains in sample FV-18 with the shape of pyrite
crystals (large framboids and euhedral cubic crystals); whereas in sample FV-19
pyrite is totally absent, and goethite grains are very common in the >200 lm
fraction.

3.1.6 Interpretation

The T-OAE record from the Fuente Vidriera section

The selected Lower Jurassic section represents a deep-marine setting in a passage
between the Western Tethys and the Atlantic Tethys (Fig. 2.6), revealing of special
interest to interpret the Early Toarcian Oceanic Anoxic Event at the westernmost
end of the Tethys.

Trace fossil analysis evidences a well-developed endobenthic multitiered com-
munity interpreted based on the presence of a relatively abundant, diverse, and
continuous trace-fossil assemblage in the section, composed by Alcyonidiopsis,
Chondrites, Nereites, Palaeophycus, Planolites, Teichichnus, Thalassinoides, and
Trichichnus, with only local lamination (FV-18) (Rodríguez-Tovar and Uchman
2010). Oxic or slightly dysoxic bottom waters were inferred, as well as the absence
of anoxic conditions attending to trace fossils (Rodríguez-Tovar and Uchman
2010). In this work we follow the recommendation of Tyson and Pearson (1991) for
oxygenation levels: oxic (8.0–2.0 ml/l O2), dysoxic (2.0–0.2 ml/l O2), suboxic
(0.2–0.0 ml/l O2) and anoxic (0.0 ml/l). Thus, in view of ichnological evidence,
minor incidence of the T-OAE on the macro-endobenthic environment in this part
of the westernmost Tethys was interpreted, and the worldwide anoxic phenomena
related to the T-OAE, determining significant biotic changes, including global mass
extinctions, was not recognised by the ichnofossil assemblages. However, the
record of laminated bed without trace fossils (bed FV-18) points to adverse con-
ditions for infauna temporaly. The record of thinly laminated marls and marly
limestones has been related to anoxic conditions in Lower Toarcian deposits from
other regions (Parisi et al. 1996; Hermoso et al. 2009; Izumi et al. 2012).

Data obtained from the ratios of the detrital proxies through the Fuente Vidriera
section allow the interpretation of the incidence of the detrital input, and the main
source of detrital material, as eolian (Zr/Al, Si/Al and Ti/Al, Pye 1987) or fluvial
(K/Al and Rb/Al, Chester et al. 1977) contribution (Fig. 3.10). According to the
absence of significant variations in the K/Al, Rb/Al, and Si/Al ratios, a context of
uniform detrital input could be inferred. This interpretation accords with the gen-
eralised homogeneous lithology through the studied succession, mainly consisting
of a rhythmic succession of soft and hard marlstones, and the absence of significant
sedimentary structures (except for bed FV-18 characterised by the presence of
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primary lamination). However, the punctual but simultaneous significant increases
in the Ti/Al and—especially—Zr/Al ratios registered throughout the section
(FV-18) may be associated to short periods of aggravation in the transport of
siliciclastic material to the basin. These detrital proxies are associated with both
fluvial and eolian processes that could be, at least in part, directly related. This
could be understood as the response to a unique phenomenon, as climatic changes
increasing the input from the source area, or as a relative sea-level fall extending
this area, or the combination of both. However, a phase of generalised transgression
has been widely interpreted for the Early Toarcian (e.g., Hallam 1986, 1987;
Gómez and Goy 2000, 2005; Bodin et al. 2010). The highest values in the detrital
proxies, usually registered in the upper part of the section (FV-18), reveal a major
incidence of the involved phenomena during this time, concomitant with higher
fluvial and eolian activity. During sea-level evolution, the registered significant
increases in the detrital proxies could be associated to punctual climatic changes.

Stratigraphic changes of the selected geochemical palaeoproductivity proxies
reveal a similar pattern (Figs. 3.11 and 3.13), with a generalised increment in
sample FV-18 (in Sr/Al, U/Al, and P/Ti). This fluctuated increase suggests a local
addition of nutrients in the middle part of the section with respect to the sediments
below and above this interval, associated with intermittent processes.

The overall TOC values for the entire succession would lie in the lower range of
those registered in the Tethyan Toarcian sections. In northern European sections,
TOC values typically range from 5 to 15 wt% (Sælen et al. 2000; Röhl et al. 2001;
Bucefalo-Palliani et al. 2002; Mailliot et al. 2006; Hesselbo et al. 2007; McArthur
et al. 2008; Bodin et al. 2010; Tyszka et al. 2010; García Joral et al. 2011); in
southern European sites (Tethyan region) the usual values are some 0.5–3 wt%
TOC (Jenkyns 1985, 1988; Jenkyns et al. 2002; Hesselbo et al. 2007; Sabatino et al.
2009; Bodin et al. 2010; Tyszka et al. 2010; Reolid 2014a). As McArthur et al.
(2008) affirm that black shales are exceptionally rich in organic matter (5 wt% or
more carbon content), the sediments studied here should not be considered true
black shales. Yet most shales documented from southern European sites have less
than 5 wt% TOC and are nonetheless considered to constitute black shales. Low
overall TOC values here presented suggest lower concentrations of organic matter.
In this context of low overall TOC values, of special interest is the TOC maximum
registered in sample FV-18, with a value (0.987 wt%) over 3 times the mean of the
rest of the section. Such a significant increase in TOC underlines punctual and
abrupt concentrations in organic matter with respect to the sediments just above and
below the record, suggesting that a brief phenomenon occurred suddenly in the
Serpentinum Zone. Moreover, the Mn/Al ratio indicates that the oxidation front
penetrates this potentially high productivity level, consuming part of the organic
matter originally present in the sediment.

The generalised absence of high values in the ratios of the selected redox-sensitive
trace metals through the studied interval suggests predominating oxic to slightly
dysoxic bottom waters, discarding anoxic conditions (Rodríguez-Tovar and Reolid
2013). However, occasionally, punctual enrichments in redox sensitive elements are
observed in levels FV-8 (V/Al, Cu/Al, Ni/Al Cr/Al, Co/Al, and Mo/Al ratios) and
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FV-18 (V/Al, Ni/Al, Cr/Al, U/Th and U/Al ratios). These local concentrations would
point to decreasing oxygen conditions. U-based proxies suggest that the deposition of
the bed FV-18 was in rather depleted oxygen conditions (Fig. 3.13).

The presence of pyrite framboids is congruent with reducing conditions because
they form at the redox boundary where oxygen-bearing and hydrogen sulphide-
bearing waters are in contact. In oxygenated bottom water settings, pyrite framboid
growth occurs in the upper sediment column. In dysoxic to anoxic conditions, there
is increased H2S in the pore-water and the redox boundary is shallow in the
sediment-water interface. Pyrite framboids of small-size have a mean of 6.3–
7.1 µm in diameter in Fuente Vidriera section. According to Wilkin et al. (1996)
and Dustira et al. (2013), a mean framboid size around 7.7 lm indicates oxic
conditions within the sediment, 5–7.7 lm corresponds to dysoxic-anoxic condi-
tions within the sediment, and <5 lm indicates euxinic conditions (affecting water
column). The presence of a large-size pyrite population clearly supports the absence
of anoxic or euxinic conditions in the water column.

In a context of uniform detrital input determining a very homogeneous rhythmic
succession of soft and hard marlstones, minor increases in the detrital proxies reveal
several short periods of aggravation in the transport of siliciclastic material to the
basin. Among these, the most significant increase in fluvial and eolian detrital
proxies is registered in the upper part of section FV-18. This finding can be related
to a significant variation in the palaeo-depositional context, probably involving
climatic changes. Associated with the higher fluvial and eolian activity, a com-
paratively increase in concentration in organic matter is punctually registered, as
derived from the comparatively higher TOC values of sample FV-18. In the rest of
the succession, minor inputs of detrital material are registered in conditions of low
concentration, without significant variations, in organic matter content. This gen-
eralised low concentration of organic matter content is associated to oxic or slightly
dysoxic bottom-waters, sufficient to maintain a fairly abundant and moderately
diverse endobenthic multitiered community (Rodríguez-Tovar and Uchman 2010),
as is corroborated by the absence of high concentrations of the selected
redox-sensitive trace metals (Rodríguez-Tovar and Reolid 2013).

Occasionally, the comparatively higher concentration of organic matter regis-
tered in sample FV-18 would be associated with a sharp decrease in oxygenation, as
revealed by increasing values of redox proxies, the absence of bioturbation and the
presence of lamination (Rodríguez-Tovar and Uchman 2010; Fig. 3.13). The
highest concentrations of organic matter in the sediment associated with high values
of certain element ratios support a link among TOC, palaeoxygenation conditions
and the concentration of these elements (Fig. 3.13). The highest values of TOC at
FV-18 can be interpreted in the framework of a complex interaction of processes.
Organic matter deposition could be likely related to: (a) phytodetrital inputs from
emerged areas correlated to increasing detrital proxies; (b) an increase in marine
surface productivity as indicated by high Sr/Al and P/Ti values; and (c) oxygen
depletion at the sea-bottom favouring the preservation of organic matter. The FV-8
level probably represents less accentuated oxygen depletion than in FV-18.
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The abundance of foraminifera, the size of specimens, and the diversity of the
assemblage severely decrease in the FV-18 bed (Figs. 3.7 and 3.13), constituting an
almost barren interval for microbenthic organisms. The abundance of ostracods also
severely decreases in this bed. Depleted oxygen conditions in other sections related
to the T-OAE have been evidenced by decrease in the abundance and diversity of
foraminifera (Nikitenko et al. 2013; Reolid et al. 2014a; Rita et al. 2016) or the
presence of a benthic barren interval (Sebane et al. 2007; Reolid et al. 2012a, b).

During the development of the T-OAE worldwide, in the westernmost end of the
Tethys local conditions would have assuaged the impact of this global phenomenon
as reflected by the obtained geochemical data and the correlation with the ichno-
logical information.

We cannot discard that the restricted oxygen conditions occurred in a phase of
generalised transgression that involved water stratification. According to Hallam
(1986, 1987) and Haq et al. (1987), among others, during the Early Toarcian a
sea-level rise took place, causing maximum confinement of bottom waters of the
deep sub-basins in the Western Tethys. The configuration of the Subbetic during the
Toarcian in troughs and swells (Reolid et al. 2014b, 2015b), with an intricate
physiography, resulted in different sub-basins, disfavouring bottom water
circulation.

The negative carbon isotopic excursion

The Early Toarcian was characterised by large perturbations of the carbon cycle,
and a pronounced negative carbon isotope excursion (e.g., Jenkyns et al. 2002;
Cohen et al. 2004; Hesselbo et al. 2007; Suan et al. 2008; Hermoso et al. 2009;
Bodin et al. 2010; Littler et al. 2010; Reolid et al. 2012a, 2013a, b; Sandoval et al.
2012). However, the d13C negative shift is not always observed in the bulk marine
carbonate or in belemnite carbonates from every locality (e.g., Jenkyns et al. 1991;
Jenkyns and Clayton 1997; McArthur et al. 2000; van de Schootbrugge et al.
2005a). The magnitude of the d13C negative excursion fluctuates with palaeo-
geography in the Tethys Ocean (e.g., Morard et al. 2003; van de Schootbrugge et al.
2005b; Hermoso et al. 2009). In the Fuente Vidriera section the d13C values from
bulk carbonate do not show the characteristic carbon isotopic excursion, which is
however evident in the shells of microfossils analysed (Fig. 3.9). The amplitude of
the carbon isotopic excursion is higher in shells of Lenticulina and ostracods. The
amplitude of the carbon isotopic excursion is *−2.6‰ for d13CLenticulina, −2.0‰
for d13Costracods, and −0.8‰ for d13CDentalina. That is, the carbon isotopic excursion
is mainly identified in bottom-waters and sediment pore-water.

Role of water stagnation versus productivity

The values of d13C obtained from the bulk rock and the benthic microfossils reflect
the isotopic signals of different environments. In the bulk rock, d13C values would
mainly signal surficial water of the euphotic zone, due to nannofossils. The coc-
coliths are easily observed under SEM, also forming the tests of agglutinated for-
aminifera such as Ammobaculites and Trochammina. The values of d13C from
calcitic microfossil tests such as Dentalina, Lenticulina and ostracods hence
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represent the isotopic composition of the bottom sea-water and the sediment
pore-water.

Throughout the section, the values of d13C from the bulk rock are considerably
higher than those obtained from foraminifera. Because photosynthesis shows a
preference for 12C (and calcareous nannoplankton have strong vital effects; Ziveri
et al. 2012), surficial sea-water is rich in 13C. Hence, the tests of nannoplankton
formed are depleted in 12C and comparatively enriched in 13C. The bottom
sea-water is comparatively rich in 12C with respect to the surficial sea-water of the
euphotic zone; that is, the d13C is lower. The shells of benthic foraminifera formed
in equilibrium with the bottom sea-waters have a d13C lower than the signal of the
bulk rock, which mainly consists of nannoplankton. In light of the above obser-
vations, it makes sense that the record in the studied section shows higher values for
d13C from the bulk rock than from benthic foraminifera. However, the d13C of
ostracods with inferred shallow-infaunal to epifaunal lifestyle is higher than the
d13C of the bulk sediment. This is most likely due to a strong vital effect of
ostracods (Reolid 2014a). A similar situation occurs with the d13C bulk signal
coming from calcareous nannofossils, with strong vital effects, which has values
lower than those of co-occurring surface-dwelling planktic foraminifera (Ennyu
et al. 2002; Ziveri et al. 2012; Wendler et al. 2013).

Higher productivity in bed FV-18, as opposed to other layers, is reflected by the
greater difference between the d13C value of the surficial sea-water represented by
the bulk rock and the d13C values of the sea-bottom represented by the for-
aminiferal tests (see Reolid 2014a). Analysis of selected palaeoproductivity proxies
(U/Al, P/Ti, and TOC) is congruent with the data on d13C previously described and
reveals a generalised increment in bed FV-18 (in Sr/Al, U/Al, and P/Ti) related to
increasing productivity (Fig. 3.13). The peaks of palaeoproductivity proxies are not
very intense and TOC values are not very high and therefore, the role of produc-
tivity is not totally clear (Rodríguez-Tovar and Reolid 2013).

The d13CLenticulina shows an abrupt negative excursion in bed FV-18 related to
the dysoxic-anoxic event, underlined by the increase in redox proxies and wider
difference with respect to the bulk rock d13C. In this bed, the fact that the d13C of
the bulk rock is constant indicates that the heightened productivity reflected by the
P/Ti and U/Al really was not very important in the euphotic zone. Given high
productivity in the euphotic zone, bulk d13C would increase as surficial waters
became enriched in 13C, whereas bottom sea-waters would be impoverished in 13C.
In this sense, the increase of organic matter at sea-bottom and the oxygen restricted
conditions (indicated by the redox proxies) are related to water stagnation. The
degree of oxygenation at bottom was reduced by the decaying organic matter
accumulated as well as the lack of water circulation. The flux of 12C-enriched
organic matter to the seafloor resulted in a carbon isotopic gradient between surface
(represented by bulk sediment rich in coccoliths) and bottom water in the presence
of a stratified water column; differences are more accentuated during dysoxic
conditions in infaunal microhabitats, as evidenced by bed FV-18 (base of the
Serpentinum Zone).
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The d18O of the bulk samples presents stronger fluctuations and lower values
than d18ODentalina and d18OLenticulina. The stratigraphic differences between
d18ODentalina and d18OLenticulina would correspond to a vital effect, as the absence of
peaks and stratigraphic trends in the interval studied suggests that no important
fluctuations in temperature took place in the bottom sea-water. However, the d18O
of the bulk rock reflects warmer temperatures than bottom sea-waters and
variations.

3.2 Cueva del Agua Section

The Cueva del Agua (CA) section is located in a ravine with the same name (37°
54′ 20.1″ N; 02° 32′ 61.0″ W), 11 km northwest of the village of Huescar (Granada
Province), (Fig. 3.1). The Zegrí Formation in the Cueva del Agua section is con-
stituted by around 200 m-thick of an alternance of grey marls and marly-limestones
with peloidal and bioclastic mudstones to wackestones with ammonites (Fig. 3.14).
Locally grainstones of bioclasts and peloids occur, usually showing wavy lami-
nation type hummocky cross stratification (HCS) and parallel laminations. The
upper part of the alternance of grey marls and marly-limestones corresponds to the
Lower Toarcian (Polymorphum Zone; Jiménez 1986; Mira 1987). Over this
lithofacies there are 16 m of dark marls corresponding to the Polymorphum Zone
and lower part of the Serpentinum Zone. Finally, there are 13 m of thin bedded
limestones of the Serpentinum Zone (Jiménez 1986).

3.2.1 Facies and Microfacies

The studied interval begins at the top of the alternance of grey marls and marly
limestones (Fig. 3.15a, b) where ammonite assemblage is composed by Canavaria
elisa, Emaciaticeras emaciatum, E. imitator, E. lotti, Lioceratoides aradasi, and
Protogrammoceras bassanii (Emaciatum Zone, Upper Pliensbachian) followed by
the first record of Dactylioceras (Eodactylioceras) polymorphum of the
Polymorphum Zone (Lower Toarcian). The ammonoids are more common at the
top of the Pliensbachian. The limestone beds are around 20–30 cm thick and they
are densely bioturbated at the top by Planolites, Thalassinoides and Chondrites.
The microfacies are mudstones.

The dark marls are approximately 16 m thick (Figs. 3.14 and 3.15c–e), but their
lower part is poorly exposed in the outcrop. Jiménez (1986) defined the
Polymorphum-Serpentinum zone boundary within this lithofacies, but more recent
studies (Reolid et al. 2013b) have not recorded ammonites in this lithofacies. These
marls display some limestone interlayers progressively more abundant to the
top. The clay-richest interval is 50 cm thick and is located 8.4 m below the base of
the thin bedded limestones (Fig. 3.15d, e). The clay rich interval is characterised by
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the dark colour and the thin laminated fabric without trace fossils (Fig. 3.15e). In
the directly underlying levels of the dark marl only scarce Chondrites are recorded.
The pyrite framboids are abundant in the 100–50 lm fraction. Microfossils are

Fig. 3.14 Stratigraphy of the Cueva del Agua section. a General column of the Jurassic of the
External Subbetic in the Huescar sector (North of Granada province). b Cueva del Agua section
with distribution of lithofacies, ammonite zones and samples
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scarce in the thin laminated interval of the dark marl lithofacies. The ferruginous
moulds of gastropods (<1 mm) are very abundant. They are made out of hematites,
but the analysis of microstructure under SEM indicates that they were originally

Fig. 3.15 Field view of the Cueva del Agua outcrop. a Marls and marly limestone alternance of
the Upper Pliensbachian. b Ammonites (Protogrammoceras bassanii, white arrow) and trace
fossils (black arrows) at top of a marly limestone bed of the Upper Pliensbachian. c Filed view of
the dark marls and the thin bedded limestones. d Detail of the dark marls. e Close view of the
laminated dark marls
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cubic and octaedric crystals of pyrite. In this interval the phosphatic fossil remains
of indeterminated origin as well as Mn oxides are very common.

Over the thin laminated interval of the clay rich dark marls the trace fossils are
progressively more abundant, mainly Chondrites and secondarily Planolites
(<6 mm in diameter). In the upper part of the dark marls, yellow layers with a
diversified foraminiferal assemblage occur (see below).

At the upper part of the dark marls the limestone beds are progressively more
common, consisting of thin calcarenites and calcilimolites. These thin levels are the
precursors of the thin bedded laminated limestones (Fig. 3.16). This lithofacies is

Fig. 3.16 Thin bedded limestones. a Field view of the outcrop. b Thalassinoides in the base of a
limestone layer. c Detail of a layer with HCS. d Polished slab of a fragment of thin bedded
limestone showing thin parallel lamination. E. Microfacies with abundant radiolarians
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constituted by irregular layers of 7–15 cm thick characterised by the presence of
parallel lamination to wavy lamination of the type HCS. The base of these beds is
bioturbated. The microfacies are constituted by laminated bands of radiolariids and
less common micritic bands, separated by thin surfaces rich in iron oxides. In this

Fig. 3.17 Secondary electron images of foraminifera from Cueva del Agua section.
a Glomospira. b Ammodiscus. c Ammobaculites. d Lenticulina. e Astacolus. f Planularia.
g Marginulinopsis. h Vaginulinopsis. i Pseudonodosaria. j and k Eoguttulina. l Titrix.
m Pseudonodosaria. n Nodosaria. o Lingulina. p and q Pseudonodosaria. r and s Dentalina
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lithofacies the ammonoids are absent and the age asigned is Serpentinum Zone
according to Jiménez (1986).

3.2.2 Microfossil Assemblages

Foraminiferal assemblages are composed mainly by components of the Suborder
Lagenina (mainly Lenticulina, Dentalina, Lingulina, Nodosaria and Eoguttulina)
(Fig. 3.17). Less common suborders represented are Textulariina (mainly Reophax
and Ammobaculites), Spirillinina (mainly Spirillina), Robertinina and Milionina.
The abundance of foraminifera and ostracods (specimens/100 g) as well as the
mean size decrease from the top of Pliensbachian to the base of Serpentinum Zone.
Just before the Serpentinum Zone opportunist forms such as Lenticulina (38%) and
Eoguttulina (29%) are dominant (Fig. 3.18). The number of genera also decreases
in this sense (Fig. 3.18). The base of the Serpentinum Zone is characterised by a
barren interval where foraminifera and ostracods are not recorded. This interval is
located in the lower part of the thin laminated dark marls.

Fig. 3.18 Stratigraphic distribution of the diversity of foraminifera (number of genera) and
proportion of selected opportunist genera, compared with TOC distribution
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The foraminiferal assemblages are subsequently recovered with high values of
Textularia (38%) and Lenticulina (28%). The ferruginous moulds of small gas-
tropods (<1 mm) are abundant just over the thin laminated dark marls (Fig. 3.19).
Other foraminifera proliferate 1.5 m above the barren interval with common
Lingulina, Nodosaria and Dentalina. On top of the barren interval the abundance of

Fig. 3.19 Secondary electron images of different microfossils not foraminifera from Cueva del
Agua section. a–e Small ferruginous moulds of gastropods. f Radiolarid preserved as calcitic
mould. g Bairdiacypris. h Ogmoconchella. i Ptychobairdia. j Pontocyprella. k Polycope.
l Ptychobairdia. Scale bar 0.1 mm
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foraminifera in the <100 µm fraction abruptly increases. The number of genera
increases upsection from the dark laminated marls but diversity levels of the top of
the Pliensbachian are not reached. The abundance of foraminifera in the thin bedded
limestones is very low.

The ostracods (Fig. 3.19) in the upper part of the Pliensbachian are dominated
by Family Pontocypridae (mainly Liasina lanceolata) and secondarily Family
Healdiidae (mainly Ogmoconcha amalthei and O. contractula) and Bairdiidae
(Fig. 3.20). The Toarcian begins with high values of Family Bairdiidae (28%) and
Family Cytherellidae (mainly Cytherella toarcensis) and secondarily by families
Healdiidae and Pontocypridae (Fig. 3.20). The ostracod assemblage of the lower
part of the Serpentinum Zone is dominated by Family Cytherellidae, and secon-
darily Pontocypridae and Bairdiidae. In the Cueva del Agua section Cytherella
toarcensis, presents very high values (86%), just after a microfossil barren interval
of the dark laminated marls.

Fig. 3.20 Composition of the ostracod assemblages from the Cueva del Agua section
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3.2.3 Geochemistry

The main changes in the geochemistry occur at the base of the Serpentinum Zone
(Fig. 3.21). The CaCO3 content abruptly decreases in the dark marl interval of the
Serpentinum Zone where values are usually <42%. Respect to the TOC, values are
very low in the Cueva del Agua section, commonly <0.2 wt%. At the base of the
Serpentinum Zone the TOC abruptly increases to 0.53% in the clay rich interval of
the dark marls where thin lamination is developed and the trace fossils are absent.
Over this interval the TOC newly decreases to values <0.1 wt%.

A similar trend describes the sulphur content (total sulphur, TS) with very low
values in the section (<0.02%) except at the base of the Serpentinum Zone where it
reaches 0.32% (Fig. 3.21).

The d13C values range between −1.87 and 1.83‰ with the lowest values in dark
marls of the Serpentinum Zone (Fig. 3.21). The d13C of the Polymorphum Zone
ranges between 0.96 and 0.63‰, and experiment an accentuated decrease in the
lower part of the Serpentinum Zone in coincidence with the thin laminated marly
interval and the lowest values of TOC and TS. However, the values of d13C are not

Fig. 3.21 Stratigraphic distribution of slected geochemical parameters in the Cueva del Agua
section with the main changes in the base of the Serpentinum Zone
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recovered rapidly as occur with the TOC and TS, and d13C decreases to reach the
lowest values (−1.87 and −1.70‰) just below the thin bedded limestones (upper
part of the Serpentinum Zone sensu Jiménez 1986). In the thin bedded limestones
d13C is recovered to pre-Toarcian values.

Respect to d18O values, they are around −3‰ in the Polymorphum Zone,
showing a strong decrease to values ranging between −5.36 and −4.95‰ in the
dark laminated marls of the base of the Serpentinum Zone (Fig. 3.21). Above this
isotopic excursion, d18O increases but values similar to Polymorphum Zone are
recovered in the thin bedded limestones.

The Mo content in the Cueva del Agua section describes a trend similar to those
of TOC and TS (Fig. 3.21). The highest values (0.84 ppm) are recorded in the dark
laminated marls. The Mo/Al ratio shows a peak in the dark laminated interval, and
in general, higher values in the dark marls of the Serpentinum Zone than in the
marl-limestone rhythmite of the Polymorphum Zone or the thin bedded limestones
of the upper part of the Serpentinum Zone.

3.2.4 Interpretation

Signification of facies and microfacies

The Zegrí Formation is integrated within the sedimentary sequence II of
García-Hernández et al. (1989) limited at the base by the Carixian-Domerian dis-
continuity (Lower-Upper Pliensbachian boundary) and limited to the top by the
finibathonian discontinuity (Fig. 3.3). This sedimentary cycle coincides with the
main phase of intracontinental fragmentation (rifting) developed from the Late
Pliensbachian-Bathonian (Fig. 3.4). The bottom topography of the basin was
irregular with different semigrabens and variable subsidence (Nieto et al. 2004;
Molina et al. 2007), as occurred in other Tethyan Alpine Domains (e.g., Jenkyns
1988; de Graciansky et al. 1998; Marok and Reolid 2012).

The alternance of grey marls and marly limestones of the Zegrí Formation
represents a pelagic environment with scarce continental influence according to the
scarce terrigenous content, as interpreted by the Fuente Vidriera section. According
to Reolid et al. (2013b) the bathymetry was <200 m in depth taking into account
the record of HCS type structures. Cheel and Leckie (1993) proposed that the HCS
are formed when storm waves reach the sea bottom at maximum depths ranging
between 125 and 200 m. The presence of these beds indicates a context where
water column is recycled and oxygenated during the Pliensbachian, as confirmed by
the presence of cephalopods, brachiopods, foraminifera, ostracods and ophiuroids.

The beginning of the Toarcian is characterised by decreasing carbonate content
and the absence of HCS structures. This is related to topographic changes of the sea
bottom with the development of troughs and swells in addition to the transgressive
regional and global context (Jenkyns 1988; Jiménez et al. 1996; de Graciansky et al.
1998; Vera 2001).
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The CaCO3 content abruptly decreases when dark laminated marls are recorded
together with the negative fall of d13C (around 0.84‰; Fig. 3.21). These fluctua-
tions are well-correlated to the T-OAE and the perturbation of the carbon cycle
and the carbonate production located in the lower part of the Serpentinum Zone
(Erba 2004; Mattioli et al. 2004, 2008; Tremolada et al. 2005; Wignall et al. 2005;
Hermoso et al. 2009; Suan et al. 2010). Values equivalent to those of the
Pliensbachian are not recovered until the thin bedded limestones (Fig. 3.21). The
perturbation in the carbon cycle coincides with the decrease on abundance (in-
cluded the barren interval) of ostracods and foraminifera (Figs. 3.18 and 3.21).

Above the thin laminated marls the first limestone beds that constitute an
upwards carbonate increase are recorded. This upward increase of the carbonates
finishes in the thin bedded limestones. This first limestone beds show, again, HCS
structures that indicate the presence of currents reaching the sea bottom and
accordingly an increasing oxygenation. As a consequence, over the dark marls the
foraminifera, ostracods and trace fossils are progressively more abundant. Respect
to the foraminiferal assemblages, the first colonisers of the sea-bottom were
opportunist Lenticulina and agglutinated foraminifera such as Textularia. The
decreasing size of the foraminifera is interpreted as the Lilliput Effect (Urbanek
1993; Twitchett 2007). This strategy consists in a temporary size decrease within
the surviving species under unfavourable conditions that enables them to be suc-
cessful in more or less confined environments (Urbanek 1993).

The main change in the environmental conditions is related to the deposition of
the calcilimolites that constitute the thin bedded limestones. The abundance of HCS
structures (Fig. 3.16c) indicates higher energy conditions in the sea bottom and the
input of pelagic sediment coming from neighbourg areas. Taking into account the
extensional tectonic context of the Subbetic (Vera 2001) and the instability of the
bottom, evidenced in other sections by the record of tempestites, slumps and breccia
in the Zegrí Formation (e.g., Nieto 1997; Nieto et al. 2004; Reolid et al. 2015b), the
thin bedded limestones could be related to the reactivation of the tectonic activity as
well as a global sea-level fall. Different volcanic events occurred in the South
Iberian Palaeomargin at the same time of the deposition of the Zegrí Formation.
Those events are recorded as volcanic edifices constituted by pillowlava (Comas
et al. 1986; Reolid and Abad 2014). The record of the thin bedded limestone
interval could be also related to the intensification of tropical cyclones during the
Lower Toarcian proposed for Krencker et al. (2015).

A similar distribution of facies here described has been reported in the North of
Lusitanian Basin, in the Coimbra-Rabaçál Region (Duarte 1998). The Lower
Toarcian in this region corresponds to the S. Gião Formation. The lower interval is
constituted by the marly limestones with Leptaena followed by the thin bedded
limestones with Hildaites characterised by parallel lamination and cross lamination.
Related to these limestones a negative carbon isotopic excursion was recorded.
Duarte (1997) interpreted the thin bedded limestones as tempestitic-turbiditic
deposits, also related to tectonic reactivation (Duarte and Soares 1993; Duarte
1997). This interpretation is similar to that of the Cueva del Agua section.
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Organic matter and sea-bottom oxygenation

The integrated analysis of facies, microfacies and geochemistry evidences the main
environmental changes occurred in the dark laminated limestones (middle part of
the dark marls). In this interval the values of TOC, TS and Mo/Al ratio increase
whereas the d18O and d13C data show an accentuated decrease. In this stratigraphic
interval diversity of foraminifera decreases together with the abundance. The
maximum values of TOC, TS and Mo/Al coincides with a benthic microfossil
barren sample.

The Mo/Al peak indicates depleted oxygen conditions in the sea-bottom. The
mechanism that explain the fixation of the Mo in the sediment implies reducing
conditions, with the Mo being trapped from the water column where is located as
MoO4

2− (Broecker and Peng 1982), through the mineralisation of organic
thiomolibdates and complex groups of Fe-Mo-S probably forming a solid solution
with iron sulphides (Helz et al. 1996). The organic matter traps Mo because: (a) the
transport of Fe and other trace methals and, (b) the direct fixation of the MoO4

2− by
O-S groups of the organic matter. Therefore, in marine facies, the enrichment of
organic matter together with the Mo content are proxies for interpretting reducing
conditions (e.g., Meyers et al. 2005). An increase in the Mo/Al ratio has been
indentified in the T-OAE from the Saharian Atlas (Algeria, Reolid et al. 2012b) in a
benthic barren interval similar to the dark laminated marls of Cueva del Agua,
where trace fossils and microfossils are not recorded.

Depleted oxygen conditions can be interpreted in the dark marls and more
concretely in the laminated interval due to the absence of trace fossils, but also the
lack of fossil macroinvertebrates, as well as the abundance of pyrite framboids that
indicate redox conditions, almost in the sediment pore-water. The decrease in the
diversity of foraminifera as well as the increase in the proportions of opportunists
such as Lenticulina, Eoguttulina and Reinholdella just before the negative carbon
isotopic excursion indicate disturbance of the environmental conditions during the
pre-biotic crisis.

The oxygen depleted conditions are congruent with the increase of TOC values
(from 0.20 to 0.53%) in this interval, but always being low values if compared with
Central and North Europe oucrops. Thus, for the Serpentinum Zone (Levisoni Zone
for Mediterranean Biozonation and Falciferum Zone for the Sub-boreal
Biozonation), the TOC values range from 5 to 15% in North Europe outcrops
(Sælen et al. 2000; Röhl et al. 2001; Bucefalo-Palliani et al. 2002; Mailliot et al.
2006; McArthur et al. 2008, among others) whereas in the Tethys region (Southern
Europe and North Africa) range from 0.5 to 3% (Jenkyns 1985, 1988; Jenkyns et al.
2002; Hesselbo et al. 2007; Bodin et al. 2010, 2011; Reolid et al. 2012b, among
others). This is an evidence of the geographic variations of the T-OAE signal (see
also Hermoso et al. 2009). The record of the thin laminated dark marls has been
also reported in the T-OAE in other areas (Parisi et al. 1996; Hermoso et al. 2009;
Izumi et al. 2012).

Above the dark laminated marls interval Mo/Al ratio and TOC decrease, at the
same time that foraminifera are newly recorded with high proportions of the genera
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Textularia and Lenticulina, and common ferruginised moulds of small gastropods.
These data suggest an environmental improvement of oxygen availability in the sea
bottom. Lenticulina is considered an opportunist during the Jurassic (Tyszka 1994;
Reolid 2008; Reolid et al. 2008, 2012a; Rita et al. 2016) and it is described during
the first phases of colonisation of the sea bottom after the T-OAE (Reolid et al.
2012a, b). The record of numerous small gastropods is congruent with the first
phases of the sea bottom recolonisation as described in other context (Suan et al.
2013; Teichert and Nutzel 2014; Gatto et al. 2015). The proliferation of opportunist
organisms with small sizes (such as Lenticulina and gastropods) is an adaptative
strategy to unfavourable conditions, the Lilliput Effect (Urbanek 1993; Morten and
Twitchett 2009), recently recognised in trace fossils associated to some bio-events,
as the K/Pg boundary (Łaska et al. 2017), and in particular in Thalassinoides
structures associated to the T-OAE in the Lusitanian basin (Miguez-Salas et al.
2017; Rodríguez-Tovar et al. 2017). The hematite composition of the gastropod
moulds after the dark laminated marls is indicative of the presence of an oxidation
front, also favouring the precipitation of Mn oxides and oxyhydroxides in the
sediment-water interface due to the oxygen availability (Thomson et al. 1999;
Powell et al. 2003).

The presence of hematite moulds must be related to oxygen availability in the
sea bottom, but the diagenetic history of these moulds is complex. The microtex-
tural features of the hematite forming the moulds evidence a pyritic original
composition in the initial infilling of the gastropod shell. This pyrite was originated
as sulphides that precipitated before the shell dissolution during the early diagen-
esis, while there were reducing conditions in the sediment-water interface. The
advance within the sediment pore-water of the oxygenation favoured the precipi-
tation of Fe and Mn oxides and oxyhydroxides, as well as the transformation of
gastropod pyrite moulds.

In Recent marine environments there is a positive relation between the TOC and
the S coming from the pyrite (Berner and Raiswell 1983). The pyrite is formed from
reaction of H2S generated by sulphate reducing bacteria (SRB) in anoxic envi-
ronments with Fe. Such organisms are currently very abundant; thus they oxidise
more than half of all the organic matter reaching the sediments (Rickard et al.
2017). This bacterial reduction is related to the organic matter oxidation under
dysoxic to anoxic conditions (2CH2O + SO4

2− ! H2S + 2HCO3
−). Under oxygen

depleted conditions (dysoxic or anoxic), the organic matter is not aerobically
decayed at the sea-bottom or at the sediment-water interface; then the sulphate
reduction rate increases and the subsequent concentration of H2S in the sediment
pore-water and the shallowing of the redox boundary within the sediment just to
locates in the sediment-water interface. In this situation, great amount of H2S is
available for reacting with detritic Fe to forming pyrite. In this sense, the increase of
TS in the dark laminated marl interval is congruent with the increase of TOC values
and the depleted oxygen conditions indicated by the Mo/Al ratio. Caswell and Coe
(2012) showed a parallel increase in TOC and TS in the Falciferum Zone from
deposits of the East Midlands Shelf. However, the Corg/S ratio in this interval
experiments a decrease related to the high decaying rate of the organic matter

56 3 External Subbetic Outcrops



during the sulphate reduction processes, and only residual organic matter is pre-
served in the geological record. That is, there is not a constant fraction of organic
matter decayed respect to the initially accumulated. This is probably under euxinic
conditions with BSR decaying the organic matter both in the sea-bottom and in the
water column where H2S is disolved (Sweeney and Kaplan 1980), and then, the
organic matter degradation is higher. However, the TS in the dark laminated marls
interval presents relatively low values for interpreting euxinic conditions during the
T-OAE in the Cueva del Agua section.

The return to oxic conditions and the potential advance within the sediment of
the oxic front (evidenced by the ferruginous moulds of gastropods and small Mn
nodules) could also favour the oxidation of organic matter and the removilisation of
sulphur.

Isotopic fluctuations and environmental changes

The d13C values show a strong decrease of 0.84‰ from the base of dark laminated
marl interval at the same time of the decrease on CaCO3 wt%. These fluctuations
are driven by the global changes related to the T-OAE such as sea-level fluctua-
tions, sea-water acidification, and the perturbation of the carbon cycle (see Dera and
Donnadieu 2012; Reolid et al. 2014b; Casellato and Erba 2015) that affected to the
marine biota and the carbonate productivity. As mentionated above, this event is
located at the base of the Serpentinum Zone (Erba 2004; Mattioli et al. 2004, 2008;
Wignall et al. 2005; Tremolada et al. 2005; Suan et al. 2010; Izumi et al. 2012;
among others). Values similar to those of the Pliensbachian are not recovered until
the thin bedded limestones (upper part of Serpentinum Zone, s. Jiménez 1986).

The magnitude and the global record of the negative CIE have been interpreted
as the result of the massive input of 12C to the atmosphere-ocean system as a
consequence of: (a) the volcanic activity of the Karoo-Ferrar igneous province (see
McElwain et al. 2005; Svensen et al. 2007), and (b) the massive injection of
methane gas hydrates (Hesselbo et al. 2000; Kemp et al. 2005). At the scale of the
Iberian palaeomargins, the fluctuations in the d13C may also be influenced by the
volcanic activity recorded during the Toarcian in the Subbetic (Betic Cordillera;
Comas et al. 1986; Portugal et al. 1995; Vera et al. 1997; Reolid and Abad 2014)
and in the Iberian Range (Gautier and Odin 1985; Martínez et al. 1996a, b, 1997).
The extensional tectonic peak along extensive faults is related to the opening of the
Atlantic-Alpine-Tethys rift system, controlling highs and depocentres, as well as to
alkaline volcanic activity in the Eastern and Southern Iberian palaeomargins
(Gautier and Odin 1985; Comas et al. 1986; Martínez et al. 1996a).

The d18O values for the Lower Toarcian are within the range reported in pre-
vious works (Dera et al. 2009), around −3‰ in the Polymorphum Zone, showing a
strong decrease at the base of the Serpentinum Zone, represented in the Cueva del
Agua section by the dark laminated marls (−5.36 to −4.95‰). These data are
similar to those reported by Gómez and Goy (2011) for d18O from bulk samples of
the Rodiles Oeste (Asturias, North Spain) and Sierra Palomera (Iberian Range,
eastern Spain) sections. These authors indicated a negative excursion at the base of
Serpentinum Zone (from −3.0 to −5.5‰). Other European sections also show this
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negative isotopic excursion with d18O values obtained from bulk sample, belem-
nites and brachiopods (Anderson and Arthur 1983; Jenkyns 2003; Rosales et al.
2004; Suan et al. 2008, 2010; Harazim et al. 2013).

According to d18O values Rosales et al. (2004) and Gómez and Goy (2011)
interpreted a palaeotemperature of 24 °C during Late Pliensbachian and the
Polymorphum Zone with an abrupt increase to 32 °C at the base of the Serpentinum
Zone. Other authors have interpreted a global warming related to the T-OAE (e.g.,
McArthur et al. 2000; Bailey et al. 2003; Suan et al. 2010, 2011; García Joral et al.
2011; Gómez and Goy 2011; Korte and Hesselbo 2011), related to a sea-level rise
(e.g., Hallam 1986, 1987; Elmi 1996; Hylton and Hart 2000; Ruban and Tyszka
2005; Wignall et al. 2005; Korte and Hesselbo 2011). A global warming increases
the temperature of waters and decreases the oxygen solubility. The negative
excursion of d18O could be related to the input of warm waters (isotopically light)
depleted in oxygen, probably favouring the water stagnation. However, other
proposals suggest that the decrease of d18O values is related to the increase of fresh
continental waters (isotopically light) (Bailey et al. 2003; Dera et al. 2009) as a
consequence of the global climatic change (Cohen et al. 2004).

3.3 La Cerradura Section

La Cerradura (CE) section is located in the trench of motorway A-44, km 57 (37°
41′ 47.8″ N; 3° 37′ 57.6″ W). The section is 15 km south of Jaén city (Jaén
province, Fig. 3.1). Previous works analysed this section in a narrow ravine pre-
viously to the existence of the motorway A-44. The La Cerradura section was
initially studied by Mouterde et al. (1971) and Busnardo (1979), with special
emphasis on the Upper Pliensbachian marl-marly limestone rhythmite. Ruget and
Martínez-Gallego (1979) and Mira (1987) studied the foraminiferal assemblages of
the Upper Pliensbachian. The Pliensbachian ammonites were studied by Braga
(1983) and the Toarcian ones by Jiménez (1986). Recently, Sandoval et al. (2012)
included this section in a study of the Toarcian of the Subbetic focused on bioevents
of ammonites and calcareous nannofossils. Reolid et al. (2014b) analysed the
lithofacies, ichnology, calcareous nannoplankton and geochemistry of La Cerradura
section and identified the T-OAE. Baeza-Carratalá et al. (2017) have studied the
behaviour of the brachiopod assemblages in this section related to the T-OAE. The
studied interval in La Cerradura section consists of a 27.5-m-thick marl-marly
limestone rhythmite dated from the Algovianum Zone (Upper Pliensbachian) to the
Polymorphum Zone (Lower Toarcian), and 12-m-thick dark marls of the
Serpentinum Zone (Lower Toarcian) (Fig. 3.22).

The marly limestone beds correspond to mudstones and less common wacke-
stones with sporadic bioclasts (fragments of mollusks, echinoderms, and for-
aminifera). The marly layers are rich in illite, smectite and chlorite (Palomo et al.
1985; Palomo 1987; Caniçó et al. 2015).
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3.3.1 Macroinvertebrates

The marl-marly limestone rhythmite is very rich in ammonites and belemnites,
favouring a fine biostratigraphy (Braga 1983; Jiménez 1986), with species of the
generaCanavaria,Emaciaticeras,Fontanelliceras, Lioceratoides,Neolioceratoides,

Fig. 3.22 La Cerradura section. a General column of the Mesozoic rocks in the External Subbetic
in the central area of the Betic Cordillera. b Detailed studied interval of the La Cerradura section.
c Field view of La Cerradura section
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Protogrammoceras and Tauromeniceras (Upper Pliensbachian) and the genus
Dactylioceras (PolymorphumZone; Lower Toarcian) (Figs. 3.23 and 3.24). The base
of the Emaciatum Zone (Upper Pliensbachian) is characterised by the first occurrence
ofPleuroceras solare (bed 93 at 2.2 m above the base), and the top is characterised by
the first occurrence ofDactylioceras pseudocommune andD. simplex that indicate the
beginning of the Polymorphum Zone (Lower Toarcian, bed 38 at 25 m above the
base). The differentiation between the Solare and Elisa subzones (Emaciatum Zone) is
recorded by the first occurrence of Emaciaticeras imitator at the base of the Elisa
Subzone (bed 62, at 15 mabove the base). The top of themarl-limestone rhythmite is a
horizon with high contents of ammonites (Dactylioceras pseudocommune, D.

Fig. 3.23 Selected ammonites with biostratigraphic interest recorded in the La Cerradura section.
Specimens from the Ph.D. Thesis of Prof. Juan Carlos Braga (Univ. of Granada)
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polymorphum and Neoliceratoides hoffmanni), belemnites and small brachiopods. In
addition, microfossils such as foraminifera (mainly Suborder Lagenina) and ostracods
are common.

Fig. 3.24 Lithological column with ammonite and calcareous nannofossil zones and the
stratigraphic distribution of the main biostratigraphic taxa. The distribution of ammonite is based
on ammonites recorded in this work and data from Braga (1983) and Jiménez (1986). The
calcareous nannofossil distribution is based on Reolid et al. (2014b)
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The beginning of the dark marly interval (at 27.5 m above the base) is char-
acterised by the absence of macroinvertebrates as well as microfossils (benthic
foraminifera and ostracods). At 40 cm above the base of the dark marly interval
(CE-28, at 29.5 m above the base of the section), the first brachiopods
(Liospiriferina subquadrata, Orthotoma aff. globulina, Koninckodonta sumunta-
nensis and Atychorhynchia falsiorigo; Baeza-Carratalá et al. 2017) are recorded.
The first belemnites featuring serpulid encrustations (Dorsoserpula), attached for-
aminifera (Bullopora tuberculata) and microborings (including cirripedes borings)
are recorded 2 m above the top of the rhythmite. In addition, a small stem and roots
with cirra of crinoids (<10 ossicles, and <20 mm long) colonised by attached
foraminifera (B. tuberculata) was found (Reolid et al. 2014b). Ammonites are very
scarce and they correspond to small juvenile specimens (<10 mm), which makes
their identification difficult.

3.3.2 Trace Fossils

Trace fossil content and ichnofabric features were examined in all marl and marly
limestone beds of the section (Fig. 3.25). Trace fossils, identified mostly in cross
sections, are relatively abundant in the marl-limestone rhythmite. The marly
limestone beds show a moderately diverse trace-fossil assemblage consisting of
abundant Chondrites (small and large), Planolites, Thalassinoides and Teichichnus,
comparatively scarcer Palaeophycus and potential Taenidium, and rare Trichichnus
(Reolid et al. 2014b). The filling of trace fossils is dark, well differentiated from the
light-grey host sediment, usually rich in organic matter (small charcoal wood
fragments) and pyrite framboids.

Some trace-fossils show a clear crosscutting relationship in the La Cerradura
section. Planolites, Teichichnus and Thalassinoides are crosscut by small
Chondrites. Trace fossil diversity and abundance decrease just above the top of the
marl-limestone rhythmite, with the only local record of small Chondrites in the first
1.5 m of the marly interval. Trace fossils are completely absent in bed CE-31 (first
40 cm above the rhythmite). The subsequent gradual recovery shows a relative
increase in diversity and abundance of trace fossils (mainly small size Chondrites,
Planolites and Thalassinoides), but below the values of the marl-limestone
rhythmite.

3.3.3 Calcareous Nannofossils

The nannofossil assemblage of La Cerradura is of Tethyan affinity with a domi-
nance of Mitrolithus jansae and Schizosphaerella mainly in the Pliensbachian
marl-limestone rhythmite, whilst Crepidolithus crassus having a N Tethyan affinity
is very scarce (Figs. 3.26 and 3.27).
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The base of NJT 5b nannofossil Zone is marked by the first occurrence of
Lotharingius sigillatus (Mattioli and Erba 1999) which is found in the bed CE-62
(at 15 m above the base; Fig. 3.24). The interval below is attributed to NJT 5a Zone
because of the presence since the base of the section of Lotharingius hauffii, whose

Fig. 3.25 Trace fossils from the marl-marly limestone rhythmite of La Cerradura section. Note Pl
Planolites isp. Pa Palaeophycus isp.; Chs Chondrites isp. (small); Chl Chondrites isp. (large); Te
Teichichnus isp.; Th Thalassinoides isp. Modified from Reolid et al. (2014b)
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first occurrence (lying below the studied interval) marks the base of NJT 5a Zone.
The boundary between NJT 5B and NJT 6 zones is defined based on the first
occurrence of Carinolithus superbus which is found in the bed CE-30 (28 m above
the base of the studied interval; Fig. 3.24). This Zone has been defined according to
Mattioli and Erba (1999). The first occurrence of C. superbus is noted 60 cm above
the top of the marl-limestone rhythmite and defines the NJT 6 Zone that normally
contains the record of T-OAE (Mattioli et al. 2004, 2008, 2009). Due to a lack of
ammonites in the dark marly interval, the study of calcareous nannofossils repre-
sents a useful biostratigraphic tool in this section to identify the NJT6 nannofossil
Zone (Fig. 3.24), which in other Tethyan sections spans the upper part of the
Polymorphum and part of the Levisoni/Serpentinum ammonite zones.

Fig. 3.27 Micrographs of common nannofossil taxa recorded in La Cerradura section.
a Schizosphaerella sp. b Orthogonoides hamiltoniae. c Tubirhabdus patulus. d Crepidolithus
granulatus. e Crepidolithus cavus. f Crepidolithus crassus. g Mitrolithus jansae. h Zeugrhabdotus
erectus. i Axopodorahbdus atavus. j Biscutum grande. k Similiscutum giganteum. l Carinolithus
superbus. m Calyculus sp. n Lotharingius sigillatus. o Lotharingius crucicentralis.
p Crepidolithus crassus. q Similiscutum novum. r Similiscutum cruciulus. s Mazaganella
sp. t Lotharingius sp. White bar is 5 µm, except for SEM pictures, 1 µm
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Absolute abundances are very high, between 200 E6 and 600 E6 specimens per
gram of rock (Fig. 3.26). However, the abundances dramatically drop down in the
interval between beds 31 and 27 (first 2 m above the top of the rhythmite), where
Mitrolithus jansae relative abundance also decreases (Fig. 3.26). A similar trend is
observed in several western Tethyan sections (Mattioli et al. 2008, 2009). The
dinoflagellates also decrease at the base of the dark marly interval. In general,
throughout the section, the proportions of M. jansae are compensated mainly by the
proportions of placoliths. The analysis of the diameter of Schizosphaerella valves
shows a decrease just at the base of the dark marly interval with a diameter ranging
from 7 to 10.5 µm. Orthogonoides hamiltoniae, an incertae sedis taxon that is
normally recorded in levels enriched in organic matter (Mailliot et al. 2009), occurs
very sporadically in the interval comprised between samples 21 and 31 (interval
between 0 and 5.2 m above the top of the marl-limestone rhythmite). The pro-
portions of Biscutum and Similiscutum in the Early Toarcian are generally higher
than in the Upper Pliensbachian.

3.3.4 Geochemistry

Geochemistry indicates an abrupt change related to the beginning of the dark marly
interval (Fig. 3.28). The CaCO3 content (wt%), which ranges from 44.0 to 78.0% in
the marly layers of the rhythmite, sharply decreases to its lowest values (19.3%) in
the lower part of the dark marly interval (CE-29, 90–195 cm above the
marl-limestone rhythmite) in coincidence with relatively higher values of TOC,
nearly 0.4 wt%. Yet maximum TOC values are low compared with central and
north European localities, they are in the range of Fuente Vidriera
(Rodríguez-Tovar and Reolid 2013) and Cueva del Agua (Reolid et al. 2013b).
Total sulphur (TS) presents the highest values (0.47%) just above the
marl-limestone rhythmite (CE-31), though the increase of values takes place at the
Pliensbachian-Toarcian boundary within the marl-limestone rhythmite.

The values of d13C from bulk-rock in the marl-limestone rhythmite (Upper
Pliensbachian to Polymorphum Zone) are around 1.20‰, and a negative excursion
of d13C (with amplitude of -0.8‰) occurs from 2 m above the rhythmite (0.41‰,
Fig. 3.28). From there (CE-31 to CE-29), d13C increases to the top of the marls
(reaching 2.47‰). The NJT 6 nannofossil Zone dates the base of the T-OAE
negative excursion and demonstrates that the record of T-OAE in the External
Subbetic is synchronous with many other Tethyan settings (Mattioli et al. 2004,
2008, 2009).

The d18O from bulk-rock mainly changes during Polymorphum Zone and the
lower part of the dark marly interval (Serpentinum Zone). The d18O abruptly
decreases in the Polymorphum Zone with minimum values (−2.50‰) at the contact
between the marl-limestone rhythmite and the dark marly interval (with an isotopic
excursion of −055‰). The first dark marly bed (CE-31) records the subsequent
positive isotopic excursion (+1.0‰, reaching −1.50‰). After the first two metres of
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dark marls, the d18O returns to values comparable to those of the Upper
Pliensbachian.

The content, at ppm, of redox-sensitive elements Co, Cr, Cu, U and Th increases
from the base of the Polymorphum Zone (Lower Toarcian), but the highest values
occur in the first two metres of the dark marly interval (Fig. 3.28). The maximum
value of U occurs in the first 60 cm (CE-31); the maximum value of Co occurs from
60 to 90 cm (CE-30); and maximum values of Cr, Cu and Th occur from 90 to
195 cm (CE-29) above the top of the rhythmite. The stratigraphic coincidence of
maximum contents of redox sensitive elements and the negative carbon isotopic
excursion (CIE) is intriguing. In SEM, small pyrite framboids (*4 µm) are also
recorded in the lower part of the marl interval.

3.3.5 Interpretation

The carbon cycle perturbation related to the T-OAE is clearly recorded in the La
Cerradura section by the increase of TOC and redox sensitive elements, the
decrease of CaCO3 and the negative excursion of d13C at the base of Serpentinum
Zone, the NJT 6 nannofossil Zone (Fig. 3.29). Three different phases can be dif-
ferentiated in this section mainly based on benthic assemblages and geochemistry:
(a) Pre-biotic crisis, (b) T-OAE biotic crisis, and (c) recovery.

Pre-biotic crisis phase

This phase is represented by the marl-limestone rhythmite (Algovianum Zone,
Upper Pliensbachian to Polymorphum Zone, Lower Toarcian). This is characterised
by the record of necto-planktic and necto-benthic organisms (ammonites and
belemnites) and minor benthic organisms (brachiopods and bivalves). Through the
marl-limestone interval, deposits are totally bioturbated and reveal no evidence of
primary lamination. In the marl-limestone rhythmite the trace-fossil assemblage is
abundant and relatively diverse with Chondrites, Palaeophycus, Planolites,
Thalassinoides, Teichichnus and Trichichnus (Reolid et al. 2014b). Despite the
scarcity of fossils of benthic organisms, the abundance of trace fossils indicates a
well-developed tiered macrobenthic tracemaker community, associated with
favourable oxygen conditions (oxic to slightly dysoxic). The uppermost tier cor-
responds to a totally bioturbated background, related to an intense benthic activity
on or just below the sea-bottom, in very soft sediments. The middle tier is mainly
represented by a continuous record of Planolites, the tracemakers of which use
oxygen from pore water, and Thalassinoides, Teichichnus and Palaeophycus
recording the activity of mobile organisms, and indicating oxygen availability in the
uppermost part of this tier. The deepest tier comprises small and large Chondrites
and Trichichnus, all representing stationary or semistationary deposit feeders
probably produced in a slightly firmer substrate, in comparatively low oxygen
levels in pore-water (dysoxic) in the deeper tiers (McBride and Picard 1991;
Rodríguez-Tovar and Uchman 2010). Chondrites is commonly attributed to
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r-strategist tracemakers tolerant of very low-oxygen conditions (e.g., Ekdale and
Bromley 1984; Savrda and Bottjer 1986; Wetzel 1994). The presence of for-
aminifera and ostracods from preliminary analyses confirms oxygen availability in
the sea-floor.

Calcareous nannofossil assemblages are characterised by a progressive increase
in placolith-coccoliths, mainly represented by species of the genera Similiscutum/
Biscutum and Lotharingius/Bussonius, and a progressive decrease in Mitrolithus
jansae (Fig. 3.26). These shifts in the assemblages can be interpreted as a response
of the nannoplankton community to a progressive change of the water column
structure. Namely,M. jansae has been interpreted as a deep-dweller species thriving
in the lower photic zone (Bucefalo-Palliani and Mattioli 1995; Erba 2004; Mattioli
and Pittet 2004; Mattioli et al. 2008), whilst placolith-coccoliths (Similiscutum/
Biscutum and Lotharingius/Bussonius) were likely shallow-dwellers (Mattioli and
Pittet 2004; Tremolada et al. 2005; Mattioli et al. 2008) (Fig. 3.29). This attests to
an increase in productivity in the shallow euphotic zone between the end of
Pliensbachian and the base of Toarcian. This would produce a comparative increase
in proportions of meso-eutrophic shallow-dweller coccoliths and as a collateral
consequence of increased production, less light in the deep photic zone, thus
unfavourable conditions for photosynthetic deep-dwellers.

The size of Schizosphaerella decreased from the top of Algovianum Zone
(Pliensbachian), with very low values in the uppermost Pliensbachian (Elisa
Subzone, Emaciatum Zone). Size values of this rock-forming nannofossil are in the
same range as in the central Italy and in Portugal (Mattioli and Pittet 2002; Suan
et al. 2010), where this taxon also drastically decreased in size in the transition from
the Pliensbachian to the Lower Toarcian.

The geochemical proxies and stable isotopes do not fluctuate strongly during the
marl-limestone rhythmite and confirm the absence of relevant changes in the
environmental conditions. The TOC presents a positive peak in the mid Solare
Subzone (Emaciatum Zone, Upper Pliensbachian), but this is not correlated with
any change in other geochemical indicators.

The top of this interval (CE-32) is characterised by an increase in abundance of
fossil macroinvertebrates, mainly ammonites, belemnites and brachiopods. This top
is also characterised by a negative oxygen isotopic excursion. Therefore, it is
probably a condensed or omission surface related to the transgression of the Early
Toarcian (e.g., Hallam 1986, 1987, 2001; Elmi 1996; Hylton and Hart 2000; Ruban
and Tyszka 2005; Wignall et al. 2005; Korte and Hesselbo 2011; Pittet et al. 2014).
The negative excursion of d18O could be correlated to the warming proposed by
McArthur et al. (2000), Bailey et al. (2003), Suan et al. (2010, 2011), García Joral
et al. (2011), Gómez and Goy (2011), and Korte and Hesselbo (2011) in other
basins. In the Subbetic Basin this negative excursion of d18O is also recorded in the
Cueva del Agua section (Reolid et al. 2013b) but not in Fuente Vidriera section
(Reolid 2014a).
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T-OAE biotic crisis phase

This phase is represented in the first two metres of the dark marly interval corre-
sponding to the lower part of the NJT 6 nannofossil Zone (stratigraphically
equivalent to the base of Serpentinum Zone). The main feature, in addition to the
lithofacies change, is the absence of fossil macroinvertebrates and benthic micro-
fossils at the beginning of the dark marl interval (around 40 cm). A drastic decrease
in trace fossil diversity and abundance is registered, with only local records of small
traces assignable to Chondrites (Fig. 3.29). This benthic barren interval reveals
adverse conditions in the sea-floor, probably related to anoxic-dysoxic conditions,
similar to the barren intervals recorded in Cueva del Agua and Fuente Vidriera
sections in the Subbetic (see also Reolid et al. 2013b; Rodríguez-Tovar and Reolid
2013) and Ratnek El Kahla section from Saharan Atlas (Reolid et al. 2012a, b). The
local presence of Chondrites may reflect a later colonisation from above when
oxygen conditions started to improve, favourable for r-strategists tracemakers tol-
erant to very low-oxygen conditions such as Chondrites tracemakers, but not
enough to maintain a diverse and abundant macrobenthic tracemaker community.
Chondrites tracemaker can burrow from above into older anoxic sediments but to
limited depth, probably no more than 20 cm. So, the record of Chondrites in this
interval also implicates the incidental colonisation during the generally anoxic
period. Benthic forms disappear in the first levels of Levisoni Zone or Serpentinum
Zone at other Iberian margins, as reported by Duarte and Soares (2002), Gahr
(2005), García Joral and Goy (2009), García Joral et al. (2011), and Comas-Rengifo
et al. (2013), among others.

Two new taxa of brachiopods described in La Cerradura section, Koninckodonta
sumuntanensis and Atychorhynchia falsiorigo (Baeza-Carratalá et al. 2017),
supported pre-extinction dwarfing and resilience in La Cerradura section like a deep
refugia linked to the Early Toarcian Mass Extinction Event, and an episode of
speciation which is interpreted in terms of a pre-extinction radiation
(Baeza-Carratalá et al. 2017).

All the brachiopods recorded in the La Cerradura section (Liospiriferina,
Koninckodonta, Orthotoma, Atychorhynchia) are consistent with a very stable
external morphotype consisting of a smooth ornament or very faint ribbing pattern,
indicative of deep-water habitats (Vörös 2005; Baeza-Carratalá et al. 2017). The
high evolutionary stability of this kind of deep and resilient environment enabled
smooth latest Pliensbachian-Early Toarcian morphotypes to withstand several
perturbation peaks within the extinction interval. The assemblage of the La
Cerradura nowhere else throughout the Subbetic area. They not only survived the
main mass extinction of the T-OAE, probably recorded in the lowermost
Serpentinum Zone in the expanded La Cerradura section, but also underwent a
radiation during the extinction interval (Baeza-Carratalá et al. 2017) as CE bra-
chiopods diversified their lineages developing new taxa such as Koninckodonta
sumuntanensis and Atychorhynchia falsiorigo. This speciation event occurred in
deep areas which can serve as isolated evolutionary factories due to the trough and
swell configuration of the South Iberian Palaeomargin. The first occurrence of these
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taxa is recorded within the extinction interval and did not reach the repopulation
interval as defined by the first occurrence of S. bouchardi. Thus, they can be
regarded as failed crisis progenitors (cf. Kauffman and Harries 1996; Harries and
Little 1999), as they could have played the role of pioneers that S. bouchardi
achieved.

Environmental conditions were also unfavourable for the development of cal-
careous nannoplankton in the surface waters as well, as confirmed by the drop in
absolute abundances of both coccoliths and Schizosphaerella and also by the
decrease in size of Schizosphaerella (Fig. 3.26). Thus, the conditions were likewise
hostile for calcareous dinoflagellates. Furthermore, the deep photic zone seems to
have been particularly adverse for phytoplankton, as shown by the main decrease in
relative abundance of the deep-dweller M. jansae (Figs. 3.26 and 3.29), probably
related to shoaling of the oxygen minimum zone in the water column (Reolid et al.
2014b). Only the proportions of placoliths and Lotharingius/Bussonius relatively
increased, but this could be related to a closed-sum effect. The proportion of
Similiscutum keeps values higher than in Pliensbachian. This is a meso-eutrophic
coccolith taxon (e.g., Bucefalo-Palliani et al. 2002; Mattioli and Pittet 2004) that
may indicate relatively high trophic resources. The absence of ammonoids and
belemnites in this interval indicates adverse conditions in the water column,
probably related to poor oxygenation.

The base of the dark marly interval is characterised by the negative excursion of
d13C (base of Serpentinum Zone, the NJT 6 nannofossil Zone) and increasing d18O
values. The negative CIE occurring in this interval is widely known in the literature
(e.g., Jenkyns and Clayton 1997; Mattioli et al. 2004, 2009; Hesselbo et al. 2007;
Suan et al. 2008, 2010; Hermoso et al. 2009; Littler et al. 2010). However, the
increase of d18O after the condensed surface, during the biotic crisis, is not cor-
related to the negative excursion of d18O identified by Bailey et al. (2003), Suan
et al. (2010, 2011), García Joral et al. (2011), Gómez and Goy (2011), among
others.

Increasing values of TOC, TS and redox sensitive elements (Co, Cr, Cu, Th and
U) confirm the oxygen restricted conditions (Figs. 3.28 and 3.29). Similar trends
have been recorded in the Cueva del Agua and Fuente Vidriera sections (e.g.,
Reolid et al. 2013b; Rodríguez-Tovar and Reolid 2013) and other southwestern
Tethyan areas such as the Saharan Atlas (Reolid et al. 2012a, b, 2014a). Pyrite
framboids <5 lm size confirm anoxia, probably widespread within the water col-
umn at any moment, as the small mean diameters (3–5 lm) with very limited size
range are indicative of euxinic conditions (Wilkin et al. 1996; Bond and Wignall
2010; Dustira et al. 2013; Gallego-Torres et al. 2015). Van de Schootbrugge et al.
(2013) propose that a phytoplankton shift occurred, with the establishment of
photic-zone euxinia, driven by a salinity stratification and warming of surface
waters. Studies from other outcrops in the External Subbetic propose water stag-
nation like in the Fuente Vidriera section (Rodríguez-Tovar and Reolid 2013;
Reolid 2014a) and in the Cueva del Agua section (Reolid et al. 2013b), but anoxia
is only proposed in the Cueva del Agua section in the dark laminated marl interval.
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As indicated in the previous sections of the External Subbetic, the TOC values
for this interval (0.4 wt%) would lie within the lower range of those registered in
other Tethyan Toarcian sections. A potential explanation for the low TOC values in
this setting could be a decline of calcareous nannoplankton and dinoflagellates due
to the hostile conditions in the water column during the T-OAE. However, a drop in
nannofossil abundance and the temporary disappearance of dinoflagellates is a
common feature all around the Tethys (e.g., Bucefalo-Palliani et al. 2002; Mattioli
et al. 2004; van de Schootbrugge et al. 2005a), also in sections where TOC is
higher. Therefore, low productivity in the phytoplankton is not the reason why TOC
is low in the La Cerradura section and in other sections of the Subbetic (Sandoval
et al. 2012; Reolid et al. 2013b; Rodríguez-Tovar and Reolid 2013). Low TOC
content of sections in the South margin of Tethys with respect to sections in North
Tethys can be due to climatic differences (humidity vs. dryness, as discussed by van
de Schootbrugge et al. 2005b) leading to more or less effective water stratification
of the basin. Other studies relate the absence of anoxic conditions with low TOC,
for example in the Cantabrian Basin, North Spain (Gómez and Goy 2011).
However, the La Cerradura section shows evidence of temporal anoxia, even if
TOC is low. Suan et al. (2013) has discussed the preservation of the TOC signal in
Beaujolais (Central France), drawing comparisons with outcrops from the
Lusitanian Basin (Portugal) and SW Germany, and the influence of recent weath-
ering in TOC loss due to the infiltration of O2-rich meteoric water. For this reason,
extreme caution should be applied when interpreting the palaeoenvironmental
significance of low TOC sediments, and it is necessary to support the interpretations
with redox proxies, nannofossils, microfossils and/or ichnofossil assemblages.

Recovery phase

This phase is recorded as starting 2 m above the base of the dark marly interval. It is
a fossil-poor interval containing belemnites, very small brachiopods, juvenile
ammonites, foraminifera and ostracods. A repopulation phase with opportunistic
strategy occurs typified by Soaresirhynchia bouchardi (Baeza-Carratalá et al.
2017).

The trace fossils show a gradual recovery with increasing diversity and abun-
dance (mainly small Planolites and Thalassinoides), but still below the levels of the
marl-limestone rhythmite during the pre-biotic crisis. These features indicate
improved oxygen conditions in the sea-floor. Reolid et al. (2014b) reveal the
presence of serpulids and foraminifera encrusting belemnite rostra and microbor-
ings, including those produced by cirripedes, pointing to an improved oxygenation
level at the sea-floor. The record of root fragments of crinoid encrusted by
Bullopora tuberculata also indicates oxygenation of the sea-floor. Toarcian crinoids
have been interpreted as floating at the sea surface attached to driftwood fragments
(e.g., Simms 1986; Seilacher and Hauff 2004). The remains in the dark marly
interval of the La Cerradura section include coated roots of crinoids, however,
indicating anchorage to a soft bottom (s. Seilacher and MacClintock 2005). Whole
cirral and columnar complexes with a cortical stereom in continuity with core
ossicles is coated, resulting in a loss of flexibility in such roots. Seilacher and
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MacClintock (2005) propose that this kind of root was coated by a tough,
tight-fitting cuticular sock that protected the living epidermis against toxic pore
water in reduced zones of the sediment. This is congruent with the record in bed
CE-28, directly over the benthic barren interval where the sediment pore-water
would be very deficient in oxygen.

The amelioration in environmental conditions is also indicated by a greater
absolute abundance of calcareous nannofossils and the greater diameter of
Schizosphaerella valves. The relative abundance of the deep-dweller Mitrolithus
jansae increases again, corroborating the improved oxygenation in the deep photic
zone. The relative proportions of Crepidolithus increased in the upper part of the
dark marly interval, although this is not a dominant species in the La Cerradura
section. A similar rise in the abundance of Crepidolithus has been recorded in other
Tethyan settings (Mattioli et al. 2008; Mailliot et al. 2009). Such an increase attests
to the re-establishment of primary production in the entire photic zone, which most
likely resulted in improved biomass production (Mailliot et al. 2009). This inter-
pretation is further supported by relatively high proportions of Similiscutum (a
meso-eutrophic taxon), higher than in Pliensbachian. These data indicate the per-
sistence of high mesotrophic conditions after the T-OAE, or possibly higher values
than during the Late Pliensbachian.

Geochemistry indicates the progressive recovery of carbonate production, some
beds having 50% of CaCO3. The TOC and the redox sensitive elements decrease
throughout this interval as an evidence of oxygen availability in the sea-floor.
However, some fluctuations reflect minor changes in oxygen conditions.

The values of d13C from bulk-rock also increase after the anoxic event to the top
of the marls. The d18O shows minor fluctuations along this interval, returning to
values of the Upper Pliensbachian.
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Chapter 4
Median Subbetic Outcrops

4.1 Iznalloz Section

The Iznalloz (IZ) section is located in the km 13 of the Granada-Moreda railway
scarpment (N 37° 23′ 24.4″; E 03° 29′ 19.5″), 3 km east of the village of Iznalloz
(Granada Province, Figs. 3.1 and 4.1). The study section pertains to the Toarcian of
the Zegrí Formation, and contains alternating marls and marly limestones in the
lower part with nodular marly limestones (ammonitico rosso facies) in the upper
part (Braga et al. 1981; Reolid et al. 2015).

The studied interval in the Iznalloz section is 18.5 m-thick. It comprises 3.2 m of
yellow limestones, marls and marly limestones (Polymorphum and Serpentinum
zones), 6.8 m of red marls and marly limestones having a nodular appearance, with
intercalations of white laminated limestones (Bifrons and lower part of Gradata
zones), and 8.5 m of nodular limestones and marly limestones (from upper part of
Gradata Zone to Aalensis Zone) (Figs. 4.1 and 4.2).

The Iznalloz section was initially studied by Mouterde and Linares (1960), Rivas
(1972), Braga et al. (1981) and Jiménez (1986), with special emphasis on the
ammonite biostratigraphy, whereas Palomo (1987) focused on clay minerals.
Recently, Reolid et al. (2015) studied the lithofacies and trace fossils. In this section
the T-OAE is not well represented due to the thickness of the Polymorphum and
Serpentinum zones, the presence of stratigraphic gaps as well as the environmental
conditions of this setting favouring the oxygenation. However, this section presents
a very different set of lithofacies during the Toarcian that help in the understanding
of the evolution of the South Iberian Palaeomargin.

4.1.1 Ammonite Biostratigraphy

The Iznalloz section is very rich in ammonites and belemnites, favouring a fine
biostratigraphy both in the marly interval and in the red nodular limestones (Rivas
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1972; Jiménez 1986). Above the micritic limestones of the upper Pliensbachian,
three stratigraphic intervals have been differentiated in the Toarcian of the Iznalloz
section (Reolid et al. 2015; Figs. 4.1 and 4.2).

– First stratigraphic interval (3.2 m): is formed by grey to yellow limestones,
marls and marly limestones with Dactylioceras polymorphum, D. simplex,
Hildaites serpentinus and Murleyiceras evagriori, among others (Rivas 1972;
Jiménez 1986). This assemblage characterises the Polymorphum and
Serpentinum zones (Lower Toarcian).

– Second stratigraphic interval (6.1 m): is composed of grey and red marls and
marly limestones with a nodular appearance, featuring intercalations of white
laminated limestone beds at a decimetric scale. In this interval, the ammonites
Catacoeloceras sp., Hildoceras bifrons, H. sublevisoni, H. semipolitum,
Mercaticeras mercati and Nodicoeloceras sp., determine the Bifrons Zone
(Rivas 1972; Jiménez 1986). The record of Brodieia gradata and B. bayani at
the top of this stratigraphic interval indicates the base of the Gradata Zone
(middle Toarcian).

– Third stratigraphic interval (8.5 m-thick): is constituted by nodular limestones
and secondarily nodular marly limestones, marls and white laminated lime-
stones. The record of Brodieia gradata, Chartronia elegans, Ch. iserensis and
Phymatoceras sp. indicates the Gradata Zone (Middle Toarcian) at the begin-
ning of this stratigraphic interval. The presence of Pseudogrammoceras falla-
ciosum indicates the beginning of the Upper Toarcian (Fallaciosum Zone) from
the base of bed IZ-18. The record of Dumortieria latiumbilicata and
Catulloceras meneghinii characterise the Reynesi Zone, and the occurrence of
Erycites sp., Pleydellia subcompta and P. aalensis from upper part of the IZ-23
confirms the beginning of the Aalensis Zone.

Fig. 4.1 Field view of Iznalloz section and differentiates stratigraphic intervals for the Toarcian.
Note the inverted disposition of the stratigraphic succession
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Fig. 4.2 Lithological column of the Iznalloz section. Biostratigraphic intervals according to Rivas
(1972) and Jiménez (1986)
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4.1.2 Lithofacies and Microfacies

Four main types of lithofacies were differentiated according to macroscopic and
microscopic features (Figs. 4.2, 4.3, 4.4 and 4.5):

Fig. 4.3 Field view of lithofacies. a Grey-yellow limestones (Lower Toarcian, left) and grey
marls (lower part of Bifrons Zone, Middle Toarcian, right). b Red marls from upper part of Bifrons
Zone (Middle Toarcian) with thin white laminated limestones (white arrows). c Red nodular
limestone (ammonitico rosso facies) from the boundary between Gradata Zone (Middle Toarcian)
and Fallaciosum Zone (Upper Toarcian). d Ericites sp. close to Reynesi-Aalensis zone boundary.
e White laminated limestone (white arrow) intercalated in ammonitico rosso facies of red nodular
limestones from the base of Aalensis Zone (Upper Toarcian). fWhite laminated limestone from the
upper part of Gradata Zone
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(a) Grey-yellow limestones (Fig. 4.3a): Mudstone-wackestone of bioclasts at the
base of the section, and packstone of peloids and filaments (thin shelled
bivalves in larval stages with planktotrophic lifestyle). The grain size is very

Fig. 4.4 Microfacies from Iznalloz section. a Contact between calcareous nodule (left side) rich in
ammonitella and ostracods, and red clay rich matrix (right side) rich in fragments of filaments and
iron oxides, indicated by a dotted line (Aalensis Zone). b Packstone of peloids and filaments from
red nodular limestone (base of Gradata Zone). c Packstone of ammonitellas and echinoderm
fragments from nodules (Aalensis Zone). d Packstone of bioclasts rich in ostracods and
foraminifera from red pseudonodular marly limestone bed (Bifrons Zone). e Packstone of peloids
and filaments from the clay rich matrix between nodules of the red nodular limestones (Reynesi
Zone). f Laminated grainstone of peloids from white laminated limestone (Bifrons Zone). Note fil,
filaments; am, ammonitella; cri, crinoid ossicle; os, ostracod. Scale bar 1 mm
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Fig. 4.5 Lithological column
and stratigraphic distribution
of lithofacies, microfacies and
selected components of
microfacies
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fine (<100 µm). The most abundant bioclasts are filaments and echinoderms.
Trace fossils are scarce and undifferentiated. This lithofacies constitutes the first
stratigraphic interval (Lower Toarcian, Fig. 4.5). Marly layers between lime-
stones contain illite, smectite and chlorite, but no kaolinite (Palomo 1987).

(b) Grey and red marls (Fig. 4.3b): They constitute most of the second stratigraphic
interval (Middle Toarcian p.p.), with a predominance of grey marls in the lower
part and red marls in the upper part. They present common microfossils such as
foraminifera, ostracods and ophiuroids. Palomo (1987) indicated illite as the
main component of clay minerals, with higher contents of smectites in the grey
marls and higher contents of kaolinite in the red marls.

(c) Red nodular limestones and marly limestones (Fig. 4.3c–e): These are red beds
10–45 cm-thick and pseudonodular to nodular appearance, with a continuous
subfacies transition from limestones (calcareous ammonitico rosso) to marly
limestones (marly ammonitico rosso). This lithofacies is dominant in the third
stratigraphic interval. The base of these beds is commonly rich in subhorizontal
trace fossils. These limestones correspond mainly to packstone of peloids and
filaments, a minority being wackestone-packstones of bioclasts (Fig. 4.4a–e).
The matrix among grains is reddish and iron-rich, while peloids and lumps are
grey. Filaments and echinoderms are the most common bioclasts. Filaments are
usually not-oriented or oriented according to nodule edges. Reolid et al. (2015)
indicate that the reddish matrix shows fluidal appearance in some samples. In
Gradata and Aalensis zones, ammonitella (embryonic shells of ammonoids) are
common; while radiolarians are common mainly at the top of the Aalensis
Zone. This lithofacies appears in the Bifrons Zone as decimentric beds among
marly beds (marly ammonitico rosso), and is predominant in the upper part of
the Gradata Zone, where there is an increase in carbonate content, thickness and
nodularity (calcareous ammonitico rosso). In the beds of the Bifrons Zone and
in the Gradata Zone to base of the Aalensis Zone, the nodules are diffuse,
showing very irregular shape and lighter colour with respect to the red back-
ground. In Reynesi and Aalensis zones, the white-grey nodules (1.5–3.5 cm)
are clearly differentiated from the red internodule matrix in short sequences of
increasing nodularity in each bed. In some cases, the nodulous aspect is
restricted to the top of the beds. They are irregular nodules distributed in the
beds as nodule-rich horizons (floated), and the contact between nodules and
internodules is well-marked by the colour. The topmost metre of the section
presents large nodules (1.5–5 cm) with spheroidal shape, the sharp edges
sometimes in contact (not floating in the internodule matrix) with stylolites.
Examination at thin section of this lithofacies shows a compact packing of
peloids (with microstylolites) resulting in a packstone of filaments and peloids
and a fluidal texture in the internodule; in turn, the nodules are packstone-
wackestones of peloids with high amounts of ammonitella, filaments and
radiolarians. Clay analyses of marly interlayers and nodular marly limestones
by Palomo (1987) indicate a dominance of illite, high contents in kaolinite and
the absence of smectites.
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(d) White laminated limestones (Fig. 4.4e, f): This lithofacies is externally lami-
nated and characterised by abundant trace fossils at the base. They are isolated
beds 5–35 cm-thick (usually less than 15 cm), within the other lithofacies.
They present parallel lamination that is well developed at the base of the bed,
where fragmented remains of ammonites, brachiopods and bivalves are also
recorded. Under the microscope they are seen to correspond to laminated
grainstones of peloids (Fig. 4.4f). The laminated appearance is related to the
alternating grain size of the peloids and to the sparitic amount. Echinoderm
fragments and ooids are secondary grains in this microfacies, though locally
abundant in some beds. This lithofacies is recorded, mainly recorded in the
Serpentinum, Bifrons and Gradata zones; yet the thickest level (IZ-24) is
located in the Aalensis Zone (Fig. 4.5). In general the record of this lithofacies
decreases throughout the section. The contact between the white laminated
limestones and the red nodular limestone lithofacies is irregular and sharp.

4.1.3 Microfossil Assemblages

The microfossil assemblage is dominated by filaments, foraminifera and ostracods,
but radiolaria and ammonitella are very abundant in the nodular limestones of the
Aalensis Zone (Figs. 4.4 and 4.5).

Filaments are the most common microfossil, with a size ranging from 5 to 3 mm
for complete valves, but they appear frequently as smaller fragments (Fig. 4.4b).
The filaments are common both in nodular limestones and locally in the white
laminated limestones, where they are oriented according to lamination. In nodular
limestones, filaments are short fragments and they are locally well preserved in
intraclasts and in nodules.

Foraminifera (Figs. 4.6 and 4.7) are dominated by agglutinated forms of
Textulariina (62%), followed by calcitic perforated shells of Lagenina (24%), and
other orders (Milionina, Spirillinina and Robertinina). However, the composition of
foraminiferal assemblages is clearly different in the grey-yellow limestones, the red
nodular limestones and the white laminated limestones. The red nodular limestones
and grey-yellow limestones are dominated by Suborder Lagenina (43%), mainly
uniserial forms (Dentalina and Nodosaria) and coiled forms (Lenticulina).
Textulariina (41%) are dominated by biserial and triserial shells (Verneuilinoides,
Pseudomarsonella and Gaudryina among others). Agglutinated coiled forms are
locally important, with local abundances of Glomospira and Meandrospira. The
foraminiferal assemblage from these lithofacies is completed with Spirillinina (9%),
Milionina (2.5%), undifferentiated encrusters and Robertinina.

The foraminiferal assemblage from the white laminated limestones is clearly
different, characterised with the highest values of Textulariina (81%) and Milionina
(15%), as well as low values of Lagenina (4%). Spirillinina and Robertinina are not
recorded in this lithofacies. The most abundant foraminifera are Verneuilinoides,
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Gaudryina, Glomospira, Pfenderina, Pseudomarsonella and Ophthalmidium. Some
of the genera recorded in the white laminated limestones are exclusively from
shallow environments (e.g., Paleopfenderina, Pseudomarsonella, Quinqueloculina
and Nautiloculina; see Helm 2005; Reolid et al. 2009; among others).

Fig. 4.6 Foraminifera from thin section. a Glomospira (upper specimen) and Nautiloculina
(white laminated limestone, Serpentinum Zone). b. Nautiloculina (white laminated limestone,
Serpentinum Zone). c Ammobaculites (white laminated limestone, Bifrons Zone).
d. Ammobaculites (white laminated limestone, Aalensis Zone). e Gaudryina heersumensis (white
laminated limestone, Bifrons Zone). f Gaudryina heersumensis (white laminated limestone,
Aalensis Zone). g Biserial agglutinated foraminifera (white laminated limestone, Serpentinum
Zone). h Textularia (white laminated limestone, Serpentinum Zone). i Textularia (white laminated
limestone, Aalensis Zone). j Verneuilinoides (white laminated limestone, Aalensis Zone).
k Verneuilinoid (white laminated limestone, base of Gradata Zone). l Spirillina (red nodular
limestone, Gradata Zone). m Nodosaria (red nodular limestone, Reynesi Zone). n Dentalina like
(red nodular limestone, Aalensis Zone). o Lenticulina (white laminated limestone, Bifrons Zone).
p Lenticulina (red pseudonodular limestone, Reynesi Zone). Scale bar 100 µm

4.1 Iznalloz Section 93



The stratigraphic distribution of foraminifera presents two maximum values of
diversity represented by the number of genera, the first one in Bifrons Zone—after
an increasing diversity trend from the base of the Toarcian—and the second one
located in the Aalensis Zone, related to the input of shallow water foraminifera in a

Fig. 4.7 Foraminifera and ostracods from sieved samples from Bifrons and Reysensi zones.
a Ammobaculites agglutinans (Bifrons Zone). b Dentalina sp. (Bifrons Zone). c Nodosaria
sp. (Reynesi Zone). d Nodosaria fontinensis (Bifrons Zone). e Eoguttulina bilocularis (?) (Reynesi
Zone). f Pseudonodosaria vulgata (Reynesi Zone). g Planularia sp. (Bifrons Zone).
h Ammodiscus asper (Reynesi Zone). i Spirillina infima (Reynesi Zone). j Bairdiacypris
rectangularis (Bifrons Zone). k Bairdia eirensis (Bifrons Zone). l Bairdiacypris triangularis
(Bifrons Zone). m Pseudohealdia bispinosa (Bifrons Zone). n Bairdia molesta (Bifrons Zone)
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white laminated limestone bed. The lowest values occur at the base of the section
(Polymorphum Zone) and in the uppermost part of the Bifrons Zone. The highest
proportions of foraminifera typical of shallow water environments are recorded in
the lower part of the section, where white laminated limestones are more frequent,
as well as in the bed IZ-24, which is a thick white laminated limestone within the
ammonitico rosso facies of the Aalensis Zone.

Ostracods (Fig. 4.7) are common in the marls and marly limestones of the Bifrons
Zone (second stratigraphic interval) and in the red nodular limestones of the Gradata
Zone at the beginning of the third stratigraphic interval, and they are scarce in the
white laminated limestones. Ostracods mainly correspond to Order Podocopina
(superfamilies Bairdioidea and Pontocypridoidea)—with an abundance of Bairdia,
Bairdiacypris and Isobithocypris; and secondarily Liasina, Pontocyprella and
Pseudomacrocypris. Bairdioids dominate the ostracod assemblage.

Radiolarids are preserved as recrystallised moulds. They appear in the upper part
of the Bifrons Zone and they are more frequent in the top of the section (Aalensis
Zone) inside nodules. This situation has been also reported in Upper Jurassic red
nodular limestones of the Subbetic (Comas et al. 1981).

Ammonitella are recorded from the lower part of the Bifrons Zone (second
stratigraphic interval) and they are very common in the Aalensis Zone (Figs. 4.4c
and 4.5). The mean size of the ammonitellas is 0.9 mm. These embryonic shells are
preserved exclusively in nodules.

4.1.4 Trace Fossils

Trace fossil assemblages vary according to the studied lithofacies (Fig. 4.8). In
grey-yellow limestones the trace fossils are hardly observed and they correspond to
Chondrites, Planolites and Thalassinoides.

In the red nodular limestones (calcareous ammonitico rosso) and nodular marly
limestones (marly ammonitico rosso), trace fossils are very abundant and densely
distributed, with a record of Chondrites, Phycodes, Planolites and Thalassinoides
(Fig. 4.8c, d) Subhorizontal trace fossils are dominant. Chondrites appear in all of
the beds. In the case of the most nodular limestones with nodules with sharp edges,
small Chondrites (1.5 mm in diameter) are restricted to clay-rich intranodules and
are not found inside the calcareous-rich nodules. The largest trace fossils are mostly
located at the base of the beds. In the case of Phycodes and Planolites they reach a
maximum diameter of 7.3 mm, and Thalassinoides reaches 15.5 mm. Colour
infilling of the trace fossils allows for discernment between red and white trace
fossils in each surface; red infilling is recorded in Phycodes, Chondrites and
Thalassinoides, whereas white infilling is observed mostly in Planolites and
Phycodes. White infilling traces cross-cut red infilling structures.

In the white laminated limestones trace fossils (Fig. 4.8e, f) are located in the
base of the beds. Chondrites are absent. Planolites and Phycodes are recorded, as
well as Ophiomorpha, characterised by a well-developed pelleted mud lining. The

4.1 Iznalloz Section 95



maximum size is reached by Ophiomorpha, 6–8 cm in diameter. Different inde-
terminate trace fossils, in some cases showing a probable spreiten infilling, are
common at the base of these beds. In some cases, external moulds of ammonoids
have been recorded overprinting previously formed trace fossils.

Fig. 4.8 Trace fossils. a Planolites from red nodular limestone (Gradata Zone, Middle Toarcian).
b Chondrites mainly located in the matrix between nodules (Aalensis Zone, Upper Toarcian).
c Planolites (white traces) and Thalassinoides (large red traces) from red nodular limestones
(Gradata Zone, Middle Toarcian). d Dense burrowed base of red nodular limestone by Phycodes
(Reynesi Zone, Upper Toarcian). e and f Phycodes and Ophiomorpha from white laminated
limestone (Serpentinum Zone, Lower Toarcian)
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4.1.5 Interpretation

Origin of sediment and lithofacies

The ammonitico rosso facies were associated with epioceanic slopes of a sedi-
mentary swell-trough system related to the extensional phase of continental rifting.
The Iznalloz section shows the progressive installation of ammonitico rosso facies
during the Toarcian with an evolution to hemipelagic swells after the fragmentation
of the carbonate platform. The hemipelagic swells are topographically high sea
bottoms located in epi-oceanic environments, limited by faults (horst-graben sys-
tems or tilted blocks related to listric faults) and developed on continental crust
containing condensed deposits (Santantonio 1993, 1994).

The record of well laminated limestones related to distal deposits of tempestites
or turbidites within the marly interval and the ammonitico rosso facies would point
to slope or foot-slope sedimentary environments. The presence of these beds could
be related to the intensified storm events proposed by Krencker et al. (2015). These
authors interpret an intensification of tropical cyclones during the Toarcian Oceanic
Anoxic Event based on sections from West Europe and Morocco with inner to outer
neritic settings represented. However, in the case of the Iznalloz section, and the
Subbetic in general, this intensification of storm events during the Early Toarcian is
not evident. The white laminated limestones are not restricted to or more abundant
in Lower Toarcian, and they are recorded from Serpentinun to Aalensis zones.
Other Subbetic sections such as Fuente Vidriera, La Cerradura and Colomera have
not tempestite beds (e.g., Rodríguez-Tovar and Uchman 2010; Sandoval et al.
2012; Reolid et al. 2014b).

Carbonates and clay minerals are the main components of the studied lithofacies
(Braga et al. 1981; Palomo 1987; Reolid et al. 2015). The pelagic character of the
swells resulted in isolation or a poor connection with the emerged areas and the
shallow platform. Hence, the input of sediment coming from these areas, including
the carbonate factory, is severely reduced. The sedimentation is limited to the
accumulation of planktic and nektonic organisms (calcareous nannoplankton,
radiolarians, ammonites, nautiloids and belemnites) but probably affected by sed-
iment winnowing by currents (Reolid et al. 2015).

Clay minerals (illite, smectite, chlorite and kaolinite; Palomo 1987) constitute
the other important component, in this case allochthonous. The content of kaolinite
is particularly interesting as a marker of continental runoff, indicative of palaeo-
climatic conditions as well as of some incidence of pedogenesis and
physico-chemical weathering in neighbouring emerged areas (e.g., Parisi et al.
1996; Dera et al. 2009; Hermoso and Pellenard 2014).

In terms of the benthic calcareous productivity, it is worth noting that the depth
of this lithofacies was probably below the euphotic zone, due to the scarcity of
benthic macroinvertebrates (crinoids and brachiopods recorded only locally).
A depth within the euphotic zone could trigger carbonate production by primary
photosynthetic organisms. However, the record of the white laminated limestones
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with common oolites and foraminifera, typical of shallow water environments,
suggests that the shallowest areas of the pelagic swell were within the shallow
euphotic zone (s. Vogel et al. 1995). The white laminated limestones are distal
deposits related to turbidites or tempestites with lamination in the base of the beds.
Ichnological features support the turbiditic character of these lithofacies. Phycodes
has been described as associated to turbiditic facies, usually preserved as convex
hyporelief expressions of endorelief burrow systems on the soles (i.e., Han and
Pickerill 1994; Gong 2001; Uchman and Tchoumatchenco 2003; Savrda 2012;
Monaco and Trecci 2014). Thus, an abundance of Phycodes in the base of the white
laminated limestone beds is compatible with the turbiditic deposition of these
sediments; colonisation by Phycodes tracemaker was relatively immediate after
deposition of the sandy interval, in a loose, unconsolidated substrate, as reflected by
the deformation of Phycodes structures by deposition of ammonite carcasses.

Therefore, the white laminated limestones constitute allochthonous deposits but
within this block of the Median Subbetic. The abundance of lumps and intraclasts in
the other lithofacies—such as grey-yellow limestones, mainly in red nodular
limestones and marly limestones—is also congruent with the transport according to
the slope of a tilted block. The thin-shelled bivalves are common in the studied
lithofacies, and they present different fragmentation degrees; but well-preserved
shells of these delicate organisms are commonly recorded, probably being auto-
chthonous or para-autochthonous.

In the Gradata Zone (Middle Toarcian), the ammonitico rosso facies debut (red
nodular limestones and marly-limestones rich in trace fossils Phycodes, Planolites,
Thalassinoides and Chondrites). Progressively more pelagic conditions and a
restricted connection with emerged lands and carbonate platforms are reflected by
the decrease in sedimentation rate, lesser input of turbidite-tempestite sediments
(white laminated limestones) and increase of ammonitellas and radiolarids. The
combined action of burrowing, compaction and dissolution controlled nodulation,
which ranges from diffuse nodules to sharp edge nodules (Reolid et al. 2015). The
sedimentation rate conditioned the time available for nodule growth, the migration
of the Ca2+ and HCO3− precipitation horizon, and the nodulation degree (from
horizons with diffuse edge nodules or semicontinuous to continuous layers formed
by the coalescence of sharp edge nodules) (Fig. 4.9). Nodules are mainly composed
by calcite whereas internodule areas are enriched in clay minerals as evidenced by
X-ray microfluorescence mapping of elements (Fig. 4.9).

The differentiation between clay- and carbonate-rich areas within the sediment,
in association with nodulation, is also favoured by burrowing (e.g., Fürsich 1973,
1979; Eller 1981; Reolid et al. 2015). Given the abundance of burrows in the
nodular limestones of the Iznalloz section, it is evident that the activity of burrowers
enhanced sediment permeability and porewater circulation, and thus the
dissolution-reprecipitation processes.

The composition and richness of trace fossils from the calcareous ammonitico
rosso and nodular marly limestones agree with the influence of bioturbation on
nodular appearance. Thalassinoides has been frequently associated with ammoni-
tico rosso facies and nodularity, reflecting greater substrate consistency during
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colonisation; for this reason it is used as a tool to evaluate sedimentation rates,
minor erosions, discontinuities, or stratigraphic completeness, including examples
from the Betic Cordillera (i.e., Caracuel et al. 1997, 2000; Monaco et al. 2007;
Rodríguez-Tovar and Nieto 2013; Nieto et al. 2014). The abundance of burrows at
the base of some calcareous beds from Gradata to Aalensis zones indicates pauses
in deposition with minor or no erosion (omission surfaces, e.g., IZ-14, IZ-15, IZ-22,
IZ-25, IZ-26), which is normal in a context of low sedimentation rate (e.g.,
Kennedy and Garrison 1975; Fürsich 1979; Braga et al. 1981; Reolid et al. 2010).
In the Iznalloz section, differences in trace fossil composition and fossil infilling
colour observed in the red nodular limestones—red infilling mainly in Phycodes,
Chondrites and Thalassinoides and white infilling mostly in Planolites and
Phycodes—could be related to two episodes of colonisation, reflecting the activity
of two different communities, with minor erosion in between. During deposition of
the red nodular limestone, a coetaneous red infilling trace fossil assemblage is
emplaced. Chondrites, mostly associated to internodule sediment, reveal a less
cohesive substrate, richer in organic matter than the one corresponding to the
nodules. Later, during the deposition of white sediments, a white infilling trace
fossil assemblage cross-cuts the previous one. These two successive communities
must have been replaced in a short time, without significant environmental changes.
The white laminated limestones are, in general, poorly developed in the nodular
facies and support the interpretation of a short time deposition and/or minor erosion
of the white sediments.

In comparison with ammonitico rosso facies, the trace fossils from the white
laminated limestones indicate that these peloidal deposits constituted a loose-
ground. This is also in agreement with the record of Ophiomorpha.

Fig. 4.9 Polished slab of red nodular limestone of the Upper Toarcian from Iznalloz section and
X-ray microfluorescence compositional maps for Ca, Si, Al and K. See the white nodules
correspond to Ca-rich areas (calcite), and red internodules correspond to areas comparatively rich
in Si, Al and K (higher concentration of clays)
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Oxygenation

In general terms, ichnofossil and microfossil assemblages (foraminifera, ostracoda
and echinoderm fragments) recorded in the Iznalloz section indicate good oxy-
genation in the sea-bottom. The abundance of ammonoids, as well as the record of
belemnites, also indicates good oxygen conditions in the water column.

Trace fossil composition and abundance are indicative of the good oxygenation
degree, both in white laminated limestones and in ammonitico rosso facies. Trace
fossils (Chondrites, Planolites and Thalassinoides) are less common and poorly
observed in grey-yellow limestones of the Lower Toarcian.

In the ammonitico rosso facies, the Phycodes dominated assemblage reveals a
predominance of deposit-feeders, probable tracemakers being vermiform annelids
and crustaceans. In this context of oxygen availability, the diversity of behaviours
(Phycodes fodinichnia, Chondrites chemichnia, Thalassinoides domichnia-
fodinichnia, and Planolites pascichnia) reveals food content availability at the
sea-bottom.

The foraminiferal assemblage of the white laminated limestone also indicates
good oxygen availability in the source area, surely in shallower environments, due
to the allochthonous character of these turbidites or tempestites.

In autochthonous lithofacies (grey-yellow limestones, grey-red marls and red
nodular limestones and marly limestones) the foraminifera are well represented
from potential deep infaunal forms (e.g., Eoguttulina, Lenticulina, Verneuilinoides
and Reophax) to shallow infaunal (e.g., Ammobaculites, Astacolus, Dentalina,
Marginulina, Nodosaria) and epifaunal forms (e.g., Glomospira, Ophthalmidium,
Spirillina, Trochammina). This is clearly related to a high degree of oxygenation
(e.g., Reolid et al. 2008; Olóriz et al. 2012). The dense burrowing favoured the
oxygenation of the infaunal microhabitats of foraminifera.

The absence of the dark interval that typically characterises oxygen restricted
biofacies with preservation of organic matter related to the Toarcian Oceanic
Anoxic Event (as evidenced in External Subbetic sections such as La Cerradura,
Cueva del Agua and Fuente Vidriera), would confirm the oxygen availability in the
sea-bottom. These deposits, mainly the ammonitico rosso facies, are reddish due to
the slow sedimentation under fully oxidizing conditions (e.g., Jenkyns 1971).
According to Hallam (1967) and Berner (1969), the red colour is related to dia-
genetic alteration of goethite to hematite.

The physiography of the bottom in this setting during the Toarcian—evolving to
pelagic swell affected by currents—was unfavourable to water stagnation and
oxygen depleted conditions. However, these adverse conditions for benthic
assemblages were recorded in comparatively deeper parts (subsident troughs) of the
Subbetic dominated by expanded successions with marl-limestone rhythmites and
dark marls (Reolid et al. 2013b, 2014b; Rodríguez-Tovar and Reolid 2013; Reolid
2014). In addition, oxygenation was favoured by the tempestite-turbidite imputs to
the bottom waters during the Early Toarcian. In the Polymorphum and Serpentinum
zones, the foraminiferal assemblages confirm good oxygenation with no dominance
of opportunists such as Lenticulina, Reinholdella and Eoguttulina (Reolid et al.
2012a, b, 2014a; Reolid 2014; Rita et al. 2016).
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Nutrient content

In the context of oxygen availability, a diversity of feeding behaviours reveals food
content availability at the substrate. Phycodes has been related to a variety of
behavioural activities, usually linked to the means of exploiting nutrient-rich sed-
iments (Han and Pickerill 1994; Mángano et al. 2005). Complex Thalassinoides-
Phycodes compound burrows have been related to dwelling-deposit feeding
structures operating for relatively long intervals; reburrowing by Chondrites is
associated with storage of organic material or feces and cultivating bacteria, as a
behaviour that supplements deposit feeding (Miller 2001). As previously com-
mented, the presence of Chondrites mostly associated to internodule sediment could
reflect a comparatively higher abundance of organic material in the internodule
substrate.

The diversity of benthic foraminifera confirms nutrient availability throughout
the section, but not high values, probably owing to the hemipelagic context. The
highest diversity values are related to allochthonous deposits, represented by the
white laminated limestones, where foraminifera with epifaunal/epiphytal behaviour
(Ammodiscus, Glomospira, Meandrospira, Nautiloculina, Trochammina,
Ophthalmidium, Quinqueloculina, Spirillina and Conicospirillina) reach maximum
values. These fauna come from a shallow environment with high productivity and
water energy, where bacterial scavengers, phytodetritivores, grazing herbivores and
primary weed fauna proliferate (e.g., Reolid et al. 2013a).

In the grey-yellow limestones, grey and red marls and red nodular limestones,
the Suborder Lagenina dominates the foraminiferal assemblage, with shallow to
deep infaunal forms being active deposit feeders, bacterial scavengers and grazing
omnivores (mainly Astacolus, Dentalina, Lenticulina, Nodosaria and
Marginulina); epifaunal grazing herbivores are represented by scarce Spirillina,
Epistomina and Trochammina (Reolid et al. 2013a, 2014a). In these lithofacies,
foraminiferal assemblages indicate that nutrients were exploited mainly in the
infaunal microhabitat for foraminifera, perhaps related to the byproducts (fecal
matter and mucous excretions for burrow stabilisation s. Petrash et al. 2010) of
macroinvertebrate burrowers.

Palaeoenvironmental reconstruction

The evolution of the Central Median Subbetic in this area is mainly controlled by
the rupture of the Lower Jurassic shelf during the late Pliensbachian (Vera 1988), in
a scenario resembling other Tethyan Domains recorded in the Western Alps
(Dercourt et al. 1985; Funk et al. 1987), Southern Alps (Bosellini 1973; Winterer
and Bosellini 1981), Apennines (D’Argenio 1974; Cecca et al. 1992; Parisi et al.
1996), western Slovenia (Rozic and Smuc 2011), Rif Cordillera (El Kadiri 2002),
Traras Mountains (Marok and Reolid 2012), Saharian Atlas (Elmi and Almeras
1984; Yelles-Chaouche et al. 2001), High Atlas of Morocco (Ettaki et al. 2000;
Ettaki and Chellaï 2005), and the Central Atlas of Tunisia (Soussi and Ben Ismail
2000; Soussi et al. 2000). The diversified physiography of the Subbetic basin during
the Toarcian, related to synsedimentary tectonic activity and circulation patterns,
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probably determined different intensities of ventilation conditions on the sea-floor.
As happens in other areas of the southern Tethys, such as Apulia and the North
African Margin, the Toarcian deposits overlie basinal pelagic limestones containing
cherts as well as thick hemipelagic marly-limestone sequences (e.g., Marok and
Reolid 2012). The Early Toarcian transgression (Haq et al. 1987; Hallam 1988,
2001) does not indicate the drowning of carbonate platforms because it usually
overlies hemipelagic deposits of the upper Pliensbachian. Progressive fragmenta-
tion of the Lower Jurassic platform is even reflected by the input of turbidites or
tempestites in the first and second stratigraphic intervals (mainly Serpentinum and
Bifrons zones), represented by the white laminated limestones consisting almost
exclusively of peloids, thin-shelled bivalves and shallow foraminifera. These tur-
bidites were originated from fragmented drowned platform margins and subse-
quently redeposited along slopes of the tilted blocks. Therefore, the intercalations of
white laminated limestones reflect regionally recognised events that characterised
the sedimentary evolution of the Median Subbetic at the end of the Early Jurassic.
The record of slumps in nearby areas of the Median Subbetic (e.g., Colomera
section, 15 km west) reflects uneven sea-bottom palaeotopography that originated
during an early to middle Toarcian phase of accelerated subsidence. The Lower
Toarcian clay mineral association (illite, smectite, chlorite, s. Palomo 1987) is
characteristic of a hemipelagic environment with a low influence of emerged reliefs.
Given the transgressive context of the Early Toarcian (Haq et al. 1987; Hallam
2001) the source area of the clays (emerged land) was comparatively far away.

During the Middle and Late Toarcian the pelagic swell became fully installed in
epi-oceanic conditions. The progressively more reddish facies show increasing
contents in kaolinite and nodularity, and a less common record of white laminated
limestones. The second stratigraphic interval is a marly ammonitico rosso, while the
third stratigraphic interval increases in carbonate content and in the record of
omission surfaces, resulting in calcareous ammonitico rosso (increasing nodulation
toward the top of the section). A progressively higher condensation degree in the
section can be deduced from these facies changes. However, this higher conden-
sation for ammonitico rosso facies is not justified in this section. Stratigraphic
condensation (as well as the presence of expanded sections) should be measured on
the basis of thickness for a given (the same) time interval (i.e., Gómez and
Fernández-López 1994) reflecting on this way the sedimentation rate. Within the
Iznalloz section, the Polymorphum Zone is much thinner than any other biozone of
the section but this is affected by the hiatuses located in the Pliensbachian-Toarcian
boundary and in the Polymorphum-Serpentinum zone boundary also recorded in
other sections of the Subbetic (e.g., Nieto et al. 2008; Reolid et al. 2014b). The
Serpentinum Zone has duration of 1.08 Ma for Ogg and Hinnov (2012), 1.5–
1.62 Ma for Boulila et al. (2014) and 1.31 Ma for Ruebsam et al. (2014) and is
2.62 m-thick, but is not represented by ammonitico rosso facies (sedimentation rate
ranging from 0.24–0.16 cm/kyr). The Aalensis Zone, represented by ammonitico
rosso facies is 3.00 m-thick for a duration of 1 Ma in Gradstein et al. (2004),
0.13 Ma for Ogg and Hinnov (2012) and 0.44–0.51 Ma in Boulila et al. (2014)
(2.3–0.59 cm/kyr), so it can be said that is relatively expanded respect to the
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Serpentinum Zone, but represented by the supposed condensed ammonitico rosso
facies. There is not necessarily a univocal relationship between condensation and
ammonitico rosso facies.

Estimations of sedimentation rate are of limited value because much of the time
involved in the deposition of the red nodular limestones is represented by ubiqui-
tous omission surfaces (Reolid et al. 2015) and the alluded disagreement of the
proposals of duration for the different zones of the Toarcian Stage. However, it
seems that sedimentation rate is not the main controlling factor for developing
ammonitico rosso facies. The installation of pelagic swell in this area of the
Subbetic, entailing isolation from sediment sources (emerged areas and carbonate
factory represented by the Prebetic shelf) as well as the sea-level fall during the
Middle-Late Toarcian (e.g., Hallam 1988, 2001), came to favour the
sediment-winnowing by currents and seawater circulation in the uppermost sedi-
ment column, triggering early marine lithification and the subsequent nodulation.
An increasing pelagic influence is signalled by the abundance of radiolarids and
ammonitellas in the most calcareous ammonitico rosso.

The increase of kaolinite just in the third stratigraphic interval does not fit the
trends described by Dera et al. (2009). These authors point to a kaolinite enrichment
during Falciferum and Bifrons zones, and a decrease in kaolinite content during the
Late Toarcian. These trends are held to be related to a warm climate with efficient
runoff during the Falciferum and Bifrons zones, with cooler and drier climate
during the Late Toarcian, mainly in northern parts of the Peritethyan Realm (Dera
et al. 2009, 2011). In contrast, Reolid et al. (2015) interpret the absence of kaolinite
during the Early Toarcian in the Median Subbetic as being related to high sea-level
and relatively great distances to emerged lands; meanwhile, increasing values of
kaolinite related to ammonitico rosso facies resulted from a low sea-level, favouring
emersion of Subbetic islands. A latitudinal climatic zonation is envisaged, and the
weathering and hydrolysis of emerged lands during Late Toarcian was possible in
southern Tethys margins, despite the cooler conditions interpreted by other authors
(e.g., Dera et al. 2009, 2011). According to Cecca et al. (1992), the Toarcian
ammonitico rosso facies occurred between 15° and 30° N latitude, and it is
widespread in the Mediterranean Tethys of the North Gondwana Palaeomargin
(Apulian promontory and North African Margin) and the southern Iberian
Palaeomargin (Betic Cordillera). The kaolinite-rich association of the Middle and
Upper Toarcian must have been deposited under the influence of nearby emerged
areas (perhaps Subbetic islands), as shown by the greater abundance of kaolinite
and the decrease of smectite.

4.2 Arroyo Mingarrón Section

The Arroyo Mingarrón section is located in the Granada Province, 1 km northeast
to the Colomera village, in front of the village, in the Mingarrón ravine (37° 22′
54.33″ N; 3° 42′ 27.18″W; Figs. 3.1 and 4.10). An additional section is observed in
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the Colomera Village, from threshing floors to the Roman Bridge over the
Colomera River (Fig. 4.11).

The Arroyo Mingarrón section, as well as the Colomera section, shows the
progressive development of the ammonitico rosso facies during the Toarcian with

Fig. 4.10 Field view of the Arroyo Mingarrón section. a Yellowish marl and limestone alternance
of the Uppermost Pliensbachian-Lower Toarcian (Polymorphum Zone). b Ammonite mould
(Canavaria) in the uppermost Pliensbachian. c marls of the Lower Toarcian (Serpentinum Zone) to
Middle Toarcian (Bifrons Zone). d Marly to calcareous ammonitico rosso facies of the Upper
Toarcian. e Detail of the calcareous ammonitico rosso with sharp edge nodules. f Ammonite mould
(Pseudogrammoceras) from the ammonitico rosso facies (Upper Toarcian)
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the onset of a hemipelagic swell. The analysis of the Arroyo Mingarrón section
focused on the analysis of lithofacies and microfacies with a biostratigraphic control
provided by calcareous nannofossils.

Fig. 4.11 Field view of the Colomera section. a Perspective from the blue-greish marl-limestone
rhythmite of the uppermost Pliensbachian-Lower Toarcian to red ammonitoco rosso facies of the
Upper Toarcian (view from Google Earth). b Blue-greish marl-limestone rhythmite of the
uppermost Pliensbachian-Lower Toarcian, the relief in the bottom corresponds to the
Pliensbachian cherty limestones. c Blue-greish marls and limestones rhythmite of the Lower
Toarcian. d Blue-greish marls and limestones rhythmite of the Lower Toarcian and red
ammonitico rosso marls and nodular limestones in the upper part. e Slumps affecting the red marls
and limestones of the Middle Toarcian. f The upper part of the Colomera sections is more
calcareous and nodular (Upper Toarcian)
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4.2.1 Lithofacies and Microfacies

The study section starts with a lower stratigraphic interval composed by yellowish
marl-limestone alternances (11.3 m thick, Fig. 4.10a, b) developed over the cherty
limestones of the Pliensbachian (Gavilán Fm). The lower part of this interval is
characterised by ammonites of the genera Emaciaticeras and Canavaria (beds
CO-1 to CO-30; Fig. 4.10b), while the upper part presents Protogrammoceras and
Dactylioceras. The microfacies is characterised by peloidal mudstones to wacke-
stones (Fig. 4.12a).

The second stratigraphic interval (42.8 m thick) consists of blue-greyish marls
with scarce marly-limestone interlayers (Fig. 4.10c). Ammonites are scarce and
poorly preserved. Trace fossils are close to those described in La Cerradura section,
with dominance of Planolites. Clay content is high with dominance of illite and
smectite, and chlorite.

The third stratigraphic interval (10.1 m thick) is constituted of reddish
pseudo-nodular marls and marly-limestones (Fig. 4.10d). They are marly ammo-
nitico rosso facies like those described in the Iznalloz section, but trace fossils are
less common and poorly preserved compared to those of the Iznalloz section. These
facies progressively change to red nodular limestones, the calcareous ammonitico
rosso facies (Fig. 4.10e). The boundary between nodules and internodules is
well-marked by the colour change, white nodules and red internodules. The largest
nodules (3–5 cm) are located in the upper part of the section and they present
spheroidal shape with the sharp edges usually in contact with stylolites forming
more or less continuous nodular horizons. Trace fossils are scarcer than in the
ammonitico rosso facies from Iznalloz section and they are represented mainly by
Thalassinoides. Phycodes and Chondrites were not recorded whereas they are
highly abundant in the Iznalloz section. The microfacies are packstones of peloids,
filaments and ammonitella (Fig. 4.12b–d). Kaolinite content increases in this
stratigraphic interval as occurs in the Iznalloz section.

The complementary Colomera section (Fig. 4.11) differs respect to the Arroyo
Mingarrón section in the second stratigraphic interval here represented by a
blue-greyish marls with abundant marly-limestone interlayers (24 m thick). This is
thinner and with more carbonate than in the Arroyo Mingarrón section. The third
stratigraphic interval in the Colomera section is represented by marly ammonitico
rosso facies with Thalassinoides and Zoophycos, affected by slumps (39 m thick).
The top of the section consists of 10 m of calcareous ammonitico rosso facies
similar to those described in the Iznalloz and Arroyo Mingarrón sections, but
locally with high amount of Zoophycos.
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4.2.2 Calcareous Nannofossil

Both coccoliths and the incertae sedis nannolith Schizosphaerella are in general
poorly to very poorly preserved in the Arroyo Mingarrón section, with exception of
a few samples (Figs. 4.13 and 4.14). Severely overgrown specimens of
Schizosphaerella, with development of secondary fringes, and of Mitrolithus jansae
are commonly recorded. In spite of this poor preservation, almost all the samples
are productive, although nannofossil abundance is low. Assemblages are largely
dominated by Schizosphaerella and M. jansae in the Upper Pliensbachian and
Lower Toarcian, by Schizosphaerella and Lotharingius species (mainly L. hauffii
and L. frodoi) in the upper part of Lower Toarcian and Middle Toarcian, and by
Carinolithus superbus and Discorhabdus (D. ignotus and D. striatus) in the Middle
Toarcian and at the base of the Upper Toarcian. This assemblage indicates a
south-Tethyan affinity for the Arroyo Mingarrón section.

Some first occurrences (FO) and one last occurrence (LO) of coccolith species
allow dating the section according to the biozonation scheme of Mattioli and Erba
(1999) created for the south-Tethyan region. The assemblage at the base of the
section is latest Pliensbachian in age and belongs to the NJT 5a nannofossil subzone
(Mattioli and Erba 1999). In sample CO-11, the FO of Lotharingius sigillatus is
recorded, marking the base of the NJT 5b subzone. Although Mattioli and Erba
(1999) reported this subzone at the base of the Toarcian, a recent study (Mattioli
et al. 2013) shows that it encapsulates the Pliensbachian/Toarcian boundary as L.
sigillatus first occurs in the latest Pliensbachian Emaciatum ammonite Zone in the
Peniche GSSP section. Because in this last reference section the FOs of Biscutum
intermedium and Lotharingius aff. L. velatus did occur at the very end of
Pliensbachian (Oliveira et al. 2007; Mattioli et al. 2013), we tentatively place the
Pliensbachian/Toarcian boundary slightly above these FOs, between samples
CO-30 and CO-31.

The contemporaneous FOs of Carinolithus superbus and C. poulnabronei allow
placing the base of the NJT 6 in the sample CO-48. This is the first sample of the
blue-greyish marls that compound the second stratigraphic interval. This datum is
very significant because the Early Toarcian Anoxic Event (T-OAE) is consistently
recorded within the NJT 6 (Mattioli et al. 2004). Another relevant event is the LO of
Mitrolithus jansae in the sample CO-78, that is usually recorded at the end of the

JFig. 4.12 Most significant microfacies from Arroyo Mingarrón section. a Wackestone of
radiolarians (yellowish marl-limestone alternance, NJT 5b nannofossil Subzone, uppermost
Pliensbachian). b Wackestone-packstone of filaments and ostracods (calcareous ammonitico rosso
facies, NJT 7b nannofossil Subzone, Upper Toarcian). c Wackestone of ammonitella
(marl-limestone rhythmite, NJT 7a nannofossil Subzone, Middle Toarcian). d Packstone fo
filaments and peloids (calcareous ammonitico rosso facies, NJT 7b nannofossil Subzone, Upper
Toarcian). e Packstone of lumps and peloids with thinning upward trend (blue greish marls, NJT 6
nannofossil Zone, Lower Toarcian) and incipient lamination. f Packstone of lumps and peloids
with thinning upward trend and small trace fossils of Chondrites (blue greish marls, NJT 6
nannofossil Zone, Lower Toarcian). Scale bar 1 mm
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T-OAE (Mattioli et al. 2004). The top of the NJT 6 zone is marked by the FO of
Discorhabdus striatus (sample CO-93, NJT 7a subzone) closely followed by the
FO of Watznaueria fossacincta (small specimens, sample CO-94). The NJT 7a
subzone spans the uppermost part of Lower Toarcian and the Middle Toarcian
(Mattioli and Erba 1999). Discorhabdus criotus, which usually first occurs at the
base of the Upper Toarcian, marks the base of the NJT 7b subzone (sample
CO-141). The ammonitico rosso facies of the upper part of the Arroyo Mingarrón
section would thus correspond to the base of Upper Toarcian.

Fig. 4.13 Distribution of species of calcareous nannofossils recorded in Arroyo Mingarron
section, nannofossil zones and general preservation of assemblages. Classification of nannofossils
by Prof. Emanuela Mattioli (Univ. Lyon)
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4.2.3 Geochemistry

The analysis of geochemical proxies for palaeoproductivity, redox conditions, and
detritism does not show significant trends in the Arroyo Mingarrón section. The
yellowish marl-limestone alternance (NJT 5a and NJT 5b zones) displays an
increasing trend of the TOC from 0.1 to 0.3 wt%. The d13C ranges between 0.45
and 0.89‰, and d18O ranges between −2.73 and −3.23‰.

Fig. 4.14 Most significant calcareous nannofossils recorded in Arroyo Mingarrón section.
Pictures by Prof. Emanuela Mattioli (Univ. Lyon). a Schizosphaerella spp. b Mitrolithus jansae.
c Tubirahbdus patulus. d Calyculus spp. e Similiscutum finchii. f Discorhabdus striatus.
g Discorhabdus criotus. h Carinolithus poulnabronei. i Carinolithus superbus. j Bussonius
leufuensis. k Lotharingius frodoi. l Lotharingius sigillatus. m Lotharingius crucicentralis.
n Lotharingius velatus. o Watznaueria colacicchii. p Watznaueria fossacincta. Scale bar 5 µm

110 4 Median Subbetic Outcrops



The lower part of the blue-greyish marls (NJT 6 Zone) shows a progressive
increase of d13C except for the decrease from 1.47 to 0.80‰ (a slight negative
excursion of −0.77‰) coincident with the lowest diversity values of calcareous
nannoplankton (Fig. 4.15). This is also coincident with the highest values of the
Mg/Al ratio (a fluvial detrital proxy according to Chester et al. 1977). The lowest
values of CaCO3 content (26 wt%) together with the highest values of TOC (0.32
wt%) are recorded in the upper part of the NJT 6 Zone, 10 m above the minimum
values of the calcareous nannoplankton diversity.

The upper part of the blue-greyish marls, corresponding to the NJT 7a Zone,
evidences an increasing carbonate content (Fig. 4.15). The highest values of d13C
are recorded at the beginning of this zone (3.08‰) and subsequently decrease to the
top (1.74‰). The d18O does not change and keeps values around −2‰. The TOC
values are very low (from 0.23 to 0.09 wt%). The Total Sulphur curve describes the
same trends as the TOC. The lowest values from Arroyo Mingarrón section for
Mg/Al ratio are recorded at the top of the NJT 7a.

Fig. 4.15 Stratigraphic distribution of the diversity of calcareous nannoplankton (number of
species), total organic carbon (TOC), total sulphur (TS), d13C, d18O and the detrital proxy (Mg/Al
ratio). The redox and palaeoproductivity proxies are not represented because there is not a
stratigraphic trend
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The reddish marly-limestones and pseudo-nodular limestones (NJT 7b Zone)
experiment an abrupt increase in CaCO3 and Mg/Al ratio. The organic matter
content is extremely low (0.10–0.06 wt%). A positive excursion of the d18O occurs
(reaching −0.42‰).

Taking into account the geochemical data and trends, it is difficult to locate the
position of the T-OAE due to the absence of a clear negative carbon isotopic
excursion. Moreover, the redox proxies, TS and TOC do not correspond to oxygen
depleted conditions. Only the minimum values of nannoplankton diversity in the
lower part of the blue-greyish marls of the NJT 6 Zone with decreasing CaCO3,
slight d13C fluctuations, and increasing Mg/Al ratio could indicate environmental
changes during the early Toarcian.

4.2.4 Interpretation

The Toarcian Ammonitico Rosso context

The ammonitico rosso that characterises part of the Tethyan Jurassic has been
interpreted as deposited at significant distance from a major continental landmass
(e.g., Hallam 1967; Jenkyns 1971; Braga et al. 1981; Cecca et al. 1992). Deposition
of the study sedimentary succession took place on the slopes of a sedimentary
swell-trough system developed in the Subbetic during the Late Pliensbachian, with
a maximum development during the Toarcian (e.g., Braga et al. 1981; Vera 1988;
Reolid et al. 2015). The pelagic swells were common during the Jurassic in the
Tethys Domain, being related to an extensional phase of the continental rifting and
controlled by tectonic subsidence (e.g., Cecca et al. 1992; Santantonio 1994). The
main evidence underlying this interpretation for ammonitico rosso facies from the
Subbetic is the thickness variability of the Toarcian deposits between different
sections (e.g., Iznalloz, Colomera, Arroyo Mingarrón, and La Cerradura) together
with facies changes, in close space-time spans (e.g., Braga et al. 1981; Sandoval
et al. 2012; Reolid et al. 2014b). The pelagic character of the swells results in
isolation or a poor connection with the emerged areas and the shallow platform.
Hence, the input of sediment coming from these areas, including the carbonate
factory, is severely reduced. Moreover, due to the fact that the pelagic swells are
topographic high at the sea bottom, sediment transport by bottom currents is also
limited (Fig. 4.16). The sedimentation is restricted to the rain of calcareous
nannoplankton and radiolarian carcasses, as well as the accumulation of cephalopod
shells (mainly ammonites and secondarily nautiloids and belemnites). In the
nodular limestones, however, the calcareous nannoplankton is relatively scarce
compared with other sections of the Subbetic made up of marl-limestone rhythmites
(Reolid et al. 2014b; Mattioli pers. commun.). This could be interpreted as sediment
winnowing by currents or a diagenetic effect related to the genesis of nodules.
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Nanno-organisms may have been destroyed by recrystallisation as occurred with
overgrown specimens of Schizosphaerella, with development of secondary fringes).

Clay minerals (illite, smectite, chlorite and kaolinite) are the main allochthonous
component. The white laminated limestones occurring in the Iznalloz section, other
allochthonous deposits, are not recorded in the Arroyo Mingarrón and Colomera
sections.

The nodular appearance of the ammonitico rosso is mainly related to the com-
bined action of burrowing and compaction. Dissolution appears to be important
only at the top of the section (Aalensis Zone), where spheroidal nodules with sharp
edges occur.

Fig. 4.16 Interpretative model for the Lower Toarcian of the Median Subbetic. a Transect of the
Median Subbetic. b Evolution of the Colomera-Iznalloz transect during the Toarcian with the
progressive fragmentation of the carbonate platform and tilting of blocks
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Previous researches on the nodular formation of ammonitico rosso facies pro-
posed early marine dissolution of mainly aragonitic shells and subsequent repre-
cipitation as the cause of the lithification and then the formation of nodules. Factors
controlling dissolution and cementation, and the early marine nodular lithification,
include the submarine winnowing of the carbonate mud at the seafloor and the
alteration of sediment properties by burrowing (e.g., Kennedy and Garrison 1975;
Mullins et al. 1980).

The original sediment was probably a homogeneous mix of clay minerals,
micrite, and bioclasts (calcitic such as crinoids and aragonitic such as ammonoid
shells). In a context of low sedimentation rate, e.g., pelagic swells, the dissolution
of aragonite produces the Ca2+ and HCO3

− saturation of pore-water in the
sediment-water interface and the precipitation of Mg-rich polymorphs of calcite.
Therefore, an early diagenetic microenvironmental differentiation (incipient nodu-
lation) of the micritic matrix takes place in the marine porewater zone close to the
sediment-sea-water interface. Yet as sedimentation advances, it produces the
upward migration of the sediment-water interface, and the input of Ca2+ and HCO3

−

into the precipitation horizon (where nodules are growing) is reduced. Finally, a
new precipitation horizon begins in the sediment-water interface when saturation is
reached. Polished slab with different nodular horizons clearly shows this upward
migration process (Fig. 4.9). There is evidence of carbonate-solution processes
during the early diagenesis in the ammonitico rosso of the Arroyo Mingarrón and
Iznalloz sections, with a selective solution of carbonate in some parts of the sedi-
ment and its precipitation in other parts, forming nodules (Reolid et al. 2015).
A frequent effect of dissolution is the disappearance of radiolarids in the matrix.
Different intensities of the solution-precipitation processes result in variable nodule
edge grading from diffuse (Bifrons to Reynesi zones) to sharp (Aalensis Zone). At
the top of the Iznalloz and Arroyo Mingarrón sections, in calcareous ammonitico
rosso facies from the Aalensis Zone, the growth of the nodules proceeded to the
extent of coalescence to produce a semicontinuous or continuous layer of inter-
locking nodules or a massive rock band. In an extreme case, the reddish matrix is
comparatively clay-rich and has a fluidal appearance due to the arrangement of
filaments.

Moreover, topographic sea-bottom highs from oceanic and epi-oceanic domains
are often affected by increased current intensity because of the interaction of bottom
currents with local topography. Enhanced current velocities provide a mechanism
for seawater circulation in the uppermost sediment column, thereby providing Ca2+

and HCO3
− for early cementation in the sediment-water interface (McLaughlin and

Brett 2004), and triggering early marine lithification (e.g., Mullins et al. 1980;
Comas et al. 1981; Reolid et al. 2010). An increased current velocity and hence a
decreased sediment accumulation would be expected during sea-level lowstand
conditions, such as after the Early Toarcian sea-level maximum (Haq et al. 1987;
Hallam 1988, 2001; Jacquin and de Graciansky 1998).
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The differentiation between carbonate-rich and clay-rich areas within the sedi-
ment, in association with nodulation, is also favoured by burrowing (Fürsich 1973,
1979). Organic (mucilaginous) substances on the walls of some trace fossils, as well
as organic matter in the sediment infilling the gallery, could favour dissolution-
reprecipitation processes in two opposite ways: (a) it could imply higher alkalinity
and selective cementation (Fürsich 1973), or (b) the organic matter might produce
acid porewater within the gallery infilling sediment, leading to selective dissolution
of early diagenetic carbonate cements and the subsequent heterogeneous com-
paction of the sediment resulting in nodularity (Eller 1981). Given the abundance of
burrows in the nodular limestones of the Iznalloz section, it is evident that the
activity of burrowers enhanced sediment permeability and porewater circulation,
and thus the dissolution-reprecipitation processes. The composition and abundance
of trace fossils from the red nodular limestones (calcareous ammonitico rosso) and
nodular marly limestones (marly ammonitico rosso) agree with the influence of
bioturbation on nodular appearance, mainly in the Iznalloz section (Reolid et al.
2015).

Finally, synsedimentary rework of sediment with different lithification degrees
on the talus slope of epi-oceanic swells could contribute to nodulation, as described
by Coudray and Michel (1981), Elmi (1981), and Elmi and Ameur (1984), among
others. The presence of slumps and intraclasts would confirm this resedimentation.
However, there is no evidence of biogenic encrustations or borings on nodules, so
that intense exhumation processes affecting nodules may be excluded.
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Chapter 5
General Conclusions

The south Iberian Palaeomargin during the Pliensbachian and Toarcian was a
complex context as evidenced by the detailed analysis of the reference sections of
the External and Median Subbetic. The fragmentation of the palaeomargin during
the Late Pliensbachian and the configuration in different tilted blocks with variable
subsidence determined differences in thickness and facies during the Toarcian as
well as the presence of stratigraphic discontinuities, hardgrounds and omission
surfaces.

In this context, the record of the T-OAE is not homogeneous in the palaeomargin
and is very different to the typical black shales of the central and north Europe
sections. As evidenced in the text, sections from Mediterranean and
Submediterranean provinces are characterised by low values of TOC. In the case of
the Subbetic sections, the higher TOC values are usually less than 1 wt% during the
Early Toarcian biotic crisis and the negative CIE.

In the context of the Betic Cordillera, the External Subbetic records the more
typical facies of the T-OAE with comparatively higher record of TOC, the presence
of the negative CIE, as well as evidences of local oxygen depleted conditions as
showed by the analyses of redox geochemical proxies, trace fossils and for-
aminiferal assemblages. Good examples are La Cerradura, Cueva del Agua and
Fuente Vidriera sections. Changes in lithofacies are registered around the transition
from Pliensbachian to Toarcian related to decreasing carbonate content and the
development of dark marls (but not black shales s.s.). The T-OAE in the External
Subbetic is identified by the increase of TOC, the negative CIE, the increase of
redox sensitive elements as well as biotic evidences of oxygen depleted conditions.
Trace fossil assemblages decrease in diversity during the Serpentinum Zone and
locally they are absent associated to maximum values of TOC and the CIE. The
foraminiferal assemblages in this area are characterised by decreasing abundance
and diversity as well as proliferation of some opportunist forms just before the
negative CIE. The more adverse conditions are commonly recorded by a thin
benthic barren interval. The recovery is evidenced by the increasing values of
diversity and abundance, initially with the colonisation by opportunists showing
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decreasing in size (Lilliput Effect). In the case of ostracods, the biotic crisis
determines the extinction of Metacopina and the recovery with a very different
assemblage composition (see Cueva del Agua section). Changes in water column
conditions are also evidenced by the composition and diversity of the calcareous
nannofossils and in the Cueva del Agua section by the proliferation of radiolarians.

In the case of the Median Subbetic, the record of the T-OAE is more complicated
due to the presence of omission surfaces and probably associated hiatuses. The
thickness of the different sections is variable as well as the observed lithofacies and
microfacies. The negative CIE is not recorded in the Iznalloz section where the
Lower Toarcian is represented by reduced thicknesses of marls and marly lime-
stones with intercalations of tempestite layers. In the case of the Arroyo Mingarrón
section, more expanded succession, the negative CIE is not clearly recorded in spite
of the prevailing marl and marly limestone alternance nature. The TOC values are
also lower than in the External Subbetic and there is not a clear maximum in the
Serpentinum Zone. Redox geochemical proxies are also without a clear strati-
graphic trend. These unfavourable aspects determine that this area has been poorly
studied and more works are necessary for the future, mainly focused in the for-
aminiferal and trace fossil assemblages. Actually, we can recognise a variable
incidence of the T-OAE, lower in the Median than in the External Subbetic.
However, data from the Median Subbetic allow understanding the evolution of the
palaeomargin and the development of the lithofacies and microfacies during the
Toarcian with the record of the ammonitico rosso facies. External and Median
Subbetic determine a complex setting for understanding the evolution of this part of
the Western Tethys. They are far from the typically reported T-OAE with
well-developed black shales and negative CIE from the classical works in central
and North Europe, being essential for understanding the complexity of the global
T-OAE.
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