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Abstract. By studying the facies, geochemistry, and microfossil assemblages of the uppermost Pliensbachian
and lower Toarcian of the Cueva del Agua section, I was able to appraise the impact of the Jenkyns Event in the
eastern part of the South Iberian Palaeomargin (Western Tethys). Depleted oxygen conditions are envisaged for
the Polymorphum–Serpentinum Zone boundary (lower Toarcian), represented by dark marls, precisely in a lam-
inated interval. The decrease in the α diversity of foraminifera and ostracods, along with greater proportions of
opportunists such as Lenticulina, Eoguttulina, and Cytherella just before the negative carbon isotopic excursion
(CIE), would indicate a disturbance of the environmental conditions during the initial phase of the biotic crisis.
The peak of the biotic crisis is characterized by an absence of trace fossils, increased organic matter content, an
increased Mo/Al ratio, and negative CIE and δ18O, as well as fewer specialist forms and more opportunists. This
biotic crisis peak is related to oxygen-depleted conditions in the bottom waters and in the sediment pore water,
while warming negatively affected microfauna – to the point of leaving a barren benthic horizon in the record.
Recovery is evidenced by the occurrence of carbonate layers with hummocky cross-stratification and a decrease
in organic matter content, the Mo/Al ratio, and the trace fossil record. In terms of microfauna, the first phase
of recovery shows highly abundant foraminifera, ostracods, and microgastropods, mainly opportunist forms. Af-
ter the proliferation of opportunist forms, a second phase of recovery is marked by a progressive increase in α
diversity.

1 Introduction

Research on environmental global events that affected past
marine ecosystems offers us the chance to elaborate models
for understanding ongoing worldwide changes. The Toarcian
oceanic anoxic event (T-OAE; Early Jurassic), also known
as the Jenkyns Event (Müller et al., 2017; Reolid et al.,
2020a), is a very useful past analogue. This global event was
an abrupt palaeoenvironmental perturbation entailing ma-
rine transgression (Hallam, 1987; Pittet et al., 2014; Haq,
2018) coeval with a widespread deposition of black shales
(Jenkyns, 1988; Bellanca et al., 1999; Röhl et al., 2001;
McArthur, 2019), global warming (e.g. García Joral et al.,
2011; Korte and Hesselbo, 2011; Suan et al., 2011; Danise

et al., 2013; Them et al., 2017; Baghli et al., 2020; Piazza
et al., 2020; Storm et al., 2020), and enhanced weathering
(e.g. Montero-Serrano et al., 2015; Fu et al., 2017; Reolid et
al., 2020b). A perturbation of the carbon cycle indicated by
a negative carbon isotopic excursion (CIE) affected marine
environments (e.g. Jenkyns and Clayton, 1986; Sælen et al.,
1996; Suan et al., 2010; Reolid, 2014a; Baghli et al., 2020)
and land ecosystems (as evidenced in land plant organic mat-
ter; e.g. Hesselbo et al., 2007; Ruebsam et al., 2020a). This
global change led to a biotic crisis constituting a second-
order mass extinction for benthic organisms (Little and Ben-
ton, 1995; Aberhan and Fürsich, 2000; Cecca and Macchioni,
2004; Wignall et al., 2005; Gomez and Goy, 2011; Danise
et al., 2013, 2019; Caruthers et al., 2014; Rita et al., 2016),
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probably driven by oxygen depletion affecting many plat-
forms and deep oceanic environments (Röhl et al., 2001;
Bucefalo Palliani et al., 2002; Wignall et al., 2005; Hermoso
et al., 2009; Caruthers et al., 2014; Them et al., 2018; Reolid
et al., 2012a, 2019a). Oxygen-depleted conditions in marine
ecosystems in some areas reached generalized anoxia and eu-
xinia (e.g. Gill et al., 2011; Izumi et al., 2018; Ruebsam et
al., 2018; Suan et al., 2018) but did not affect all basins and
palaeomargins alike (e.g. Boomer et al., 2009; Reolid et al.,
2014a, 2015; McArthur, 2019). Reolid et al. (2020a) propose
the use of the term T-OAE only when studying marine de-
posits holding evidence of oxygen-depleted conditions; the
term Jenkyns Event (Müller et al., 2017) is more appropriate
for the global changes that occurred during the early Toarcian
(including the anoxic event).

In the context of oceanic anoxic events, the response of
microfossil organisms before, during, and after a biotic crisis
can prove useful for interpreting controlling environmental
factors such as oxygen availability and nutrient input (Bar-
tolini et al., 1992; Hylton and Hart, 2000; Gebhardt et al.,
2004; Friedrich et al., 2009; Mailliot et al., 2009; Nikitenko
et al., 2013; Rita et al., 2016; Jozsa et al., 2018; Reolid et
al., 2019a, b). Assemblages of benthic foraminifera and os-
tracods (composition, α diversity, and abundance) are good
bioindicators of physicochemical parameters at the seafloor,
including oxygen and trophic resource availability (Benson
et al., 1983; Whatley, 1988; Dingle and Lord, 1990; Sjo-
erdsma and Van der Zwaan, 1992; Cronin et al., 1994, 1995,
2002; Jorissen et al., 1995; Whatley, 1995; Van der Zwaan
et al., 1999; Fontanier et al., 2002; N’Zaba-Makaya et al.,
2003; Olóriz et al., 2003; Ayress et al., 2004; Reolid et al.,
2008a). The depth in the sediment at which foraminifera live
is predominantly determined by food quality and secondar-
ily by oxygen availability (Nagy, 1992; Tyszka, 1994; Joris-
sen et al., 1995; Van der Zwaan et al., 1999; Fontanier et al.,
2002; Ernst and Van der Zwaan, 2004; Reolid et al., 2008b;
Olóriz et al., 2012). Corbari (2004) indicates that the move-
ment of Ostracoda from an infaunal to an epifaunal micro-
habitat occurs when the redox boundary becomes shallower
in the sediment and the predation of ostracods increases. Epi-
faunal forms have an advantage in environments that are sub-
jected to food and/or oxygen limitations except when they are
submitted to high predation pressure, whereas infaunal taxa
tend to proliferate when food and oxygen are more plenti-
ful within the sediment (Jorissen et al., 1995; Van der Zwaan
et al., 1999). Records of microfossil assemblages with high
opportunist-to-specialist ratios and reduced diversity are in-
dicative of ecological stress and unfavourable conditions at
the seafloor (Sjoerdsma and Van der Zwaan, 1992; Hylton
and Hart, 2000; Rita et al., 2016; Alegret et al., 2018; Reolid
et al., 2019a, b).

The objective of this work is to derive an environmental
interpretation of the incidence of the Jenkyns Event and shed
light on the development of the T-OAE in the South Iberian
Palaeomargin based on the analysis of microfossil assem-

blages together with microfacies and geochemical proxies,
with a description of the microfossil population dynamics
before, during, and after the event. The Subbetic is an ideal
arena for such a study, as the South Iberian Palaeomargin
was not affected by generalized bottom anoxia, and the typ-
ical black shales are not recorded (e.g. Rodríguez-Tovar and
Reolid, 2013; Reolid et al., 2015, 2020b). Given these cir-
cumstances, the effect of global warming on the foraminifera
and ostracods, or other factors, may be tested.

2 Geological setting

The studied section, Cueva del Agua, is found in south-
ern Spain in a ravine of the same name (37◦54′20.1′′ N,
02◦32′61.0′′W) just 11 km north-west of the village of Hués-
car (Granada Province). From a geological standpoint the
section pertains to the External Subbetic, more specifically
to the Betic External Zones (northern part of the Betic
Cordillera, Fig. 1a; Vera, 2001). The sedimentary rocks of the
external zones represent the evolution of the South Iberian
Palaeomargin from Triassic to Paleogene times (Reolid et al.,
2018). They mainly correspond to carbonate and marly sed-
iments deposited in the palaeomargin located in the Western
Tethys. The upper Pliensbachian and Toarcian are recorded
in the Zegrí Formation (Fig. 1b). Three facies can be dis-
cerned in the Cueva del Agua section (Fig. 1c): (a) marl
and marly limestone alternation, (b) dark marls, and (c) thin-
bedded limestones.

The upper Pliensbachian is constituted by an alterna-
tion of grey marls and marly limestone (Fig. 2a). The am-
monite assemblage is composed by Canavaria elisa, Ema-
ciaticeras emaciatum, E. imitator, E. lotti, Lioceratoides
aradasi, and Protogrammoceras bassanii (Emaciatum Zone,
upper Pliensbachian) followed by the first record of Dactylio-
ceras (Eodactylioceras) polymorphum of the Polymorphum
Zone (lower Toarcian). Ammonoids are more common at the
top of the Pliensbachian. The limestone beds are around 20–
30 cm thick and are densely bioturbated by Planolites, Tha-
lassinoides, and Chondrites. The microfacies are mudstones
and locally wackestones.

Found above this lithofacies is 16 m of dark marls
(Fig. 2b–d) corresponding to the Polymorphum Zone and
the lower part of the Serpentinum Zone (Levisoni Zone for
Mediterranean biozonation and Falciferum Zone for sub-
boreal biozonation). In the lower part of the dark marls only
scarce Chondrites are recorded. The most clayey interval,
50 cm thick, is located in the Polymorphum–Serpentinum
Zone boundary (Fig. 2c) some 8 m atop the alternating marls
and marly limestones. Although it shows the characteristic
dark colour and thinly laminated fabric, it lacks trace fossils
(Fig. 2d).

In the upper part of the dark marls the limestone beds
are progressively more common, consisting of thin calcaren-
ites and calcisiltites. Trace fossils become more abundant in
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Figure 1. Geological setting of the Cueva del Agua section. (a) General geological map of the Betic Cordillera with the location of the Cueva
del Agua section. (b) General Lower and Middle Jurassic succession of the Subbetic including the Zegrí Formation. (c) Detailed log of the
Cueva del Agua section with the position of samples for micropalaeontology and geochemistry. Note that TLM stands for thin-laminated
dark marls.

this stratigraphic interval, mainly Chondrites and secondarily
Planolites (< 6 mm in diameter).

The dark marls are overlain by 13 m of thin-bedded lime-
stones assigned to the lower part of the Serpentinum Zone
(Jiménez, 1986; Fig. 2b, e–h). This lithofacies is made up
of irregular layers (7–15 cm thick) with parallel and wavy
laminations, typical of hummocky cross-stratification (HCS;
Fig. 2e). The base of these beds is bioturbated (Fig. 2f). Mi-
crofacies are constituted by laminated bands of radiolarids
and less common micritic bands, separated by thin surfaces
rich in iron oxides (Fig. 2g and h). In the studied section,
ammonoids are absent within this lithofacies, yet the age as-

signed is Serpentinum Zone, as proposed by Jiménez (1986)
for other sections where ammonoids are recorded.

This work was focused on the geochemistry and the mi-
crofossil assemblages, mainly foraminifera and ostracods,
recorded in the dark marl interval across the Polymorphum–
Serpentinum Zone boundary. This interval is considered to
reflect the global change (Jenkyns Event; see Reolid et al.,
2020a) that produced oxygen-depleted conditions at the bot-
tom related to the Toarcian oceanic anoxic event (T-OAE).
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Figure 2. Facies and microfacies of the Cueva del Agua section. (a) Field view of the alternating marls and marly limestone in the Emaciatum
Zone (upper Pliensbachian). (b) Contact between Toarcian dark marls and thin-bedded limestones. (c) Detailed view of the dark marls of
the Polymorphum–Serpentinum Zone boundary. (d) Close view of the thin-laminated dark marls of the base of Serpentinum Zone. (e) Thin-
bedded limestones of the Serpentinum Zone. (f) Trace fossil from the wall of a calcisiltite bed of the thin-bedded limestone. (g) Polished slab
from the thin-bedded limestone showing lamination. (h) Microfacies of the thin-bedded limestones with laminae constituted by radiolarians.

3 Material and methods

A 19.2 m thick interval that included the upper part of the
Polymorphum Zone and the lower part of the Serpentinum
Zone was analysed through a total of 18 marl samples col-
lected mainly around the Polymorphum–Serpentinum Zone
boundary proposed by Reolid et al. (2018).

For δ13C analysis of bulk carbonate, after roasting, the
samples were reacted at 73 ◦C in an automated carbonate
reaction system (Kiel-IV) coupled directly to the inlet of a
Finnigan MAT 253 gas ratio mass spectrometer at the Labo-
ratory of Stable Isotopes of the University of Michigan. Iso-
topic ratios are reported in per mill notation relative to the Vi-
enna PeeDee Belemnite (VPDB) standard. Values were cali-
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brated using NBS 19 as the primary standard, and the analyt-
ical precision was monitored by daily analysis of NBS pow-
dered carbonate standards (1.95 ‰ VPDB). Precision was
over 0.02 ‰ for δ13C.

The Mo/Al ratio was analysed as a proxy for redox con-
ditions (e.g. Gallego-Torres et al., 2007; Reolid et al., 2012a;
Rodríguez-Tovar and Reolid, 2013). Al was detected by X-
ray fluorescence (XRF) in a Philips PW 1040/10 spectrome-
ter at the Centro de Instrumentación Científica (CIC; Univer-
sidad de Granada). The Mo was determined using an induc-
tively coupled plasma mass spectrometer (ICP-MS Perkin
Elmer Sciex-Elan 5000), also at the CIC. The instrumental
error was ±5 %. Mo content was normalized to Al content
(Calvert and Pedersen, 1993), assuming that Al is mainly
hosted by alumino-silicates (e.g. Calvert, 1990). The total or-
ganic carbon (TOC) content was analysed by acid leaching
in the laboratories of SGS Canada Inc. (Ontario). The results
were provided in milligrams and calculated as percentages
of sample weight. The precision and accuracy of this method
are approximately 0.01 % and 92 %, respectively.

A total of 21 samples underwent analysis for microfos-
sil assemblages, some from the top of the Emaciatum Zone
(uppermost Pliensbachian), but special attention was paid
to the upper part of the Polymorphum Zone and the lower
Serpentinum Zone (where 16 marl samples were selected).
While samples from the top of the Emaciatum Zone and
the lower part of the Polymorphum Zone served for com-
parison with assemblages affected by the early Toarcian bi-
otic crisis, additional analyses of the Pliensbachian–Toarcian
boundary were necessary. For microfossil assemblage analy-
sis, about 300 g of dried rock was reduced into small pieces.
The material was introduced into water or into an acetic acid
(C2H4O2) solution, depending on the carbonate content of
the rock (for the highest carbonate contents, 70 % acid was
used with 30 % distilled water). Shell dissolution was con-
trolled when acetic acid was employed. When the rock dis-
aggregated, each sample was rinsed in a column of stan-
dard stainless-steel sieves having openings of 1 mm, 500 µm,
200 µm, 100 µm, and 53 µm with a jet of water at the top.
After this procedure, residues were oven-dried at 35 ◦C and
finally weighed. Foraminifera, ostracods, microgastropods,
and echinoderm remains were hand-picked from 200 and
100 µm fractions with a hair paintbrush on a standard black
picking grid tray under a SZ-PT Olympus microscope in the
Department of Geology (Univ. Jaén). The fractions> 500 µm
were generally poor in foraminifera and ostracods in the
studied section, but echinoderm and mollusc fragments could
be recorded. Each studied portion was properly weighed. All
these sample residues and specimens are stored at the De-
partment of Geology of the Universidad de Jaén (Collection
Toarcian IGCP-655, Cueva del Agua).

The images of foraminifera were obtained from the Cen-
tro de Instrumentación Científico-Técnica of the University
of Jaén (Spain), with secondary electrons in a Merlin Carl
Zeiss scanning electron microscope (SEM). The absolute

abundances of both foraminifera and ostracods (specimens
per 100 g of rock) were calculated throughout the studied
interval, along with their relative abundances (%). The α-
diversity index of Fisher et al. (1943) was calculated for the
foraminiferal assemblages.

Studies based on modern and ancient foraminiferal shells
demonstrate that the mode of coiling, chamber arrangement,
position of perforations, and features of aperture, among
other aspects, are directly related to different lifestyles
and trophic strategies (Corliss, 1985, 1991; Jones and
Charnock, 1985; Nagy, 1992; Tyszka, 1994). This work fol-
lows the morphogroup nomenclature proposed for Jurassic
foraminifera by Reolid et al. (2008b, 2012b) and modified
by Rita et al. (2016) and Reolid et al. (2019b). A total of nine
morphogroups were individualized (C, D, E, F, G, H, I, J,
and K) in view of morphological features (test form, cham-
ber arrangement, and mode of coiling), corresponding pri-
marily to distinct lifestyles and secondly trophic strategies
(Fig. 3). Morphogroup J can be divided into subgroups J1–
J4. In this work, foraminifera living up to 1 cm deep in the
sediment are considered to be epifaunal (e.g. Corliss, 1991),
whereas shallow infaunal forms inhabit depths between 1 and
5 cm (e.g. Kuhnt et al., 1996). The potentially deep infauna
includes forms that can inhabit depths of more than 5 cm be-
low the seafloor (e.g. Kuhnt et al., 1996; Reolid et al., 2019a,
b; Wasim et al., 2020).

4 Results

4.1 Geochemistry

The main changes in geochemistry occur at the base of the
Serpentinum Zone. The CaCO3 content abruptly decreases
in the dark marl interval of the Serpentinum Zone, where
values are usually < 42 % (Fig. 4). The carbonate content is
recovered in the thin-bedded limestones at the top of the sec-
tion. The TOC values are very low, commonly < 0.2 wt %,
but at the base of the Serpentinum Zone they abruptly in-
crease to 0.53 % within the clay-rich interval of the thin-
laminated dark marls (Fig. 4). Above this interval the TOC
newly decreases to values< 0.1 wt %. A similar trend is seen
for total sulfur (TS) content, with very low values in the sec-
tion (< 0.02 %) except for the base of the Serpentinum Zone,
where it reaches 0.32 % (Fig. 4). Pyrite framboids are abun-
dant in the 100–53 µm fraction of the sieved samples from the
dark marls yet also recovered from larger fractions (Fig. 5a,
b). The concentrations of redox-sensitive elements, such as
Mo, show trends similar to those of TOC and TS, the high-
est values being recorded in the thin-laminated dark marls
(Fig. 4). In this interval, phosphatic fish remains of indeter-
minate taxa are quite common, as are Mn oxides and coal
fragments (Fig. 5c–e).

The δ13C values range from −1.87 ‰ to 1.83 ‰, with the
beginning of a negative CIE in the thin-laminated dark marls
of the Serpentinum Zone coinciding with the highest TOC
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Figure 3. Calcareous foraminiferal morphogroups for the upper Pliensbachian–lower Toarcian sediments of Cueva del Agua (based on
Reolid et al., 2008, 2012a; Rita et al., 2016).

and TS values (Fig. 4). However, the values of δ13C do not
recover as rapidly as TOC and TS, and δ13C decreases to
its lowest values (−1.87 ‰ and −1.70 ‰) just below the
thin-bedded limestones (Serpentinum Zone; Jiménez, 1986).
Within the thin-bedded limestones δ13C increases to as much
as 1.83 ‰. The negative CIE is also located in the lower part
of the Serpentinum Zone elsewhere in the Subbetic (Reolid,
2014a; Reolid et al., 2014a, 2020b; Rodrigues et al., 2019;
Ruebsam et al., 2020a) and in other basins around the world
(e.g. Jenkyns and Clayton, 1986; Sælen et al., 1996; Erba,
2004; Mattioli et al., 2004; Tremolada et al., 2005; Wignall
et al., 2005; Hesselbo et al., 2007; Suan et al., 2010; Izumi et
al., 2012; Xu et al., 2018; Baghli et al., 2020; Ruebsam et al.,
2020b).

The δ18O values are around −3 ‰ in the Polymorphum
Zone, then show an abrupt decrease to values between
−5.36 ‰ and −4.95 ‰ in the thin-laminated dark marls at
the base of the Serpentinum Zone (Fig. 4). This isotopic ex-
cursion has been recorded in other Iberian palaeomargins
(Rosales et al., 2004; Gómez and Goy, 2011; Reolid et al.,
2014a; Piazza et al., 2020). Above it, δ18 O increases; values
similar to those of the Polymorphum Zone are recovered in
the thin-bedded limestones.

4.2 Foraminiferal assemblages

Foraminiferal assemblages are dominated by representatives
of the suborder Lagenina (mainly genera Lenticulina, Den-
talina, Paralingulina, Nodosaria, and Eoguttulina; Fig. 6).
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Figure 4. Stratigraphic distribution of the geochemical proxies CaCO3, TOC, TS, δ13C, δ18O, and the Mo/Al ratio in the Polymorphum–
Serpentinum Zone boundary. The colour bands correspond to the stratigraphic intervals differentiated according to microfossil assemblages
(see text), and red lines indicate the position of a barren benthic horizon.

Less common suborders found are Textulariina (mainly cor-
responding to genera Reophax and Ammobaculites), Spir-
illinina (Spirillina), Robertinina, and Miliolina (Fig. 6).
The molecular classification of foraminifera proposed by
Pawloski et al. (2013) is not applied in this work because
the position of the most common group in the Tethys, or-
der Lagenida, is uncertain in their classification. Instead,
the foraminifera classification used here is based on Loe-
blich and Tappan (1988) as well as the monographic work
of Copestake and Johnson (2014).

Foraminifera are commonly well-preserved in the Cueva
del Agua section, fragmentation being largely related to
the washing procedure. Abrasion and fragmentation of tests
are the main biostratinomic features. In some specimens
the fine elements of sculpture and ornamentation are lost
or only coarsely represented. Original fragmentation is re-
stricted to the last chambers in the case of uniserial calcitic
forms such as Dentalina, Marginulina, Nodosaria, Pseudon-
odosaria, and Tristix, as well as lenticular forms such as
Lenticulina and Astacolus. Fragmentation is common in the
genera Glomospira and Lenticulina from the top of the Ema-
ciatum Zone. Fossil diagenetic features include some spec-
imens with recrystallized tests lacking evidence of dissolu-
tion.

The top of the Pliensbachian is dominated by the unis-
erial forms of MG-J1 (from 77 % to 36 %), mainly Den-
talina (Fig. 7). Secondary forms correspond to MG-J3 (genus
Eoguttulina) and MG-K (genus Lenticulina). According to
lifestyle, the shallow infaunal forms, being specialists, pre-
vail. The lower part of the Polymorphum Zone, correspond-
ing to the grey marls and marly limestone alternation, fea-
tures a dominance of uniserial forms of the MG-J1 (rang-

ing from 44 % to 25 %), especially Dentalina and Nodosaria
(Fig. 7). Secondary morphogroups include MG-J3 (Eogut-
tulina), MG-K (Lenticulina), MG-G (Reinholdella), and
MG-H (Spirillina). The agglutinated taxa of MG-C (mainly
Ammobaculites and Reophax) and MG-D (Trochammina) in-
crease in this stratigraphic interval, respectively reaching
20 % and 9 % (Fig. 7). Diversity and abundance decrease
with respect to the top of the Pliensbachian. Epifaunal forms
display a slight increase largely represented by Spirillina,
Trochammina, and Reinholdella.

The main faunal changes involve the dark marls (top of
the Polymorphum Zone and lower part of the Serpentinum
Zone; Figs. 7–10). The top of the Polymorphum Zone shows
increasing values of MG-K and MG-G, with decreasing pro-
portions of MG-C, MG-D, and MG-H (Fig. 7). The base of
the Serpentinum Zone, corresponding to the thin-laminated
dark marls, presents abrupt changes in the foraminiferal as-
semblages. The abundance of foraminifera (specimens per
100 g), α diversity, and mean size of specimens decrease
(Figs. 7–9), except for the genus Lenticulina. The dominant
morphogroup is MG-J1 (mainly small specimens of Den-
talina and Marginulina), with a peak at the beginning of
the Serpentinum Zone (from 65 % to 68 % of the assem-
blage) coincident with a drop in CaCO3 content and δ18O,
as well as an increase in Mo/Al (Figs. 4 and 7). After that,
proportions of MG-J1 show an abrupt decrease to less than
30 % of the assemblage. The MG-J3, represented by small
specimens of Eoguttulina, gives high values (from 20 % to
29 %) at the base of the Serpentinum Zone (Figs. 7 and 8).
Other forms reaching high values at the beginning of the Ser-
pentinum Zone are Lenticulina (MG-K), Bolivina (MG-J4),
and Reinholdella (MG-G). The MG-D (represented mainly
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Figure 5. SEM images of mineralizations retrieved from the sieved samples of the thin-laminated dark marls. (a, b) Pyrite framboids.
(c) Concretion of Mn oxy-hydroxide. (d, e) Coal wood fragment with preserved tracheid inner cavities and pit pores observed in the detailed
view. Scale bar: 100 µm.

by Trochammina) disappears (Fig. 7). Opportunist forms in-
crease at the base of the Serpentinum Zone, most of them cor-
responding to potential deep infauna (Lenticulina and Eogut-
tulina; Rita et al., 2016; Józsa et al., 2018; Reolid et al.,
2019a, b; Figs. 8 and 10). These abrupt changes culminate
with a barren interval where microfossils are not recorded.
This interval is located in the lower part of the thin-laminated
dark marls and occurs just after the peak of Mo/Al and TOC
(Figs. 4, 8, and 9).

The foraminiferal assemblages are subsequently recovered
in the record of genera belonging to MG-J1 (ranging from
20 %–73 %), mainly Dentalina and Nodosaria, with an up-
ward increase in Paralingulina (Figs. 7 and 9). Just after the

barren interval some groups present peaks with high abun-
dance (foraminifera per 100 g) and proportions, such as Tex-
tularia (38 %) and Lenticulina (28 %). The MG-J3, MG-J4,
MG-D, and MG-H do not recover after the barren interval
(Fig. 7). Other foraminifera proliferate 1.5 m above the bar-
ren interval, with Paralingulina, Nodosaria, and Dentalina
being commonly recorded. After the barren interval the abun-
dance of foraminifera in the < 200 µm fraction abruptly in-
creases, most of them < 100 µm. Foraminifera > 200 µm are
nearly absent after the barren interval. The number of genera
increases after the thin-laminated dark marls, though the α-
diversity levels at the top of the Pliensbachian are not main-
tained. The assemblages of foraminifera stabilize just be-
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Figure 6. SEM images of benthic foraminifera from the Cueva del Agua section. (a) Ammodiscus. (b) Glomospira. (c) Ammobaculites.
(d) Astacolus. (e) Planularia. (f) Lenticulina. (g) Marginulinopsis. (h) Vaginulinopsis. (i) Pseudonodosaria. (j, k) Eoguttulina. (l) Tristix.
(m) Pseudonodosaria. (n) Nodosaria. (o) Paralingulina. (p, q) Pseudonodosaria. (r, s) Dentalina.

low the thin-bedded limestones, with a dominance of MG-J1
(mainly Paralingulina and Pseudonodosaria) and increasing
values of MG-J3 (Eoguttulina) (Figs. 7 and 9). Shallow in-
faunal forms prevail, mainly uniserial specialists (Fig. 10).

4.3 Ostracod assemblages

The ostracod carapaces are usually well-preserved and artic-
ulated (Fig. 11). Only some specimens show recrystalliza-
tion. The ostracods in the upper part of the Pliensbachian
are dominated by the family Bairdiidae (Bairdia, Bairdia-
cypris, and Isobythocypris), the family Healdiidae (mainly
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Figure 7. Stratigraphic distribution of the proportions of foraminiferal morphogroups and diversity (number of genera and α diversity).

Figure 8. Stratigraphic distribution of the proportions of selected genera of foraminifera in the Polymorphum–Serpentinum Zone boundary
compared with diversity and TOC values.
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Figure 9. Stratigraphic distribution of the abundance of selected genera of foraminifera in the Polymorphum–Serpentinum Zone boundary.

Figure 10. Stratigraphic distribution of the proportions of foraminifera according to lifestyle assigned in the morphogroups (see Fig. 3).

Ogmoconcha), and the family Cyprididae (mainly Liasina
lanceolata) (Fig. 12). A total of 12 species were recorded
in the uppermost part of the Emaciatum Zone. The Poly-
morphum Zone (lower Toarcian) shows high values of the
family Cyprididae (genus Liasina) and the family Healdi-
idae (Fig. 12). Only six species of ostracods were recorded
in the lower part of the Polymorphum Zone. Ostracods are
less abundant in the Polymorphum Zone than at the top of
the Pliensbachian, as occurs with foraminifera.

In the upper part of the Polymorphum Zone, correspond-
ing to the dark marls, Pontocyprididae and Bythocytheri-
dae disappear, whereas the family Cytherellidae (Cytherella
toarcensis) increases and constitutes the dominant group, fol-
lowed by Bairdiidae (Bairdia and Ptychobairdia). At the on-

set of the Serpentinum Zone (dark marls before the barren
interval) there is an increase in Healdiidae, and Polycopidae
appear (Fig. 13). In the last sample before the barren ben-
thic horizon only two species are recorded, mainly Cytherella
toarcensis and secondarily Ogmoconchella aequalis.

Just above the barren benthic horizon the ostracod assem-
blage of the lower part of the Serpentinum Zone is charac-
terized by the dominance of the family Cytherellidae and
secondarily Cyprididae (Liasina lanceolata) and Bairdiidae
(Bairdia sp. and Ptychobairdia hahni) with low α diversity.
Families Headiidae, Bythocytheridae, and Polycopidae are
not recorded after the barren interval in the Cueva del Agua
section (Fig. 13).
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Figure 11. SEM images of ostracods. (a) Ogmoconchella. (b) Ogmoconcha. (c) Polycope. (d) Bairdiacypris. (e) Bairdia. (f, g) Ptychobairdia.
(h) Pontocyprella. (i) Cytherella. (j) Liassina. (k) Isobythocypris. Scale bar: 100 µm.

The abundance of ostracods increases after the thin-
laminated dark marls (Fig. 14), constituted mainly by
Cytherella toarcensis (86 %), but Cyprididae progressively
disappear from this first phase of recovery (Fig. 13). To-
ward the base of the thin-bedded limestones, the ostracod as-
semblages are progressively more diverse but dominated by
Bairdioidea (family Bairdiidae, mainly Ptychobairdia) and
Cytherelloidea (mostly family Cytherellidae; Fig. 13), along
with the record of Pontocyprididae and Cyprididae. The base
of the thin-bedded limestones shows a further reduction in α
diversity.

4.4 Other microfossils and bioclasts

Ferruginous moulds of gastropods (< 1 mm) are recorded in
the dark marls (Fig. 14). They are composed of haematite,

although microstructural analysis under SEM indicates that
they were originally cubic and octahedral crystals of pyrite.
The ferruginous moulds of the microgastropods are very
abundant just above the thin-laminated dark marls (Fig. 15).

Other remains correspond to radiolarians (Fig. 14). They
are scarce and preserved as pyrite moulds in the thin-
laminated dark marls. This kind of preservation is described
for other sections from the Toarcian of the External Subbetic
by Reolid (2014b) and Rodrigues et al. (2019). The radiolari-
ans abruptly increase after the thin-laminated dark marls just
below the thin-bedded limestones but are preserved as calcite
moulds (Fig. 15).

Other remains belong to holothurian sclerites (including
synaptid anchor plates of Priscopedatus and chiridotid ossi-
cles of Theelia), thin spines, and plates of echinoids and ophi-
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Figure 12. Average composition of ostracod assemblages accord-
ing to families for the Emaciatum, Polymorphum, and Serpentinum
zones. Note that the family Healdiidae in the Serpentinum Zone
(white bar) corresponds to specimens prior to the global extinction
of this family during the Jenkyns Event.

uroids (arm vertebrae). The spines of echinoids are very thin
and abundant in the Serpentinum Zone. They are recorded in
the thin-laminated dark marls before the barren benthic hori-
zon, but the maximum abundance is reached some centime-
tres over the negative CIE in the dark marls. The fragments
of holothurians and ophiuroids are especially common just
after the barren benthic horizon. In addition, elongated coal
(wood) fragments were retrieved from sieved samples. Some
coal fragments show tracheid walls to be residual and pre-
served as lignite; some are well-preserved, showing the tra-
cheid inner cavities with pit pores (Fig. 5d and e).

5 Interpretation

5.1 Interpretation of facies and microfacies

The Zegrí Formation is integrated within the sedimentary se-
quence II of García-Hernández et al. (1989), limited at the
base by the intra-Pliensbachian discontinuity and at the top
by the end-Bathonian discontinuity. This sedimentary cy-
cle coincides with the main phase of intracontinental frag-
mentation (rifting) developed from the late Pliensbachian–
Bathonian (see Reolid et al., 2018). The bottom topography
of the basin would be irregular with different semigrabens
and variable subsidence (Vera, 2001; Nieto et al., 2004; Re-
olid et al., 2015), as observed in other Tethyan Alpine do-

mains (e.g. Jenkyns, 1988; Graciansky et al., 1998; Soussi
and Ben Ismail, 2000; Marok and Reolid, 2012).

The alternation of grey marls and marly limestones of the
Zegrí Formation represents a pelagic environment, accord-
ing to the record of ammonites and radiolarians. However,
there is continental input evidenced by the terrigenous con-
tent of (exclusively) clay minerals, as reported for other areas
of the Subbetic (Palomo, 1987; Rodríguez-Tovar and Reolid,
2013) and the record of millimetric coal (wood) fragments
(Fig. 5d). The beginning of the Toarcian in the Cueva del
Agua section is characterized by decreasing carbonate con-
tent (Fig. 4) related to topographic changes at the sea bottom,
with the development of troughs and swells (Vera, 2001; Re-
olid et al., 2015, 2018), in addition to the transgressive re-
gional and global context (e.g. Hallam, 1987; Jenkyns, 1988;
Graciansky et al., 1998; Wignall et al., 2005; Korte and Hes-
selbo, 2011; Haq, 2018; Storm et al., 2020). Some of the
troughs in the Subbetic are dominated during the Toarcian
by thick marly successions, like those of the Cueva del Agua
section, whereas swells are dominated by condensed calcare-
ous successions (Reolid et al., 2015, 2018).

In the Cueva del Agua section, the abrupt decrease in the
CaCO3 content and the negative CIE when thin-laminated
dark marls are recorded (Fig. 4) are well-correlated with the
T-OAE and the perturbation of the carbon cycle, as well as
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; Ruebsam et al., 2020a). In the Cueva
del Agua section, values of CaCO3 and δ13C equivalent to
those of the Pliensbachian are not recorded until the thin-
bedded limestones.

Above the thin-laminated dark marls, the first limestone
beds recorded mark an upward increase in carbonate con-
tent, ending in the thin-bedded limestones. This first interval
of limestones prior to thin-bedded limestones shows hum-
mocky cross-stratification (HCS) structures that signal the in-
put of sediment from shallower areas, yet still below the fair-
weather wave base, and an increase in oxygenation. Cheel
and Leckie (1993) proposed that HCS forms when storm
waves reach the sea bottom at maximum depths from 125
to 200 m. These beds are precursors of the thin-bedded lime-
stones that represent the main change in the environmental
conditions with respect to the dark marls. The abundance of
HCS structures in the thin-bedded limestones indicates en-
hanced energy conditions at the sea bottom and the input of
pelagic sediment from neighbouring areas. Taking into ac-
count the extensional tectonic context of the Subbetic (Vera,
2001) and the instability of the bottom, evidenced in other
sections by the record of carbonated tempestites, slumps, and
breccia in the Zegrí Formation (e.g. Nieto et al., 2004; Reolid
et al., 2015), the thin-bedded limestones could be related to
the reactivation of tectonic activity and a relative sea-level
fall. In addition, the record of the thin-bedded limestone in-
terval might be linked to the intensification of tropical cy-
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Figure 13. Stratigraphic distribution of the proportion of ostracods in the Polymorphum–Serpentinum Zone boundary.

Figure 14. (a–e) Ferruginous moulds of microgastropods. (f) Radiolarian. Scale bar: 100 µm.
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Figure 15. Abundance of radiolarians, ostracods, foraminifera, and ferruginous microgastropods in the studied interval of the Cueva del
Agua section.

clones during the lower Toarcian proposed by Krencker et
al. (2015). In the Subbetic, the repeated storms enhanced wa-
ter mixing and eventual re-oxygenation of the bottom waters
in the trough areas, as tempestite deposits have been observed
in other sections (Reolid et al., 2015, 2020b).

A similar distribution of facies is described for the north-
ern Lusitanian Basin in the Coimbra–Rabaçal region (e.g.
Duarte and Soares, 1993; Duarte, 1998; Reolid et al., 2019a).
The lower Toarcian in this region corresponds to the Sao
Gião Formation. The lower interval is constituted by marly
limestones with the Leptaena member followed by thin-
bedded limestones with the Hildaites member having paral-
lel lamination and cross-lamination. Watkinson (1989) and
Duarte (1997) interpreted the thin-bedded limestones as
tempestitic–turbiditic deposits, also related to tectonic reac-
tivation (Duarte and Soares, 1993; Duarte, 1997) and en-
hanced storm activity (Reolid et al., 2019a). This interpre-
tation resembles that of the Cueva del Agua section.

5.2 Organic matter and sea bottom oxygenation

Integrated analysis of facies, microfacies, and geochemistry
indicates that the main environmental changes occurred in
the thin-laminated dark marls (middle part of the dark marls).
Within this interval of the Cueva del Agua section, the values
of TOC, TS, and the Mo/Al ratio increase, whereas δ18O
and δ13C data show an accentuated decrease (Fig. 4). The
maximum values of TOC, TS, and Mo/Al coincide with the
barren benthic horizon at the base of the Serpentinum Zone,
which may correlate with the T-OAE.

The Mo/Al peak (Fig. 4) indicates oxygen-depleted condi-
tions at the seafloor due to the fact that the fixation of the Mo

in the sediment implies reducing conditions. The MoO2−
4 is

precipitated from the water column through the mineraliza-
tion of organic thiomolibdates and complex groups of Fe–
Mo–S, forming a solid solution with iron sulfides (Helz et
al., 1996). Therefore, in marine facies, the relative enrich-
ment of organic matter together with the Mo content point
to reducing conditions (e.g. Meyers et al., 2005; Tribovil-
lard et al., 2006; Algeo et al., 2012; Aguado et al., 2016; Re-
olid et al., 2016; Zhang et al., 2017; Ruebsam et al., 2020b).
An increased Mo/Al ratio in the Serpentinum Zone has been
identified during the Jenkyns Event in other sections of the
External Subbetic (Rodríguez-Tovar and Reolid, 2013; Re-
olid, 2014a), the Saharan Atlas (Algeria; Reolid et al., 2012a;
Ruebsam et al., 2020b), the Lusitanian Basin (Portugal; Re-
olid et al., 2019a), and the eastern Paris Basin (Lezin et al.,
2013), associated with stratigraphic intervals evidencing a bi-
otic crisis in terms of benthic faunas. The record of pyrite
framboids is congruent with reducing conditions, even in the
sediment pore water.

The oxygen-depleted conditions are compatible with in-
creased TOC values (from 0.20 % to 0.53 %) of the thin-
laminated dark marls (Fig. 4), though these are low values
if compared with central and northern European outcrops.
Thus, for the Serpentinum Zone (Levisoni Zone for Mediter-
ranean biozonation and Falciferum Zone for sub-boreal bio-
zonation), the TOC values range from 5 % to 15 % in the
outcrops of northern Europe (Sælen et al., 2000; Röhl et al.,
2001; Bucefalo-Palliani et al., 2002; Mailliot et al., 2006;
McArthur et al., 2008; Baroni et al., 2018; Thibault et al.,
2018; Fantasia et al., 2019; among others), whereas in the
Tethys region (southern Europe and North Africa) the val-
ues range from 0.5 % to 3 % (Jenkyns, 1985, 1988; Jenkyns
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et al., 2002; Hesselbo et al., 2007; Bodin et al., 2010; Re-
olid et al., 2012b; Rodrigues et al., 2019; Ruebsam et al.,
2020a, b; among others). This stands as evidence of the ge-
ographic variations of the T-OAE signal (see also Hermoso
et al., 2009; Ruebsam et al., 2020b). The thin-laminated dark
marls registered during the organic-matter-rich intervals of
the T-OAE, similar to the ones recorded in the Cueva del
Agua section, are likewise reported for the T-OAE elsewhere
(Parisi et al., 1996; Röhl et al., 2001; Hermoso et al., 2009;
Izumi et al., 2012, among others).

In recent marine environments there is a positive rela-
tion between TOC and S coming from pyrite (Berner and
Raiswell, 1983), which is formed through the reaction of H2S
generated by sulfate-reducing bacteria (SRB) in anoxic envi-
ronments with Fe. The increased TS in the thin-laminated
dark marls is congruent with the greater TOC values and the
depleted oxygen conditions indicated by the Mo/Al ratio.
Caswell and Coe (2012) and Ruebsam et al. (2020b) showed
a parallel increase in TOC and TS in the Levisoni–Falciferum
Zone (Serpentinum Zone) from deposits of the East Midlands
Shelf (UK) and Atlasic Basin of Algeria, respectively.

Above the thin-laminated dark marls interval, Mo/Al,
TOC, and TS decrease at the same time that benthic micro-
fossils and trace fossils are recorded. The record of ferrug-
inized moulds of microgastropods is common from sieved
samples, which is compatible with the early phases of sea
bottom recolonization described in further contexts (Suan et
al., 2013; Teichert and Nutzel, 2014; Gatto et al., 2015). The
haematite composition of the microgastropod moulds is in-
dicative of an oxidation front, further favouring the precipita-
tion of Mn oxides and oxy-hydroxides in the sediment–water
interface due to oxygen availability (Thomson et al., 1999;
Powell et al., 2003). Even though the presence of haematite
moulds must be related to oxygen availability at the sea bot-
tom, the diagenetic history of these moulds remains com-
plex. The microtextural features of the haematite forming the
moulds evidence an original composition as pyrite in the ini-
tial infilling of the gastropod shell. This pyrite precipitated
before the dissolution of the aragonitic shell during the early
diagenesis, followed by reducing conditions in the sediment
pore water. The subsequent advance within the sediment pore
water of the oxygenation favoured the precipitation of Fe and
Mn oxides and oxy-hydroxides, as well as the transformation
of gastropod pyrite moulds to haematite. The return to oxic
conditions and the potential advance within the sediment of
the oxic front (evidenced by the ferruginous moulds of gas-
tropods and small Mn concretions) could also favour the ox-
idation of organic matter and the remobilization of sulfur.

5.3 Isotopic fluctuations and environmental changes

In the Cueva del Agua section, the δ13C values show a
pronounced decrease of 0.84 ‰ from the base of the thin-
laminated dark marl interval coinciding with the drop in
CaCO3 wt % (base of the Serpentinum Zone). These fluctu-

ations are related to the perturbation of the carbon cycle as-
sociated with the Jenkyns Event and can be linked to other
processes such as sea-level rise, global warming, seawater
acidification, and deoxygenation of the bottom seawater (see
Dera and Donnadieu, 2012; Reolid et al., 2014a; Casellato
and Erba, 2015; Müller et al., 2020; Storm et al., 2020) that
affected marine biota and carbonate productivity. The nega-
tive CIE was recorded both in carbonates and organic mat-
ter in other sections of the South Iberian Palaeomargin rep-
resented in the Subbetic, such as Fuente Vidriera (Reolid,
2014a; Rodrigues et al., 2019) and La Cerradura sections
(Reolid et al., 2014a; Rodrigues et al., 2019; Ruebsam et al.,
2020a). No δ13C values similar to those of the Pliensbachian
are recorded in the Cueva del Agua section until the thin-
bedded limestones (upper part of Serpentinum Zone).

The original signal of δ18O was surely affected by car-
bonate mobilization in these sediments, as evidenced by the
recrystallization of some microfossils, for which reason ab-
solute values should be regarded with caution. Still, the δ18O
values for the lower Toarcian are within the range reported in
previous works (Dera et al., 2009), around−3 ‰ in the Poly-
morphum Zone, showing a pronounced decrease at the base
of the Serpentinum Zone in the thin-laminated dark marls
(−5.36 ‰ to −4.95 ‰). These data are very close to those
reported by Gómez and Goy (2011) for δ18O from bulk sam-
ples of sections in Rodiles Oeste (Basque–Cantabrian Basin,
northern Spain) and Sierra Palomera (Iberian Range, east-
ern Spain). The above authors report a negative excursion at
the base of the Serpentinum Zone (from−3.0 ‰ to−5.5 ‰).
Other European sections also underline this negative isotopic
excursion with δ18O values obtained from bulk samples,
belemnites, and brachiopods (Anderson and Arthur, 1983;
Rohl et al., 2001; Jenkyns, 2003; Rosales et al., 2004; Suan et
al., 2008, 2010; Harazim et al, 2013). In light of δ18O values,
Rosales et al. (2004) and Gómez and Goy (2011) interpreted
a palaeotemperature of 24 ◦C during the late Pliensbachian
and the Polymorphum Zone, with an abrupt increase to 32 ◦C
at the base of the Serpentinum Zone for Iberian palaeomar-
gins. Ruebsam et al. (2020a) infer from δ13C values from
different organic molecules of the External Subbetic that the
early Toarcian warming was paralleled by an increase in at-
mospheric CO2 levels from ∼ 500 to ∼ 1000 ppmv. Molec-
ular palaeothermometry based on the TEX86 proxy indi-
cates that the sea surface temperature in the Subbetic varied
from 22 to 32 ◦C during the Jenkyns Event (Ruebsam et al.,
2020c). According to Rodrigues et al. (2019) and Ruebsam
et al. (2020a), the climatic belts in the South Iberian Palaeo-
margin suffered a displacement to the north, turning more
arid in this area of the Western Tethys.

5.4 Record of the biotic crisis on microfossil
assemblages

Different environmental changes may be interpreted from the
fluctuations in microfossil assemblages, mainly foraminifera.
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These fluctuations correlate with those from the facies and
geochemistry.

5.4.1 Prebiotic crisis

Despite the few stratigraphic levels investigated for benthic
foraminifera at the top of the Pliensbachian and the begin-
ning of the Toarcian (Polymorphum Zone), it seems like it
is characterized by high α diversity of foraminifera and the
dominance of specialists. Such an assemblage is typical of
this time interval in the basins of the Western Tethys (e.g.
Reolid et al., 2013, 2014b; Rita et al., 2016). The forms are
mainly uniserial (MG-J1), like Dentalina and Nodosaria, as
occurs in the studied section (Fig. 7). The dominance of shal-
low infauna and the record of potential deep infauna such as
Eoguttulina (MG-J3) and Lenticulina (MG-K) indicate good
tiering as well as unrestricted trophic resources and oxygen
availability. The same good tiering for foraminiferal assem-
blages is reported for the top of the Pliensbachian in the
Lusitanian Basin (Rita et al., 2016; Reolid et al., 2019a),
the Basque–Cantabrian Basin (Herrero, 1998), Cardigan Bay
Basin (Reolid et al., 2019b), Atlasic Basin (Reolid et al.,
2012b, 2013), and Umbria–Marche Basin (Bartolini et al.,
1992), among others. The ostracods in the upper part of the
Pliensbachian are also diverse in the Cueva del Agua sec-
tion, and the record of bioclasts of other benthic organisms
– echinoid, ophiuroid, and holothurian plates – confirms the
favourable conditions at the seafloor.

5.4.2 Initial phase of the biotic crisis

The abundance and α diversity of foraminifera in the Poly-
morphum Zone of the Cueva del Agua section decrease with
respect to the top of the Pliensbachian, as observed at the
Yorkshire coast (Hylton, 2000), Mochras borehole (Wales;
Reolid et al., 2019b), the Peniche and Maria Pares sections
(Portugal; Rita et al., 2016; Reolid et al., 2019a), and the
Ratnek El Kahla section (Algeria; Reolid et al., 2012b). Epi-
faunal forms such as Reinholdella, Trochammina, and Spir-
illina increase near the top of the Polymorphum. Decreased
abundance and α diversity together with an increase in epi-
fauna are interpreted as related to the prebiotic crisis and
destabilization of environmental conditions at the seafloor. In
southern Germany (Riegraf, 1985; Hylton, 2000), the Cardi-
gan Bay Basin (Copestake and Johnson, 2014; Reolid et al.,
2019a), and the Iberian Range (Herrero, 1994), numerous
taxa became extinct in the Polymorphum Zone and at the
Polymorphum–Levisoni boundary.

The ostracod assemblages at the top of the Polymorphum
Zone show less α diversity and abundance as well as a change
in the composition of the assemblage, dominated by forms of
the family Bairdiidae and Cytherellidae (mainly Cytherella).
Cytherella has been interpreted as indicative of warm wa-
ters (Peypouquet et al., 1981; Depêche, 1984; Whatley, 1995;
Bonnet et al., 1999; N’Zaba-Makaya et al., 2003). Cytherel-

lids are more resistant than other ostracods when oxygena-
tion drops to critical levels (Whatley, 1991, 1995). Cytherella
is an infaunal ostracod that can survive low oxygen episodes
by adapting its metabolism to require less oxygen. The iden-
tification of large numbers of cytherellids has been associ-
ated with low oxygen levels in the Toarcian (Boomer and
Whatley, 1992; Whatley et al., 1994; Arias and Whatley,
2004; Boomer et al., 2008). Corbari (2004) observed that
Cytherella cf. abyssorum is less active than other ostracods
when hypoxic conditions are established. In addition, the
thickness of the valves serves as a temporal barrier to dif-
fuse toxic substances, such as CO2 partial pressure and H2S
concentrations, when the redox boundary is shallower in the
sediment (Corbari, 2004). Some studies correlate oxygena-
tion with the percentage of Cytherellidae (Lethiers and What-
ley, 1994, 1995; Whatley, 1995; Whatley et al., 2003). In
this sense, the increase in Cytherella in the upper part of
the Polymorphum Zone is interpreted as related to a pro-
gressive decrease in oxygenation within the sediment. Cor-
bari et al. (2004) and Corbari (2004) proposed that Platycop-
ida (Cytherellidae) could remain in the deep layer of sedi-
ment for longer periods, whereas other Podocopida (such as
Bairdiidae and Pontocyprididae) would have to rise to the
surface, where they are subjected to higher predation.

5.4.3 Peak of the biotic crisis

The microfossil assemblages of the lowermost part of the
Serpentinum Zone, corresponding to the thin-laminated dark
marls, present abrupt changes (Figs. 9 and 12). In the case
of foraminifera, the abundance, α diversity, and mean size
of specimens decrease (from 170 to 136 µm). The dominant
morphogroup is MG-J1 (mainly small specimens of Den-
talina and Marginulina, mean size 127 µm), which presents a
peak at the beginning of the Serpentinum Zone (Fig. 7) coin-
cident with the decrease in CaCO3 content and δ18O, as well
as the increase in Mo/Al (Fig. 4). After that, proportions of
MG-J1 show an abrupt decrease (< 30 %). The MG-J3, rep-
resented by small specimens of Eoguttulina, shows high val-
ues (from 20 % to 29 %) at the base of the Serpentinum Zone.
Other forms reaching high values at the onset of the Ser-
pentinum Zone are Lenticulina, Bolivina, and Reinholdella.
Both Lenticulina and Eoguttulina are interpreted as poten-
tial deep infaunal forms with opportunist behaviour (Reolid,
2008; Reolid et al., 2013, 2019a, b; Rita et al., 2016). The
genus Reinholdella has been interpreted as an epifaunal op-
portunist (Hylton, 2000; Clemence et al., 2010; Reolid et al.,
2012b, 2019a, b; Rita et al., 2016). An increase in oppor-
tunist forms is indicative of progressively unfavourable con-
ditions. The absence of trace fossils and the increase of TOC
and Mo/Al point to progressive deoxygenation of the bot-
tom. Forms with high mobility within the sediment (Eogut-
tulina and Lenticulina) and epifaunal forms (Reinholdella)
initially survive stressful conditions.
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The diversity of ostracods decreases in the dark marls of
the Serpentinum Zone before the barren horizon, with the
disappearance of Bythocytheridae and Pontocypridae, while
Polycopidae is first recorded in the Cueva del Agua section
(Fig. 13). Polycopidae has been interpreted as a nektonic–
pelagic form (N’Zaba-Makaya et al., 2003; Corbari, 2004),
which is congruent with the transgression that occurred dur-
ing the T-OAE (Korte and Hesselbo, 2011; Haq, 2018). In
the last sample before the barren benthic horizon, only two
species have been recorded: mainly Cytherella toarcensis
and secondarily Ogmoconchella aequalis. The record of
Cytherellidae is compatible with the deoxygenation of the in-
faunal microhabitat inferred by previous authors (e.g. What-
ley et al., 2003; Boomer et al., 2008). Ogmoconcha and Og-
moconchella are interpreted as tolerant of hypoxic condi-
tions according to Whatley (1995) and N’Zaba-Makaya et
al. (2003), also congruent with the record of Ogmoconchella
just before the biotic crisis.

These abrupt changes in geochemistry and fauna conclude
with a barren benthic horizon where microfossils are not
recorded. This horizon is located in the lower part of the thin-
laminated dark marls and occurs just after the peak of Mo/Al
and TOC (Figs. 4 and 15). A similar barren benthic interval
or horizon has been reported in other basins related to the T-
OAE, such as the Atlas Basin (Ksour Mountains in Algeria;
Reolid et al., 2012a), the Lusitanian Basin (Rita et al., 2016;
Reolid et al., 2019a), and SE France (Józsa et al., 2018). In
other sections of the Tethys with less incidence of oxygen-
restricted conditions (T-OAE), the biotic crisis is only rep-
resented by decreased abundance, α diversity, and size of
foraminifera and ostracods, with a dominance of opportunist
forms, but there is no barren benthic interval. Such is the
case of the Aït Albegal and Issouka sections from the Mid-
dle Atlas (Morocco; Bejjaji et al., 2010; Reolid et al., 2013),
Beni Snassen from Rif (northern Morocco; Boudchiche et
al., 1987), the Mellala section of Tlemcen domain (Algeria;
Reolid et al., 2014b; Soulimane et al., 2017a, b), the Maria
Pares section from the north Lusitanian Basin (Portugal; Re-
olid et al., 2019a), the Muro de Aguas, Moneva, and Ricla
sections from the Iberian Range (Spain; Herrero, 1994), the
Pont de Suert section of the Pyrenees (Spain; Nicollin et al.,
1995), the Quercy section of the Aquitaine Basin (France;
Rey et al., 1994), Truc de Balduc (France; Hylton, 2000),
the Valdorbia section from Umbria–Marche (Italy; Bartolini
et al., 1992; Nocchi and Bartolini, 1994), and the Mochras
borehole, Cardigan Bay Basin (western Wales; Reolid et al.,
2019b). Therefore, the biotic crisis could be linked not only
to oxygen-depleted conditions in the bottom, but also global
warming, as the Jenkyns Event is identified as a hyperther-
mal event (e.g. García Joral et al., 2011; Korte and Hesselbo,
2011; Suan et al., 2011; Danise et al., 2013; Baghli et al.,
2020; Storm et al., 2020).

5.4.4 Recovery phase

The foraminiferal assemblages are recovered after the barren
benthic horizon with the record of specialist forms (mainly
Dentalina and Nodosaria with an upward increase in Par-
alingulina) and opportunist ones (Textularia and Lenticulina;
Fig. 9). Lenticulina has been described during the first phases
of colonization of the sea bottom after the T-OAE (Reolid et
al., 2012a, b). The MG-J3, MG-J4, MG-D, and MG-H are
not recovered after the biotic crisis (Fig. 7). The abundance
of foraminifera increases, mainly forms < 200 µm, during
an initial phase of the recovery. The ferruginous moulds of
the microgastropods are abundant in the thin-laminated dark
marls just over the barren benthic horizon (Fig. 15) during
the first phase of recovery. The record of numerous small gas-
tropods is compatible with the early stages of seafloor recol-
onization, as described in further contexts (Suan et al., 2013;
Teichert and Nutzel, 2014; Gatto et al., 2015). The prolifera-
tion of opportunist organisms of small size (e.g. Lenticulina
and gastropods) is an adaptive strategy to unfavourable con-
ditions known as the Lilliput effect (Urbanek, 1993; Twitch-
ett, 2007; Morten and Twitchett, 2009). This strategy consists
of a temporary decrease in size among the species in order to
survive in confined environments (Urbanek, 1993).

Just above the barren benthic horizon, the ostracod as-
semblage presents low diversity, while abundance is trig-
gered in the first phase of recovery (Fig. 15). The as-
semblages are now dominated by the family Cytherelli-
dae (Cytherella toarcensis reaches 86 %) and secondarily
Cyprididae (Liasina lanceolata) and Bairdiidae (Bairdia sp.).
The family Bairdiidae is composed of smooth-shelled ostra-
cods that require open-marine conditions and present high
palaeoecologic tolerance (Fohrer and Samankassou, 2005).
The genus Bairdia is a shallow infaunal to epifaunal form
(Sohn, 1960) interpreted as an opportunist (Fohrer and
Samankassou, 2005; Reolid, 2014a). Metacopina (Healdi-
idae) are not recorded after the biotic crisis as widely as in
other Tethys localities (Boomer and Whatley, 1992; Whatley
et al., 1994; Arias and Whatley, 2004; Boomer et al., 2008;
Arias, 2013; Cabral et al., 2013; Soulimane et al., 2017a,
2020). The Jenkyns Event marks the global extinction of
Metacopina (e.g. Boomer et al., 2008; Arias, 2013). Families
Healdiidae, Bythocytheridae, and Polycopidae are not recov-
ered after the barren interval. The dominance of Cytherella
is congruent with its opportunist character and tolerance of
low oxygen conditions. Ogmoconcha and Ogmoconchella
have also been interpreted as tolerant to hypoxic conditions
(Whatley, 1995; N’Zaba-Makaya et al., 2003), but they were
most likely affected by global warming conditions, whereas
Cytherella can support warm waters (Whatley, 1995; Bonnet
et al., 1999; N’Zaba-Makaya et al., 2003). Metabolic oxygen
consumption increases with enhanced temperature in many
organisms, and hence thermal limits on survival are imposed
when it exceeds the capacity for obtaining oxygen from the
environment (Pörtner, 2010). This could apply to Healdiidae,
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despite the fact that Ogmoconcha and Ogmoconchella may
be tolerant of oxygen-depleted conditions (Whatley, 1995).

Some authors propose that the early Toarcian ostra-
cod turnover is a consequence of global warming (Arias
and Whatley, 2004; Gómez and Arias, 2010; Arias, 2013).
Boomer et al. (2008) and Arias and Whatley (2009) put forth
the possible existence of competition among the different os-
tracod groups after extinction of the metacopines. Such com-
petition would have resulted in the occupation of niches va-
cated by other groups, such as opportunist organisms (bair-
dioids and cytherellids) that could withstand oxygen-poor
conditions.

Other colonizers of the seafloor after the barren ben-
thic horizon were holothurians and ophiuroids. Trace fossils,
mainly Chondrites and Planolites, are again recorded after
the thin-laminated dark marls, thus confirming the increase in
oxygenation in the sediment. Other sections in the External
Subbetic (Fuente Vidriera and La Cerradura sections) show a
similar distribution of trace fossils with a barren benthic hori-
zon in the peak of the negative CIE and recovery just above it
(Rodríguez-Tovar and Uchman, 2010; Reolid et al., 2014a).

The assemblages of foraminifera are more diverse and
stable right below the thin-bedded limestones, marking the
second phase of the recovery after the biotic crisis, with
a dominance of infaunal uniserial forms (mainly Paralin-
gulina and Pseudonodosaria) and increasing percentages of
Eoguttulina. However, the α-diversity values do not reach the
values seen at the top of the Pliensbachian. The radiolari-
ans abruptly increase just below the thin-bedded limestones,
meaning the hemipelagic influence probably increased.

6 Conclusions

This analysis of the Cueva del Agua section, in the Exter-
nal Subbetic (Betic Cordillera), demonstrates the incidence
of the Jenkyns Event in the eastern part of the South Iberian
Palaeomargin, represented by a deoxygenation episode cor-
relative with the T-OAE. Facies show an abrupt decrease
in CaCO3 content and the deposition of dark marls in the
Polymorphum–Serpentinum Zone boundary. Right at this
boundary, trace fossils disappear and thin-laminated dark
marls are recorded together with a negative CIE. Further-
more, TOC, TS, and redox-sensitive elements (Mo/Al) in-
crease in this facies, pointing to oxygen-depleted condi-
tions during the deposition of the thin-laminated dark marls.
The δ18O shows an abrupt decrease in the Polymorphum–
Serpentinum Zone boundary. Such fluctuations are well-
correlated with the Jenkyns Event, which entails perturba-
tion of the carbon cycle and carbonate production, as well
as a global warming recorded in the lower part of the Ser-
pentinum Zone and the T-OAE.

Decreased diversity of foraminifera and ostracods, as
well as the abundant specialist forms in the Polymorphum–
Serpentinum Zone boundary with respect to the top of Pliens-

bachian, indicates unfavourable conditions at the sea bot-
tom and hence opportunists (Lenticulina, Eoguttulina, Rein-
holdella, and Cytherella) just before the negative CIE. These
features of environmental instability during the upper part of
the Polymorphum Zone can be inferred as the bellwether of
the T-OAE, the initial phase of the biotic crisis. The peak of
the biotic crisis is characterized by maximum values of TOC
(but relatively low 0.53 wt %), TS, and Mo/Al, as well as the
record of a barren benthic horizon.

Above the thin-laminated dark marls, TOC, TS, and
redox-sensitive elements recover pre-T-OAE values. The
foraminifera, ostracods, and trace fossils are progressively
more abundant and diverse. The first colonizers of the
sea bottom were opportunist foraminifera (Lenticulina and
Textularia), opportunist ostracods (Cytherella), microgas-
tropods, and Chondrites trace makers. After the explosion
of opportunist forms, the second phase of recovery is char-
acterized by a progressive increase in diversity. These data
indicate the progressive environmental improvement of oxy-
gen availability at the sea bottom. The carbonate content in-
creases upwardly above the dark marls, up to the thin-bedded
limestones that present HCS structures and abundant radio-
larians, indicating high-energy conditions in the seafloor, the
input of pelagic sediment from neighbouring areas, and in-
creasing oxygenation in the sea bottom waters.
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