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Open marine sediments deposited during the Cenomanian—Turonian transition are well exposed in the
Spanish Banos de la Hedionda section (Betic Cordillera, South Iberian Palaeomargin). Analysis of fora-
miniferal assemblages and geochemical proxies allow inferences on the impact of the Oceanic Anoxic
Event 2 (OAE2) in this area of the western Tethys. Three main intervals have been identified corre-
sponding to different lithological units and biozones. (1) The top of the Capas Blancas Member (Rotali-
pora cushmani Biozone) represents the pre-extinction phase with diverse foraminiferal assemblages and
well developed water-column tiering, well-oxygenated, oligotrophic deep-waters and oxygenated to
poorly oxygenated, mesotrophic surface-waters. Foraminiferal opportunist species point to a minor event
with dysoxic conditions preceding the OAE2. (2) The black radiolaritic shales (Whiteinella archaeocretacea
Biozone) consist of a foraminiferal-barren interval, except for the lowermost centimetres where planktic
surface-dweller opportunists are common. Redox sensitive elements (Cr/Al, V/Al, U/Th, Mogg, Moayt, Ugr
and U,y) and increased TOC values reflect oxygen depleted conditions related to the OAE2. The increase
in P/Ti values at the base of this stratigraphic interval indicates an abrupt increase in productivity. High
concentrations of radiolarians are congruent with high surface productivity probably related to changes
in oceanic circulation and enhanced upwelling currents, as well as subsequent shallowing of the oxygen-
minimum zone. The increase in Mogg and Mo, towards the top of the black radiolaritic shales indicates
temporal euxinic conditions. (3) A slow, bottom-up recovery of foraminiferal assemblages is inferred at
the base of the Boquerén Member (Helvetoglobotruncana helvetica Biozone), with seafloor recolonization
by benthic foraminifera being recorded previous to the water column colonization by planktic forms,
mainly by intermediate-dwellers typical of mesotrophic waters. The subsequent proliferation of surface-
dweller opportunists and deep-dweller opportunists adapted to mesotrophic to eutrophic conditions,
and the decrease in planktic foraminiferal diversity, may indicate the persistence of poorly oxygenated
conditions in the water column towards the lower-middle part of the H. helvetica Biozone.

© 2015 Elsevier Ltd. All rights reserved.

1. Introduction

and Slomp, 2009; Monteiro et al., 2012; Pogge von Strandmann
et al, 2013), a perturbation of the global carbon cycle (e.g.

Oceanic Anoxic Event 2 (OAE2) is represented by the worldwide
deposition of organic-rich facies across the Cenomanian/Turonian
(C/T) boundary and has been related to palaeoceanographic and
climatic changes including greenhouse warming (e.g. Huber et al.,
1999, 2002; Norris et al., 2002; Bornemann et al., 2008; Tsandev
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Kuypers et al., 2002; Erba, 2004; Pogge von Strandmann et al,,
2013), a sea-level transgression (Hallam, 1992), and a probable
massive magmatic episode (e.g. Kuroda et al., 2007; Turgeon and
Creaser, 2008; Erba et al, 2013). In the marine realm, both
planktic and benthic foraminifera were affected by OAE2. The
planktic foraminiferal turnover (Coccioni and Luciani, 2004; Caron
et al.,, 2006) includes the disappearance of the genus Rotalipora
close to the OAE2 (e.g. Hart, 1996, 1999; Nederbragt and Fiorentino,
1999; Keller et al., 2001; Coccioni and Luciani, 2004; Reolid et al.,
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2015). Planktic foraminifera are sensitive to temperature, chemical
and trophic conditions of the seawater column, and the ecostrati-
graphic analysis of their assemblages may be used to reconstruct
palaeoceanographic changes across the OAE2 (e.g. Jarvis et al.,
1988; Huber et al., 1999; Coccioni and Luciani, 2004; Gebhardt
et al., 2004, 2010). In addition, the ecostratigraphic analysis of
benthic foraminiferal assemblages is a useful tool to interpret
paleoenvironmental fluctuations at the seafloor (e.g. Bernhard,
1986; Koutsoukos et al., 1990; Nagy, 1992; Jorissen et al., 1995;
Van der Zwaan et al., 1999; Klein and Mutterlose, 2001; Reolid
et al., 2008a, 2012a,b). Some authors have interpreted an extinc-
tion event affecting benthic foraminiferal assemblages at the C/T
boundary (e.g. Kaiho, 1994, 1999; Peryt and Lamolda, 1996; Peryt,
2004), but there is disagreement whether this occurred globally
(Holbourn and Kuhnt, 2002).

The analysis of redox-sensitive trace elements such as Cr, Mo
and V, among others, has proved to be a useful tool for interpreting
redox conditions during oceanic anoxic events. These elements are
less soluble under reducing conditions, resulting in synsedimentary
enrichments under oxygen-depleted conditions (Wignall and
Myers, 1988; Calvert and Pedersen, 1993; Jones and Manning,
1994; Powell et al., 2003; Gallego-Torres et al., 2007; Reolid et al.,
2012a,b, 2015). Geochemical proxies have also been successfully
applied to interpret palaeoproductivity, the most extensively used
being the Ba/Al and P/Ti ratios (e.g., Turgeon and Brumsack, 2006;
Gallego-Torres et al., 2007; Robertson and Filippelli, 2008; Sun
et al., 2008; Reolid and Martinez-Ruiz, 2012; Reolid et al., 2012a,b).
The total organic carbon (TOC) has also been employed as an in-
direct palaeoproductivity proxy (e.g., Gupta and Kawahata, 2006;
Su et al., 2008), although enhanced TOC content may result from
oxygen depletion and poor bottom-water ventilation.

The aim of this work is to integrate foraminiferal data and
geochemical proxies to interpret the palaeoenvironmental turn-
over across the OAE2 in the Banos de la Hedionda section (Betic
Cordillera, southern Spain). The OAE2 and the Cen-
omanian—Turonian (C—T) transition are recorded in the Betic
Cordillera, where studies on foraminifera, calcareous nannoplank-
ton, radiolarian and trace fossils have been carried out (e.g.
Rodriguez-Tovar et al., 2009a,b; Sdnchez-Quinénez et al., 2010).
Here we present the first integrated analysis of benthic and planktic
foraminiferal assemblages and geochemical proxies across the C—T
transition from the Banos de la Hedionda section.

2. Geological setting

The studied section (36°23'39”N, 5°15’45”W) is located in the
Madlaga province (southern Spain), 1 km north from Manilva village
(Fig. 1). The studied section belongs to the Penibetic, i.e., the
External Zones of the Betic Cordillera (Fig. 1). The Betic Cordillera is
the westernmost Alpine Mediterranean Chain together with the
Rifian Cordillera in north Morocco. The Betic Cordillera is divided
into internal and external zones, the last one formed by thin-
skinned thrust sheets detached from their basement and consist-
ing of thick successions of Triassic to Miocene sedimentary rocks
(Vera, 2004). The Betic External Zones comprise the Prebetic and
Subbetic, which constituted epicontinental and epioceanic envi-
ronments, respectively, beginning in the Early Jurassic. The Banos
de la Hedionda section is located in the westernmost part of the
Internal Subbetic, also called the Penibetic, which constituted a
moderately deep pelagic plateau located in the most distal part of
the South Iberian palaeomargin (Martin-Algarra, 1987).

The Banos de la Hedionda section is located in the eastern limb
of the N—S trending Canutos de la Utrera anticline, which consti-
tutes a tectonic window among the Cretaceous—Tertiary turbiditic
successions of the Campo de Gibraltar Flysch Complex. The

succession is composed of thick limestones of the Libar Group,
surrounded by marly limestones and marls of the Espartina Group.
The top of the Libar Group is capped by a decimetre-thick pelagic
limestone bed with phosphate deposits (stromatolites and macro-
oncoids) of the latest Valanginian—earliest Hauterivian (Gonzdlez-
Donoso et al., 1983; Martin-Algarra and Vera, 1994; Martin-Algarra
and Sanchez-Navas, 2000). The Espartina Group includes the Capas
Blancas and the Capas Rojas formations, represented by scaglia-
type facies consisting of white and red pelagic marly limestones
and marls rich in chert nodules and layers, and characterized by the
abundance of planktic foraminifera. The Capas Blancas Formation
(~54 m thick) is subdivided in the Capas Blancas Member (~36 m
thick) and Boquerén Member (~16 m thick), which are separated by
a <1.5 m thick bituminous interval that consists of black shales and
black radiolaritic interlayers (Martin-Algarra, 1987).

The studied interval (Fig. 1C) is 6 m thick and belongs to the
upper part of the Capas Blancas Formation. The lowermost 3.2 m
consist of marls and marly-limestones with local chert nodules of
the Capas Blancas Member (Figs. 1C and 2). These sediments are
overlain by 1.45 m of black radiolaritic shales composed by thin
laminated black clays and black radiolaritic cherts (Figs. 1C and 2).
The uppermost 1.3 m of the studied section consist of white lime-
stones with chert nodules and marls, and belong to the Boquerén
Member (Fig. 1C and 2).

3. Material and methods

Lithofacies and microfacies were analysed by field observations
and from a total of 19 thin sections and 2 polished slabs. Forami-
niferal and geochemical analyses were conducted in a total of 28
sampling levels across the 6 m thick, C—T transition (Fig. 1).

Micropalaeontological samples were disaggregated in water
with diluted H,0,, washed through a 63 um sieve, and dried at
50 °C. More indurated limestones were immersed in acetic acid
(80%) during 1—4 h, depending on the carbonate content, then
washed through a 63 pm sieve, and dried at 50 °C. Quantitative
studies were based on representative splits (using a modified Otto
microsplitter) of over 300 specimens of benthic foraminifera and
300 specimens of planktic foraminifera larger than 63 pm per
sample. The remaining residue was scanned for rare species.
Simple diversity (number of species) and the Fisher-a diversity
index (e.g. Murray, 1991) were calculated separately for benthic
and planktic foraminiferal assemblages. Most of the planktic
specimens in relatively more indurated limestones and marly-
limestones samples are poorly preserved, mainly due the acetic
acid immersion. For this reason, quantification of planktic fora-
minifera was carried out only at the genus level. The studied
specimens are curated in the institutional repository of the Lab-
oratorio de Micropaleontologia of the Universidad Nacional de
Colombia (Bogotd, Colombia) and constitute the “Banos de la
Hedionda Planktics” Collection with the identification BH-2014-
00pl to BH-2014-89pl and “Banos de la Hedionda Benthics”
Collection with the identification BH-2014-00bent to BH-2014-
89bent. Specimens were photographed and illustrated using a
Scanning Electron Microscope Zeiss PE Merlin at the University of
Zaragoza. Some images were taken with an optical microscope
with a digital charge-coupled device (ccd) camera, the resulting
image being a composite picture from digital images taken at
several focus depth slices (~30 images for larger specimens, see
Hanagata and Nobuhara, 2015).

We used the morphogroup analysis of benthic foraminifera (e.g.,
Corliss, 1985; Jones and Charnock, 1985; Corliss and Chen, 1988)
combined with the comparison of fossil and recent communities as
an approach to infer probable microhabitat preferences and envi-
ronmental parameters (e.g., Bernhard, 1986; Fontanier et al., 2002;
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Fig. 1. (A) Geological setting of the Betic Cordillera, (B) detailed geological setting of the studied section (star) close to Manilva village, (C) Banos de la Hedionda section including
the lithostratigraphic units, foraminiferal biozones and location of the samples.
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Fig. 2. Macroscopic view of the lithostratigraphic units and microfacies. Capas Blancas Member (A) and (B), black radiolaritic shales (C) and (D), and Boquerén Member (E) and (F).

Scale bar 1 mm.

Jorissen et al., 2007). Uncertainties regarding the microhabitat for
many recent deep-sea species (e.g., Buzas et al., 1993), however, and
the fact that we do not know to what extent the Cretaceous faunas
were analogous to recent faunas, suggest that caution must be
taken with the interpretation of these comparisons (e.g., Jorissen
et al., 2007), and only major changes in morphogroups have been
considered to be significant (Gooday, 2003). Planktic foraminiferal
morphogroups and inferred life style including redox and trophic
requirements are based on Hart and Bailey (1979), Hart (1999),
Keller et al. (2001) and Coccioni and Luciani (2004). The life
styles of helvetoglobotruncanids, praeglobotruncanids, dicar-
inellids and hedbergellids have been updated according to Ando
et al. (2010), Wendler et al. (2013) and Huber and Petrizzo (2014).
Whole-rock analyses of major elements were carried out in 28
samples using X-ray fluorescence (XRF) in a Philips PW 1040/10
spectrometer. The content of trace elements was determined using
an inductively coupled plasma-mass spectrometer (ICP-MS Perkin
Elmer Sciex-Elan 5000) at the Centro de Instrumentacion Cientifica
(CIC, Universidad de Granada). Instrumental error was +2% and +5%
for respective elemental concentrations of 50 ppm and 5 ppm.
The contents in C, N and S, as well as the total organic carbon
(TOC) content, were analysed with an Elemental Analyzer LECO

CNS-TruSpec and an Inorganic Carbon Analyzer CM5240 UIC in the
laboratories of the Centro Andaluz de Medio Ambiente (CEAMA,
Granada). Total organic carbon was obtained as the difference be-
tween total carbon and total inorganic carbon; it was measured in
mg and calculated as percentage of sample weight.

In order to compare trace-element proportions in samples with
varying carbonate and clay contents, trace-element concentrations
were normalized to aluminium content (Calvert and Pedersen,
1993). This technique avoids any lithological effects on trace or
major element concentrations, assuming that Al content in sedi-
ments is heightened by alumino-silicates (e.g., Calvert, 1990). The
study of palaeoproductivity was carried out applying two palae-
oproductivity proxies, Ba/Al and P/Ti. To analyse palaeo-
oxygenation, two redox proxies evaluating the relative increase of
redox sensitive elements, Cr/Al and V/Al, were applied throughout
the section as well as the enrichment factors of Mo and U. Ac-
cording to Zhou et al. (2012) and Tribovillard et al. (2012), the
enrichment factors are calculated as Mogr = [Mo/Al]sample/[Mo/
Allpaas and Ugr = [U/Al]sample/[U/Al]lpaas. The authigenic values of U
and Mo were also calculated according to Zhou et al. (2012), as
Moayt = [Mo0]sample — [Mo]paas/[Al]paas™[Al]lsample, Uaut = [Ulsample —
[U]PAAS/[AI]PAAS*[Al]sample-
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4. Results
4.1. Microfacies

The top of the Capas Blancas Member corresponds to light
(locally dark grey) marls and light grey marly limestones in
decimetre-thick beds with black chert nodules and interlayers
(Fig. 2A). The microfacies range from mudstones to laminated
packstones rich in planktic foraminifera and radiolarids (Fig. 2B).

The black radiolaritic shale interval is characterized by very dark
coloured clay-rich layers and radiolaritic layers (Fig. 2C). Thin
lamination is persistent in both clay-rich layers and radiolarites.
The lower part (from 0 to 45 cm) is composed of black clayey
radiolarites and dark grey or black silicified shales (both in beds
<5 cm thick). The middle interval (from 45 to 100 cm) contains
10 cm of black shales at the bottom, and is characterized by the
dominance of black and grey radiolarites with well-laminated black
shales interlayers. The upper interval (100—145 cm) contains al-
ternations of black and grey radiolarites with black and dark grey
shales (Figs. 2C and D). The top of the black radiolaritic shale in-
terval consists of a 4 cm thick horizon of green clays, overlain by the
cherty limestone beds of the Boquerén Member.

The base of the Boquerén Member is more calcareous and rich in
chert nodules than the top of the Capas Blancas Member, but ra-
diolarians are very common (Figs. 2E and F).

4.2. Planktic foraminifera and biostratigraphy

For biostratigraphic assignments, we follow the planktic fora-
miniferal biozones proposed by Robaszynski and Caron (1995) for
the Cretaceous in Europe and the Mediterranean. According to the
definition of the GSSP (Global Stratotype Section and Point) for the
base of the Turonian stage (Kennedy et al., 2005), the C/T boundary
is located within the Whiteinella archaeocretacea Biozone.

The Rotalipora cushmani, Whiteinella archaeocretacea and Hel-
vetoglobotruncana helvetica biozones have been recognized at the
Banos de la Hedionda section. The R. cushmani Biozone (upper
Cenomanian) corresponds to the studied interval of the Capas
Blancas Member, except for its uppermost centimetres. This bio-
zone is characterized by trochospiral keeled planktic forms such as
Rotalipora cushmani, Rotalipora montsalvensis, Thalmanninella
greenhornensis, Thalmannninella brotzeni, Parathalmanninella
appenninica, and Thalmanninella deeckei. The W. archaeocretacea
Biozone includes the topmost centimetres of the Capas Blancas
Member, the black radiolaritic shales and the lowermost centi-
metres of the Boquerén Member. The most common species of this
biozone are Praeglobotruncana stephani, Praeglobotruncana gibba,
Muricohedbergella delrioensis, and Marginotruncana sigali. Accord-
ing to O'Dogherty (1994) and O'Doghery et al. (2001) a sudden
renewal of radiolarian species in this section delineates the
boundary between Guttacapsa biacuta Biozone and Alievium
superbum Biozone, which correlates approximately to the White-
inella archaeocretacea Biozone. The lower Turonian H. helvetica
Biozone includes the uppermost metre of the Boquerén Member.
This biozone is characterized by the record of Helvetoglobotruncana
helvetica, Helvetoglobotruncana praehelvetica and Guembelitria
cenomana. Other characteristic species recorded within this bio-
zone include Marginotruncana marginata, Sigalitruncana marianosi
and Whiteinella inornata.

Planktic foraminiferal assemblages (Fig. 3) are abundant and
diverse across the studied section except for the black radiolaritic
shales unit, which is barren of foraminifera (Figs. 4 and 5; Table 1).
A total of 14 genera and 34 species have been recorded.

The Capas Blancas Member (samples BH-0 to BH-45) shows P/
B (planktic/benthic foraminifera) values ranging from 97 to 99%

(Fig. 4). The number of species of planktic foraminifera is high
(17—22 species/sample) and the Fisher-o index of diversity
ranges between 3.76 and 5.37 (Fig. 4). According to planktic
morphogroups (Fig. 6), assemblages are dominated by trocho-
spiral morphogroups in the Capas Blancas Member (83.4—94.2%),
while planispiral morphogroups make up between 4.7 and 13.1%
of the assemblages (Fig. 7). Keeled trochospiral forms dominate
over unkeeled forms. Biserial forms are a minor component of
the assemblages (less than 5%). The most common species
include Praeglobotruncana stephani, Thalmanninella brotzeni,
Praeglobotruncana gibba, Rotalipora cushmani, Muricohedbergella
delrioensis, Muricohedbergella planispira, Muricohedbergella sim-
plex, and Globigerinelloides bentonensis. The relative abundance of
the Dicarinella, Muricohedbergella and Whiteinella decrease to-
wards the upper half of the Capas Blancas Member, while the
proportions of Praeglobotruncana (mainly P. gibba and P. stephani)
and Rotalipora (mainly R. cushmani) increase (Fig. 8). Two species
disappear in the lower half of this member: Dicarinella algeriana
reappears higher up in the section, and Whiteinella aumalensis
has not been observed in any other samples across the studied
section.

The black radiolaritic shales constitute a barren interval except
for the lowermost sample (BH-49), which contains very scarce
planktic foraminifera that belong to 4 species (Muricohedbergella
delrioensis, Marginotruncana sigali, Praeglobotruncana stephani and
P. gibba) but no benthic taxa. The low-diversity (Fisher-a = 2.62,
Fig. 4) foraminiferal assemblage is dominated by trochospiral
morphogroups (86.7%), mainly keeled forms, followed by planis-
piral morphogroups (13.3%, Fig. 7). Biserial and triserial planktic
foraminifera are not recorded. Muricohedbergella delrioensis be-
comes more abundant in this sample with respect to the underlying
Capas Blancas Member, and the species Marginotruncana sigali first
occurs.

The lowermost 50 cm of the Boquerén Member are also barren
of planktic foraminifera (Figs. 4, 5, 7 and 8). The P/B ratio across the
rest of this unit is high, but it drops down to 0% in sample BH-88
(Fig. 4). The number of planktic species ranges from 11 to 22 spe-
cies/sample, and the Fisher-o index ranges between 2.99 and 5.48
(Fig. 4). Unkeeled trochospiral forms replace keel trochospiral ones
in the upper half of this member (Fig. 7). Biserial and triserial
morphogroups are a minor component of the assemblages, and
planispiral forms are recorded only in the lowermost sample (BH-
83). Whiteinella baltica, Praeglobotruncana stephani, Praeglobo-
truncana gibba, Muricohedbergella delrioensis and Dicarinella
algeriana are the most common species (Fig. 8). The lower half of
the Boqueréon Member is characterized by high percentages of
Dicarinella, which is scarcely recorded in the Capas Blancas Mem-
ber. The genera Planoheterohelix and Guembelitria first occur at the
base of the Boquerén Member. The middle part of the Boquerén
Member is characterized by increasing proportions of Mur-
icohedbergella (mainly Mu. delrioensis) and Whiteinella (mainly
Whiteinella baltica) (Fig. 8).

4.3. Benthic foraminifera

A total of 53 genera and 69 species of benthic foraminifera have
been recorded in the Banos de la Hedionda section (Fig. 9, Table 2).
Calcareous taxa dominate the assemblages (up to 93%) except for
sample BH-23 in the Capas Blancas Member, where agglutinated
forms make up to 52.4% of the assemblage. There are no benthic
foraminifera in the black radiolaritic shales nor in the lowermost
10 cm of the Boquerén Member (Fig. 10).

The number of benthic foraminiferal species ranges from 17 to
38 in the Capas Blancas Member, and the Fisher-a diversity index
ranges from 5.14 to 14.62 (Fig. 4). Among benthic morphogroups,
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Fig. 3. Planktic foraminiferal species in the Los Banos de la Hedionda section: A—C, Rotalipora cushmani (BH-0). A, umbilical view; B, peripheral view; C, spiral view. D, Rotalipora
cushmani (BH-0) umbilical view. E, Rotalipora montsalvensis (BH-0) umbilical view. F—H, Whiteinella archaeocretacea (BH-89). F, umbilical view; G peripheral view; H, spiral view
(note upper half of the test is affected by corrosion by acetic acid after retrieving from indurated rock). I-], Whiteinella cf. archaeocretacea (BH-3). I, spiral view; ], umbilical view.
K—L, Praeglobotruncana gibba (BH-45). K, peripheral view; L, spiral view. M, Shackoina cenomana (BH-83) side view. N—P. Rotalipora greenhornensis (BH-0). N, spiral view; O,
peripheral view; P, umbilical view. Q, Guembelitria cenomana (BH-83) side view. R, Dicarinella sp. (BH-89) peripheral view. Scale bars: 0.2 mm.
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Fig. 5. Stratigraphic distribution of planktic foraminiferal species identified across the upper Cenomanian and lower Turonian at the Banos de la Hedionda section.
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Fig. 6. Planktic foraminiferal morphogroups and inferred life style including redox and trophic requirements.
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the biconvex trochospiral (e.g., Gyroidinoides globosus, Charltonina
australis, Charltonina sp., Gavelinella cenomanica and Gavelinella sp.)
and cylindrical elongated morphogroups (e.g., Tritaxia gaultina,
Laevidentalina spp., Praebulimina spp. and Marsonella oxycona)
dominate (Fig. 10). Pseudospheric forms such as Ammosphaeroidina
spp. are also common in the Capas Blancas Member. The epifaunal
morphogroups are more abundant than infaunal ones (Fig. 11). A
significant increase in the percentages of Charltonina australis
(17.4%, BH-17), Gavelinella spp. (22.8%, BH-17) and Glomospira spp.
(23.8%, BH-23) has been observed between 1 m and 1.5 m in the
Capas Blancas Member (Fig. 10).

Assemblages recorded immediately above the barren interval in
the Boquerén Member are significantly different from those in the
Capas Blancas Member. The number of species increases from the
base (9, sample BH-81) to the top (21, sample BH-88) of the

— —
10% 0 10%

g. 7. Stratigraphic distribution of planktic foraminiferal morphogroups.

Boquerén Member, and the Fisher-a index increases from 2.95 to
4.95 (Fig. 4). These values are lower than in the Capas Blancas
Member. Assemblages in the Boquerén Member are dominated by
biconvex trochospiral (Gyroidinoides beisseli and Gyroidinoides
globosus), cylindrical (Praebulimina spp., Tritaxia gaultina and
Pleurostomella spp.) and planoconvex trochospiral morphogroups
(Stensioeina exsculpta). Infaunal forms are dominant relative to
epifaunal ones (Fig. 11, Table 3). The lower part of this member is
characterized by high proportions of species that were scarcer in
the Capas Blancas Member, such as Gyroidinoides beisseli (24.6%),
Praebulimina spp. (35.0%), Stensioeina exsculpta (17.5%), and Pleu-
rostomella spp. (5.3%) (Fig. 10). Taxa such as Tappanina sp. (21.0%),
Gaudryina spp., Gavelinella spp. and Lenticulina spp. are recorded
immediately above the lowermost sample of the Boquerén Member
(Fig. 10).
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Fig. 8. Percentages of planktic foraminiferal genera across the studied interval.

4.4. Geochemistry

4.4.1. Redox proxies

The analysis of redox proxies allowed us to subdivide the
studied section into three intervals that correspond to the three
stratigraphic units (Fig. 12): the Capas Blancas Member
(R cushmani Biozone), the black radiolaritic shales
(W. archaeocretacea Biozone), and the Boquerén Member (topmost
of W. archaeocretacea and base of the H. helvetica Biozone).

The Capas Blancas Member (R. cushmani Biozone) is character-
ized by very low values of Cr/Al, U/Th, V/Al, Mogr, M0,y Ugr and
U,y ratios, followed by a sudden increase in U/Th, V/AI, Ugrand U,y
ratios in the black radiolaritic shales (W. archaeocretacea Biozone),
with the highest values recorded in the upper part of the black
radiolaritic shales (Fig. 12). A gradual increase in Cr/Al, Mogg, and
Mo,y ratios within the black radiolaritic shales leads to the highest
values in the upper part of this unit. Ugr and Mogg reach signifi-
cantly high values in the black radiolaritic shales (7.46 and 22.38,
respectively); according to Tribovillard et al. (2012), an elemental
enrichment factor >3 is considerable, and >10 is considered as a
strong enrichment.

At the base of the Boquerén Member limestones (H. helvetica
Biozone), the redox ratios decrease down to the original values
recorded in the Capas Blancas Member (Fig. 12).

4.4.2. Palaeoproductivity proxies and TOC

The selected palaeoproductivity proxies and TOC show the most
significant changes in the black radiolaritic shales (Fig. 13), except
for the Ba/Al ratio which shows a prominent peak in the lower part
of the Capas Blancas Member (sample BH-7). A peak in the P/Ti
ratio has been recorded towards the base of the black radiolaritic
shales coincident with a strong decrease in the %CaCOs (Fig. 13),
which shows very low values in this unit (0.5—3.6 wt.%). The TOC
and TS reach the maximum values in the upper part of the black
radiolaritic shales (4.8 wt.% and 2.2 wt.%, respectively, sample BH-
69), in the same horizon where maximum values in the redox
proxies Cr/Al, V/Al, Ugr and U,y have been recorded (Figs. 12 and
13). TOC and TS return to lower values and the %CaCOs increases
at the base of the Boquer6n Member (H. helvetica Biozone, Fig. 13).

5. Palaeoenvironmental interpretation
5.1. Capas Blancas Member: pre-extinction phase

The Capas Blancas Member is characterized by the dominance of
planktic foraminifera indicative of a good water-column tiering,
including potential deep-dweller specialists (e.g. Thalmanninella
and  Rotalipora) and  opportunists  (Muricohedbergella),
intermediate-dwellers (e.g. Praeglobotruncana), and potentially
surface-dweller opportunists (e.g. Whiteinella, Globigerinelloides
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Fig. 9. Benthic foraminiferal species in the Los Banos de la Hedionda section: A, Spiroplectammina roemeri (BH-0). B, Plectina pinswagensis (BH-0). C, Ammodiscus sp. (BH-0).
D, Arenobulimina sp. (BH-0). E, Lingulina sp. (BH-0). F, Saracenaria sp. (BH-0). G, Hemirobulina sp. (BH-0). H, Tristix sp. (BH-0). I, Stensioeina exsculpta. ]—K, Charltonina australis (BH-0).
L, Bolivinopsis spectabilis (BH-1). M, Ammosphaeroidina sp. (BH-1). N, Gaudryina pyramidata (BH-3). 0—Q, Gyroidinoides globosus (BH-18). R, Gyroidinoides beisseli (BH-18). S—T,
Valvulineria sp. (BH-24). U-V, Globorotalites sp. (BH-25). W—X, Gyroidinoides subglobosus (BH-88). Scale bars: 0.1 mm.
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Table 2

Count data of benthic foraminifera from the Banos de la Hedionda section.

Species
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and Planoheterohelix). This assemblage composition indicates
oxygenated to poorly oxygenated mesotrophic conditions both in
deep and surface-waters (Fig. 14). Muricoherbergella and Planohe-
terohelix (Heterohelix before Haynes et al, 2015) are the only
components of this assemblage that have been interpreted as op-
portunists related to poorly oxygenated, eutrophic conditions (e.g.
Coccioni and Luciani, 2004; Keller and Pardo, 2004a), but they do
not dominate the assemblages in the Capas Blancas Member.
Muricohedbergella delrioensis was originally interpreted as a
surface-dweller by Price and Hart (2002) and Coccioni and Luciani
(2004) among others, however Ando et al. (2010) proposed a shift
to deep environments across the Albian/Cenomanian boundary.
Among planktic assemblages, a gradual increase in the per-
centage of keeled forms (Praeglobotruncana stephani and Rotalipora
cushmani), parallel to a decrease in unkeeled trochospiral forms
(Muricohedbergella delrioensis and Whiteinella aprica) have been
recorded in the lower part of the Capas Blancas Member (Fig. 7).
This turnover may be related to a lithological change from lime-
stones to marls and marly limestones, and is coaeval with an in-
crease in the Ba/Al ratio (Fig. 12), which is a palaeoproductivity
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proxy (Reolid and Martinez-Ruiz, 2012). However, the P/Ti ratio,
another palaeoproductivity proxy, does not show any significant
fluctuations.

Benthic assemblages from the Capas Blancas Member are
slightly dominated by epifaunal species (e.g. Gyroidinoides globosus
and Charltonina australis; Table 3) but also contain some compo-
nents of shallow (mainly Laevidentalina spp., Ammosphaeroidina
spp., and Marsonella oxycona) and deep (Tritaxia gaultina) infaunal
microhabitats (Fig. 11). This assemblage composition points to low
mesotrophic conditions (Dupraz and Strasser, 1999; Jorissen et al.,
2007; Reolid et al, 2008b) in the sea-bottom microhabitats
because the composition of morphogroups is equilibrated (Fig. 14),
except for a few isolated samples where epifaunal forms make up
more than 50% of the assemblages. Typical benthic forms indicative
of oxygen-poor, eutrophic conditions (such as Praebulimina, Pleu-
rostomella, Tappanina, Glomospira and Gavelinella; e.g., Koutsoukos
et al., 1990; Coccioni et al., 1993; Widmark, 2000; Gebhardt et al.,
2010; Reolid et al., 2015) are scarcely represented (Fig. 10). The
marly interval of this member, however, contains quantitative
peaks in the abundance of Charltonina australis, Gavelinella spp.,
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Fig. 10. Stratigraphic distribution of selected benthic foraminiferal species.
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Fig. 10. (continued).

Globorotalites sp., Pleurostomella spp. Spiroplectammina roemeri,
Glomospira spp. and Praebulimina spp. (samples BH-17 to BH-23),
which point to decreased sea-bottom water oxygenation (Fig. 14)
(e.g. Gebhardt et al., 2010; Reolid et al., 2015). Gavelinella has been
interpreted in the literature as a low-oxygen tolerant genus (Sliter,
1975; Koutsoukos et al., 1990; Gertsch et al., 2010), and it occurs in
shales with a high concentration of organic matter (Holbourn et al.,
2001). Globorotalites peaked in abundance under stressful condi-
tions after the Cretaceous/Paleogene impact event (Alegret, 2007;
Alegret et al., 2012). The interpretation of dysoxic conditions is
supported by a small peak in the Ugg values (Fig. 12). This minor

event within the R. cushmani Biozone reflects an ecological
replacement of opportunistic taxa, with Gavelinella as the first
colonizer and Glomospira and Praebulimina as the last ones reaching
maximum percentage peaks (Fig. 10).

An increase in the percentage of Charltonina, Glomospira, Len-
ticulina and Praebulimina is recorded immediately above the short
interval of dysoxic sea-bottom water conditions (Fig. 10). These
genera are not dominant but point to unfavourable conditions in
spite of the fact that redox and palaeoproductivity proxies do not
change significantly (Figs. 12 and 13). The proliferation of oppor-
tunistic forms prior to an anoxic event (and associated variations in
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Table 3
Differentiation of morphogroups according to test shape, and inferred life style compared with previous interpretations (Koutsoukos et al., 1990; Hart, 1996; Bak et al., 1997).
Note: Koutsoukos et al. (1990) for assemblages from oxygen depleted environments across the Cenomanian/Turonian boundary.

Species Morphogroup Subgroup Chambers Test form Life position Hart (1996) Koutsoukos et al. Bak et al. (1997)
(1990)
Ammodiscus spp. B B2 Multilocular Coiled flatened Epifaunal Epifaunal Epifaunal
Aragonia sp. Flatened tapered Infaunal
Ammosphaeroidina B B1? Multilocular Globular Epifaunal/
spp. Infaunal
Arenobulimina sp. C C1 Multilocular Elongate Infaunal Infaunal
Astacolus crepidularis Flatened tapered Infaunal
Astacolus gratus Flatened tapered Infaunal
Astacolus spp. Flatened tapered Infaunal
Bathysiphon spp. A A Unilocular  Tubular Epifaunal Epifaunal
Charltonina australis Biconvex trochospiral Epifaunal
Charltonina sp. Biconvex trochospiral Epifaunal
Clavulinoides sp. C C1 Multilocular Elongate Infaunal
Conorotalites sp. Planoconvex trochospiral ~ Epifaunal
Coryphostoma spp. Flatened tapered Infaunal Infaunal
Dorothia pupa C C1 Multilocular Elongate Infaunal Infaunal Shallow to deep
infaunal
Dorothia spp. C C1 Multilocular Elongate Infaunal Infaunal Shallow to deep
infaunal
Ellipsoidella sp. Cylindrical tapered Infaunal Infaunal
Ellipsopolymorphina Cylindrical tapered Infaunal Infaunal
sp.
Epistomina sp. Biconvex trochospiral Epifaunal
Epistomina spinulifera Biconvex trochospiral Epifaunal
Frondicularia sp. Palmate Epifaunal Epifaunal/Shallow
infaunal
Gaudryina pyramidata C C1 Multilocular Elongate Infaunal
Gaudryina spp. C C1 Multilocular Elongate Infaunal
Gavelinella Biconvex trochospiral Epifaunal Epifaunal/ Epifaunal
cenomanica infaunal
Gavelinella spp. Biconvex trochospiral Epifaunal Epifaunal/ Epifaunal
infaunal
Glandulina sp. Cylindrical tapered Infaunal Infaunal
Globorotalites sp. Planoconvex trochospiral ~ Epifaunal
Globulina sp. Spherical/Globose Infaunal Epifaunal/Shallow
infaunal
Glomospira spp. B B2 Multilocular Coiled flatened and Epifaunal Epifaunal Epifaunal
streptospiral
Glomospirella sp. B B2 Multilocular Coiled flatened and Epifaunal Epifaunal
streptospiral
Gubkinella Spherical/Globose Infaunal
graysonensis
Gyroidinoides beisseli Biconvex trochospiral Infaunal
Gyroidinoides Rounded trochospiral Epifaunal
globosus
Gyroidinoides sp. Planoconvex trochospiral ~ Epifaunal
Gyroidinoides Planoconvex trochospiral ~ Epifaunal
subglobosus
Hemirobulina sp. Cylindrical tapered Infaunal
Laevidentalina spp. Cylindrical tapered Infaunal Epifaunal/Shallow
infaunal
Lagena sp. Spherical/Globose Infaunal
Lenticulina rotulata Biconvex planispiral Epifaunal Epifaunal/ Epifaunal
infaunal
Lenticulina sp. Biconvex planispiral Epifaunal Epifaunal
Lenticulina truncata Biconvex planispiral Epifaunal
Lingulina sp. Flatened tapered Infaunal Epifaunal/Shallow
infaunal
Marginulinopsis sp. Cylindrical tapered Infaunal
Marssonella oxycona C C1 Multilocular Elongate Infaunal Epifaunal/ Infaunal
infaunal
Oolina spp. Spherical/Globose Infaunal
Plectina C C1 Multilocular Elongate Infaunal
pinswangensis
Pleurostomella spp. Cylindrical tapered Infaunal
Praebulimina spp. Cylindrical tapered Infaunal Infaunal
Pyrulina spp. Cylindrical tapered Infaunal Epifaunal/Shallow
infaunal
Pyrulinoides spp. Cylindrical tapered Infaunal Epifaunal/Shallow
infaunal
Quadrimorphina sp. Biconvex trochospiral Epifaunal
Tubular or branching Epifaunal Epifaunal

(continued on next page)
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Table 3 (continued )

Species Morphogroup Subgroup Chambers Test form Life position Hart (1996) Koutsoukos et al. Bak et al. (1997)
(1990)

Ramulina spp. Tubular or branching Epifaunal Epifaunal

Saracenaria sp. Triangular elongate Infaunal

Spiroplectammina C C1 Multilocular Elongate Infaunal Shallow to deep
roemeri infaunal

Spiroplectammina sp. C c1 Multilocular Elongate Infaunal

Stensioeina exsculpta Planoconvex trochospiral ~ Epifaunal

Stensioeina granulata Planoconvex trochospiral ~ Epifaunal

Tappanina selmensis Flatened tapered Infaunal

Textularia sp. C c1 Multilocular Elongate Infaunal Infaunal

Tritaxia gaultina C C1 Multilocular Elongate Infaunal Infaunal

Vaginulinopsis sp. Flatened tapered Infaunal

Valvulineria sp. Planoconvex trochospiral ~ Epifaunal Infaunal Epifaunal

geochemical proxies) was also documented across the Toarcian
Oceanic Anoxic Event by Reolid et al. (2012a). A significant decrease
in the diversity of benthic foraminifera occurs towards the top of
the Capas Blancas Member, and is congruent with the progress of
the unfavourable conditions at the seafloor.

Ichnofabric analysis carried out by Rodriguez-Tovar et al.
(2009a) revealed the occurrence of Chondrites, Planolites, Trichich-
nus and Palaeophycus at the top of the Capas Blancas Member.
These authors interpreted a well-oxygenated environment punc-
tuated by short intervals of oxygen-depleted conditions.

5.2. Black radiolaritic shales: Oceanic Anoxic Event 2

The lack of benthic foraminifera in the black radiolaritic shales

V/AI *10* Cr/Al *10* U/Th

Member
Biozones
Scale (m)
amples

Boquerén
H. helvetica

‘ Black radiolaritic shales I
W. archaeocretacea

Capas Blancas
R. cushmani

and the occurrence of planktic foraminifera only in the lowermost
sample (BH-49) point to adverse conditions during sedimentation
of the black shales. Low-diversity planktic assemblages from sam-
ple BH-49 (Fig. 4) are characterized by opportunist taxa from
relatively deep waters (Muricohedbergella delrioensis, Fig. 6), which
indicate poorly oxygenated waters and eutrophic conditions
(Fig. 14). Non-opportunist intermediate-dwellers (Praeglobo-
truncana) and abundant Marginotruncana (K-strategists; Petrizzo,
2002) have also been identified in this sample, whereas no deep-
dweller specialists such as Rotalipora and Thalmanninella have
been observed. The fact that Marginotruncana sigali first occurred in
the lower part of the black radiolaritic shales is difficult to interpret.
We argue that this species, which was considered as a specialist
taxon by Petrizzo (2002), may have been adapted to oxygen-

Mo Mo U Uer

aut

0 150 0 25 0 25

T 1 r T U r T 1 r T T 1

100 200 0 10 20 0 10 0 5.0

Fig. 12. Stratigraphic fluctuations of geochemical redox proxies and U- and Mo-based proxies (enrichment factor and authigenic content).
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Fig. 13. Stratigraphic distribution of %CaCOs, total sulphur (TS), total organic carbon (TOC), and geochemical palaeoproductivity proxies (Ba/Al and P/Ti ratios).

restricted conditions. Except for sample BH-49, the black radio-
laritic shales are barren of foraminifera, suggesting adverse con-
ditions in the water column. According to Huber et al. (1999),
increased pCO, and deep water warming may have caused a
breakdown in the vertical tiering of the water column, accounting
for the extinction of specialist deeper-dwelling species. Alterna-
tively, increased bottom water ocean acidification might explain
the loss of benthic foraminiferal tests and post-depositional loss of
planktic tests.

Redox conditions in the water column and at the seafloor may
be inferred from the analysis of redox-sensitive trace elements (Cr,
Mo, U and V), which tend to co-precipitate with sulfides (mainly
pyrite) and are usually not remobilized during diagenesis in the
absence of post-depositional replacement of oxidizing agents
(Tribovillard et al., 2006). The enhancement in redox sensitive el-
ements (Cr/Al, V/Al, U/Th, Mogg, Mogayt, Ugr and Uyyt) points to
depleted oxygen conditions during deposition of the black radio-
laritic shales (Figs. 12 and 14). U-based proxies (Ugr = 7.46 and
Usut = 10.07) and increased TOC values (4.84 wt.%) point to
depleted oxygen conditions in the lower part of the water column
(Fig. 14).

The P/Ti ratio is a commonly used proxy for productivity
(Latimer and Filippelli, 2001; Robertson and Filippelli, 2008; Reolid
et al., 2012a,b, 2015). Increased values are related to a higher
phosphorous supply to the seafloor derived from biological pro-
cesses, not from terrigenous components (Latimer and Filippelli,
2001; Flores et al., 2005; Sen et al, 2008). At Banos de la
Hedionda section, the increase in P/Ti values at the base of the
W. archaeocretacea Biozone indicates an abrupt increase in

productivity (Fig. 13). Such an increase in the P/Ti ratio was also
identified at the base of the W. archaeocretacea biozone in the
Tunisian Oued Bahloul section (Reolid et al., 2015). Mort et al.
(2007a) suggested that the increase in P-accumulation rates coin-
ciding with OAE2 may be related to an overall increase in surface-
water productivity. However, maximum values of P/Ti ratio do not
coincide with maximum values of TOC or Ugr in Banos de la
Hedionda section (Figs. 12 and 13). The Ba/Al ratio, which has also
been used as a palaeoproductivity proxy (Sun et al., 2008; Reolid
and Martinez-Ruiz, 2012; Reolid et al., 2012a,b), does not show
any significant fluctuations in the black shales interval.

The initial increase in opportunist planktic foraminifera typical
of poorly oxygenated environments and eutrophic conditions, and
the disappearance of deep-dweller specialists (e.g. Rotalipora) and
benthic foraminifera coincide with the onset of the OAE2 as well as
with the high P/Ti values. Persistent oxygen restricted conditions
are confirmed by the relatively higher TOC values (reaching 4.84
wt.%), which point to higher accumulation of organic matter
derived from surface primary productivity than in the Capas
Blancas Member (Schlanger and Jenkyns, 1976; Arthur et al., 1990;
Ingall et al., 1993; Van Cappellen and Ingall, 1994; Mort et al.,
2007a). TOC values have been used as an indirect palae-
oproductivity proxy when TOC is related to phytodetritus associ-
ated with phytoplankton or dinoflagellate remains (e.g., Calvert and
Fontugne, 2001; Gupta and Kawahata, 2006; Plewa et al., 2006; Su
et al., 2008). According to Tribovillard et al. (2006), the TOC is
generally proportional to surface-water productivity and consti-
tutes a useful palaeoproductivity proxy in spite of certain compli-
cations attributable to efficient organic recycling, export
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Fig. 14. Evolution of trophic conditions, productivity and oxygenation in the water column and at the seafloor (sea-bottom waters) inferred from foraminiferal assemblages and geochemical proxies. Note according to Fig. 5:
surface-dweller opportunists include Globigerinelloides, Planoheterohelix, Guembelitria, Planoheterohelix and Whiteinella; deep-dweller opportunists include Muricohedbergella (mainly Mu. delrioensis); and intermediate and
deep-dweller specialists include Parathalmanninella, Rotalipora and Thalmanninella.
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productivity, delivery to the sediment-water interface and final
burial. High TOC values, however, may also result from low bottom-
water ventilation and oxygen depletion, and are not necessarily
related to high surface productivity.

Radiolarians are a major component of the black radiolaritic
shales (Fig. 2d) and indicate abnormally high surface productivity.
High concentrations of radiolarians have been typically docu-
mented from black shales related to OAE2 in northern European
sections (e.g., Jarvis et al., 1988; Scopelliti et al., 2004; Kedzierski
et al, 2012; Uchman et al., 2013), which are often barren of
planktic foraminifera. According to Jarvis et al. (1988), major
changes in oceanic circulation during the C—T transition enhanced
upwelling currents, with nutrient-rich deep-waters emerging to-
wards the surface. Moreover, abundance of radiolarians in the same
sediments is consistent with shallowing of the oxygen-minimum
zone caused by enhanced ocean-surface productivity.

In Recent marine environments there is a positive correlation
between TOC and total sulphur (TS) mainly coming from pyrite
(Berner and Raiswell, 1983). Under depleted oxygen conditions
(dysoxic or anoxic), organic matter decays at the seafloor or in the
sediment—water interface, resulting in increased reduction rates of
sulphate, increased H,S in the sediment pore-water, and the pro-
gressive shallowing of the redox boundary within the sediment.
The H,S reacts with the detritic Fe and forms pyrite. In this sense,
the TS in the black shales interval is congruent with the highest TOC
values and the oxygenation decrease indicated by V/Al and Cr/Al
ratios (Figs. 12 and 13). Maximum values of TOC and redox proxies
do not coincide with the maximum peak in P/Ti, which is recorded
towards the base of the black radiolaritic shale interval. This might
suggest that, in addition to high surface productivity, oxygen
depleted conditions across OAE2 may have been exacerbated by
other factors, as previously suggested by Mort et al. (2007b).

High Mogr and Mo, values require the presence of H,S (euxinic
conditions) (Tribovillard et al., 2012; Zhou et al., 2012). The increase
in Mogr and Moyt across the black shales indicates a decrease in
oxygen availability towards euxinia (Fig. 14). Other authors have
reported euxinic conditions from OAE2 (e.g., Wang et al., 2001;
Scopelliti et al., 2004; Reolid et al., 2015). Progressively oxygen-
depleted conditions from the base of the black shales upwards
are compatible with the disappearance of planktic foraminifera,
including opportunistic taxa that flourished at the beginning of the
eutrophic conditions (e.g., Muricohedbergella; BH-49). Alterna-
tively, increased bottom water ocean acidification may account for
the loss of the planktic foraminiferal tests.

Marine anoxia during OAE2 is thought to have been related to
enhanced biological productivity (e.g. Monteiro et al., 2012; Pogge
von Strandmann et al., 2013). Uranium and organic matter in the
sediment are related, as uranium may form a complex that dis-
solves fulvic acid in hemipelagic sediments (Nagao and Nakashima,
1992). In this sense, high values for Ugg and U, are congruent with
the high values of TOC. In open-ocean systems with suboxic bottom
waters, U,y enrichment is greater than that of Mo,y because U,y
accumulation begins at the Fe (II)-Fe (III) redox boundary (Zhou
et al., 2012), while Mo,y accumulation becomes more relevant as
waters become euxinic. Higher values of U,y recorded in the lower
part of the black shale interval are congruent with anoxic condi-
tions not only at the sea-bottom waters but also in the deeper layers
of the water column, where deep dwellers such as Rotalipora
inhabited. However, the upper part of the black shales (BH-69 to
BH-79) presents higher values of Mo,y than U,y and indicates
euxinic conditions.

Based on ichnologic analyses, Rodriguez-Tovar et al. (2009a)
interpreted anoxic conditions during deposition of the black radi-
olaritic shales in this section, with interruptions by short dysaero-
bic to oxic periods as suggested by the occurrence of such ichnotaxa

as Chondrites, Planolites, Thalassinoides and rare Zoophycos in
greenish or light grey silicified shales.

5.3. Boqueron Member: recovery

Foraminiferal assemblages from the Boquerén Member signifi-
cantly differ from those recorded before OAE2. The lowermost
sample of the Boquerén Member only contains benthic forami-
nifera, while planktic foraminifera reappear 26 cm above the base
of this member (including the first occurrence of Dicarinella spe-
cies, namely D. canaliculata, D. hagni and D. imbricata). Dicarinella
algeriana, a species that has not been recorded in the upper part of
the Capas Blancas Member, dominates the assemblages in the
lowermost part of the H. helvetica Biozone (Fig. 8). The genus
Dicarinella has been interpreted as an intermediate-dweller typical
of oxygenated mesotrophic environments (Coccioni and Luciani,
2004; Fig. 6). Recent studies indicate that Dicarinella occupied a
slightly deeper habitat than surface-dwellers such as Helvetoglo-
botruncana and Whiteinella (MacLeod et al., 2013; Wendler et al.,
2013; Huber and Petrizzo, 2014). Planktic assemblages also
contain common intermediate to deep-dweller forms such as
Praeglobotruncana, typical of oxygenated, mesotrophic environ-
ments. Opportunist surface-dweller forms indicative of oxygenated
to poorly oxygenated waters and mesotrophic to eutrophic condi-
tions are also recorded (e.g., Whiteinella, Guembelitria and Plano-
heterohelix). The opportunistic surface-dweller Whiteinella
progressively proliferated during the H. helvetica Biozone. Guem-
belitria has been interpreted as an opportunist surface-dweller
adapted to poorly oxygenated, eutrophic waters (Coccioni and
Luciani, 2004; Reolid et al., 2015) or to variable salinity and
nutrient levels (Keller and Pardo, 2004a,b). The deep-dweller
specialist Rotalipora and the intermediate to deep-dweller
specialist Parathalmanninella went extinct, and there are no
genera occupying this ecologic niche (Fig. 8). Deep-dwellers are
represented only by the opportunist genus Muricohedbergella,
mainly Mu. delrioensis, which has also been documented from
oxygen-deficient environments (Coxall et al., 2007; Ando et al,,
2010). Guembelitria, Mu. delrioensis and Planoheterohelix have
been reported as indicators of poorly oxygenated eutrophic con-
ditions (Reolid et al., 2015), but in the studied section also co-occur
with diverse planktic assemblages typical of oligotrophic, well-
oxygenated mixed layers. Therefore, the presence of these taxa
may indicate low oxygenated conditions but not so restricted as
during the black radiolaritic shales.

Benthic foraminiferal assemblages are less diverse than in the
Capas Blancas Member. They are dominated by opportunistic spe-
cies of the genera Praebulimina, Gyroidinoides, Tappanina and
Pleurostomella (e.g., Peryt and Lamolda, 1996). The clear dominance
of Praebulimina spp. immediately above the extinction interval
suggests that they may have behaved as disaster species (Peryt and
Lamolda, 1996; Reolid et al., 2015). Buliminids are considered to be
indicators of high-food and/or low oxygenation at the seafloor in
the modern oceans (e.g., Fontanier et al, 2002; Gooday, 2003).
Some species of Gyroidinoides have been interpreted as opportun-
ists (e.g. Peryt and Lamolda, 1996). Species of Praebulimina, Pleu-
rostomella and Tappanina have been reported from dysoxic facies in
highly eutrophic environments and high organic-matter fluxes (e.g.
Eicher and Worstell, 1970; Coccioni et al., 1993; Widmark, 2000;
Gustafsson et al.,, 2003; Gebhardt et al., 2004; Friedrich and
Erbacher, 2006; Friedrich et al., 2009; Reolid et al., 2015). More-
over, the dominance of infaunal taxa in the Boquerén Member
supports the interpretation of eutrophic and low oxygen conditions
at the seafloor (Jorissen et al., 1995). Similarly, dysoxic conditions
have also been inferred from infaunal-dominated assemblages
immediately above the OAE2 event in the Spanish Menoyo section
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(Peryt and Lamolda, 1996).

In contrast, redox proxies do not indicate oxygen depleted
conditions in the Boquerén Member. We conclude that the palae-
oenvironmental perturbation related to the OAE2 (recorded in the
foraminiferal-barren interval of the black radiolaritic shales)
induced slow recovery of the foraminiferal assemblages, especially
affecting benthic foraminifera, which display low diversity and are
dominated by opportunistic species. Detailed analysis of the
benthic assemblages shows a succession of abundance peaks that
represent the first stages of seafloor recolonization after the OAE2,
which correspond to the ecological replacement of mainly oppor-
tunistic foraminifera (abundance peaks of Gyroidinoides beisseli and
Stensioeina exsculpta in BH-81, followed by peaks of Praebulimina
sp. and Gyroidinoides globosus in BH-83, and Tappanina and Pleu-
rostomella in BH-87). The first colonizers were epifaunal forms, and
these were followed by abundance peaks of infaunal opportunists,
indicating the persistence of adverse conditions at the seafloor.

The first stages of seafloor recolonization by benthic forami-
nifera occurred prior to water column colonization by planktic
forms, mainly by intermediate to deep-dwellers typical of meso-
trophic to oligotrophic waters (Dicarinella algeriana, Praeglobo-
truncana stephani, P. gibba). These data indicate that the recovery of
environmental conditions began at the sea-bottom and in the deep
and intermediate waters. The subsequent proliferation of surface-
dweller opportunists (Whiteinella baltica) and deep-dweller op-
portunists (Muricohedbergella delrioensis) adapted to mesotrophic
to eutrophic conditions, and the decrease in planktic foraminiferal
diversity may indicate the return to poorly oxygenated conditions
in the water column during the H. helvetica Biozone (Fig. 14).

According to Rodriguez-Tovar et al. (2009a), trace fossils from
the Boquerén Member (mainly Chondrites and Planolites) suggest
the recovery to pre-OAE conditions, although they identified
several intervals with oxygen-depleted conditions.

6. Conclusions

Detailed analysis of foraminiferal assemblages and geochemical
proxies from the Banos de la Hedionda section (South Iberian
Palaeomargin) allowed us to identify the impact of OAE2 in this
area of the western Tethys.

The Capas Blancas Member represents the pre-extinction phase
with diverse foraminiferal assemblages and a good water-column
tiering, with well-oxygenated, oligotrophic deep-waters and
oxygenated to poorly oxygenated, mesotrophic surface-waters. A
minor event with dysoxic conditions preceding the OAE2 is indi-
cated by quantitative peaks of benthic (Gavelinella, Glomospira and
Praebulimina) and planktic (Muricohedbergella and Planoheter-
ohelix) opportunists.

The lack of foraminifera in the black radiolaritic shales
(W. archaeocretacea Biozone) points to adverse conditions. Planktic
foraminifera, mainly surface-dweller opportunists, are only recor-
ded in the lowermost centimetres of the black shales. The
enhancement in redox sensitive elements (Cr/Al, V/Al, U/Th, Mogg,
Moa.yt, Ugr and Ugye) and increased TOC values point to depleted
oxygen conditions. The increase in P/Ti values at the base of this
stratigraphic interval indicates an abrupt increase in productivity.
Therefore, the initial increase in the percentage of opportunist
planktic foraminifera typical of poorly oxygenated environments
and eutrophic conditions, and the disappearance of deep-dweller
specialists (e.g. Rotalipora) and benthic foraminifera coincide with
the onset of OAE2 as well as with high redox and palae-
oproductivity proxies. High concentrations of radiolarians indicate
abnormally high surface productivity probably related to changes
in oceanic circulation and enhanced upwelling currents, as well as
subsequent shallowing of the oxygen-minimum zone. The increase

in Mogr and Mo, indicates a decrease in oxygen availability to-
wards euxinia in the upper part of the black radiolaritic shales.
Increased bottom water ocean acidification may be required,
however, to explain the post-depositional loss of planktic forami-
niferal tests in the black radiolaritic shales.

The first centimetres of the Boquerén Member (H. helvetica
Biozone) only contain benthic foraminifera, and planktic forami-
nifera reappear 26 cm above the base of this member. Foraminiferal
assemblages are less diverse than in the Capas Blancas Member.
Planktic assemblages mainly consist of intermediate-dwellers
(praeglobotruncanids and dicarinellids) typical of oxygenated
mesotrophic environments, opportunist surface-dwellers (white-
inellids, heterohelicids and guembelitrids) and opportunist deep-
dwellers (hedbergellids) typical of poorly oxygenated waters with
mesotrophic to eutrophic conditions. Benthic assemblages are
dominated by opportunistic species that indicate dysoxic condi-
tions after the OAE2.

The palaeoenvironmental perturbations related to OAE2 caused
slow recovery of the foraminiferal assemblages, especially among
benthic foraminifera, which display low diversity and are domi-
nated by opportunistic species. However, the first stages of seafloor
recolonization by benthic foraminifera occurred previous to the
water column colonization by intermediate to deep-dwellers
typical of mesotrophic to eutrophic waters. These data indicate a
bottom-up recovery of environmental conditions. The subsequent
proliferation of surface-dweller opportunists adapted to mesotro-
phic to eutrophic conditions, and the decrease in planktic forami-
niferal diversity, may indicate the return to poorly oxygenated
conditions in the water column towards the lower-middle part of
the H. helvetica Biozone.
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Appendix 1. Planktic foraminiferal species Dorothia spp.
Ellipsoidella sp.
Ellipsopolymorphina sp.
Epistomina sp.
Epistomina spinulifera (Reuss, 1862)
Frondicularia sp.
Gaudryina pyramidata Cushman, 1926
Gaudryina spp.
Gavelinella cenomanica (Brotzen, 1945)
Gavelinella spp.
Glandulina sp.
Globorotalites sp.
Globulina sp.
Glomospira spp.
Glomospirella sp.
Gubkinella graysonensis (Tappan, 1940)
Gyroidinoides beisseli (White, 1928)
Gyroidinoides globosus (Hagenow, 1842)
Gyroidinoides sp.
Gyroidinoides subglobosus Dailey, 1970
Hemirobulina sp.
Hyperammina sp.
Laevidentalina spp.
Lagena sp.
Lenticulina rotulata (Lamarck, 1804)
Lenticulina spp.
Lenticulina truncata (Reuss, 1851)
Lingulina sp.
Marginulina sp.
Marginulinopsis sp.
Marssonella oxycona (Reuss, 1860)
Oolina spp.
Patellina sp.
Plectina pinswangensis Hagn, 1953
Pleurostomella spp.
Praebulimina spp.
Pyrulina spp.
Pyrulinoides spp.
Quadrimorphina sp.

: s s : Ramulina spp.
Appendix 2. Benthic foraminiferal species Rhabdammind sp.

Saracenaria sp.

Dicarinella algeriana (Caron, 1966)

Dicarinella canaliculata (Reuss, 1854)
Dicarinella hagni (Scheibnerova, 1962)
Dicarinella imbricata (Mornod, 1950)
Globigerinelloides bentonensis (Morrow, 1934)
Globigerinelloides ultramicrus (Subbotina, 1949)
Guembelitria cenomana (Keller, 1935)
Helvetoglobotruncana helvetica (Bolli, 1945)
Helvetoglobotruncana praehelvetica (Trujillo, 1960)
Planoheterohelix globulosa (Cushman, 1938)
Planoheterohelix moremani (Cushman, 1938)
Planoheterohelix paraglobulosa Georgescu and Huber, 2009
Marginotruncana marginata (Reuss, 1845)
Marginotruncana sigali (Reichel, 1950)
Muricohedbergella delrioensis (Carsey, 1926)
Muricohedbergella planispira (Tappan, 1940)
Muricohedbergella simplex (Morrow, 1934)
Parathalmanninella appenninica (Renz, 1936)
Praeglobotruncana delrioensis (Plummer, 1931)
Praeglobotruncana gibba Klaus, 1960
Praeglobotruncana stephani (Gandolfi, 1942)
Rotalipora cushmani (Morrow, 1934)

Rotalipora montsalvensis (Mornod, 1950)
Schackoina cenomana (Shacko, 1897)
Sigalitruncana marianosi (Douglas, 1969)
Thalmanninella brotzeni Sigal, 1948
Thalmanninella deeckei (Franke, 1925)
Thalmanninella greenhornensis (Morrow, 1934)
Whiteinella aprica (Loeblich and Tappan, 1961)
Whiteinella archaeocretacea Pesaggno, 1967
Whiteinella aumalensis (Sigal, 1952)

Whiteinella baltica Douglas and Rankin, 1969
Whiteinella brittonensis (Loeblich and Tappan, 1961)
Whiteinella inornata (Bolli, 1957)

Ammod‘iscus spp. Spiroplectammina roemeri Lalicker, 1935
Aragonia sp. Spiroplectammina sp.
Ammosphaeroidina spp. Spiroplectammina spectabilis (Grzybowski, 1898)
Arenobulimina spp. Stensioeina exsculpta (Reuss, 1860)
Astacolus crepidularis (Roemer, 1842) Stensioeina granulata (Olbertz, 1942)
Astacolus gratus (Reuss, 1863) Stensioeina sp.

Astacolus spp. Tappanina selmensis (Cushman, 1933)
Bathysiphon spp. Tappanina sp.

Charltonina australis Scheibnerovd, 1978 Textularia sp.

Charltonina sp. Tristix sp.

Clavulinoides sp. Tritaxia gaultina (Morozova, 1948)
Conorotalites sp. Vaginulinopsis sp.

Coryphostoma spp. Valvulineria sp.

Dorothia pupa (Reuss, 1860)
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