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Abstract
The early Aptian Oceanic Anoxic Event (OAE) 1a represents a major perturbation in the global carbon cycle associated with
significant environmental, biotic and sedimentary changes. The signature of this event is a global negative followed by a
positive stable carbon isotope excursion (CIE), associated with the input of light-carbon into the climate system and
subsequent widespread deposition of organic-rich sediments. This study uses biostratigraphy, C-isotope stratigraphy,
biomarkers, and elemental geochemistry to stratigraphically and geochemically characterize OAE 1a at an expanded
pelagic marine section from the western Tethys.

The high-resolution 6'3Corg analysis of the section highlights several successive negative CIEs during the onset of
OAE 1a (isotope segment C3), pointing to rapid changes in global carbon cycling. The biomarker data indicate that the
organic matter is thermally mature and is mainly of marine origin. The biomarker assemblage together with records of
redox-sensitive trace elements suggest that sedimentation took place under generally well oxygenated waters punctuated
by three short episodes of sea floor anoxia/dysoxia. The two first episodes of anoxia/dysoxia correlate with enhanced
organic productivity during the main negative C-isotope excursion that represents the onset of the OAE 1a. They occurred
at the final part of C-isotope negative excursions, likely as a response to C-release, increased temperatures and associated
hydrological change and weathering, which resulted in increased fertilization-driven oxygen consumption. This was
followed by the positive carbon isotope excursion, due to the burial of OM outpacing carbon input. The third episode of
anoxia-dysoxia, which occurred later during the major positive C-isotope excursion, is not associated with fertilization, and
perhaps instead reflects a general progressive depletion of oxygen during OAE 1a, linked to stagnation of marine waters.
Interestingly, although the environmental parameters return to pre-OAE values at the end of the event, a biotic (especially

microbial) perturbation persisted after OAE 1a. Our results suggest that instability in environmental conditions was the
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main feature during OAE 1a in the western Tethys with notable changes extending from the onset to the post-OAE 1a

interval.
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1. Introduction
Oceanic anoxic events (OAEs) represent marked changes in the state of the Earth System (Jenkyns, 2010), linked to major
perturbations of the global carbon cycle that influenced both the marine and terrestrial realm (Skelton, 2003; Hay, 2017;
Xu et al., 2017). The main sedimentary feature of OAEs is the deposition of widespread marine organic rich sediments
(Schlanger and Jenkyns, 1976), although this deposition is not strictly synchronous (Jenkyns, 2010). OAEs have been
considered as hyperthermal or hothouse episodes (Jenkyns, 2010, 2018; Kidder and Worsley, 2010; Foster et al., 2018),
which are interpreted as geologically abrupt events of increased atmospheric CO2, global warming, a C-isotope excursion
and reduction in oceanic oxygen content, among their main features. High-resolution studies on the isotopic signature of
OAEs have demonstrated that C-isotope stratigraphy, when combined with biostratigraphy, provides a robust correlation
tool (Menegatti et al., 1998). OAEs are typically characterized by §*3C anomalies, interpreted as the result of light carbon
input and widespread deposition of organic matter and subsequent *2C drawdown (e.g., Jarvis et al., 2011; Jenkyns, 2010).
The Early Aptian OAE 1a is one of the largest and is linked to environmental, biotic and sedimentary changes, that
affected both marine and continental environments (e.g., Follmi, 2012; Robinson et al., 2017). A distinctive feature of OAE
lais the presence of a negative §'3C excursion preceding the main positive isotope excursion (Menegatti et al., 1998). One
of the first C-isotope stratigraphies of OAE 1a was based on the study of the Cismon and Rotter Sattel sections from the
Alpine Tethys, leading to the definition of eight carbon segments (C1 to C8, Menegatti et al., 1998). These segments have
been established as a standard for the early Aptian C-isotope stratigraphy and are used for stratigraphic correlation in
sections worldwide; in the Tethys domain (Menegatti et al., 1998; Hochuli et al., 1999; Luciani et al., 2001; de Gea et al.,
2003; Erba and Tremolada, 2004; Heimhofer et al., 2004; Aguado et al., 2008, 20144, b; Li et al., 2008; de Gea et al., 2008b;
Mehay et al., 2009; Millan et al., 2011, 2014; Najarro et al., 2011; Stein et al., 2011; Sdnchez-Hernandez and Maurrasse,
2016), in the Boreal domain (Grocke et al., 1999; Folimi et al., 2006; Mutterlose and Bottini, 2013), in the Pacific (Jenkyns,
1995; Ando et al., 2002; Price, 2003; Dumitrescu and Brassell, 2005), and Mexico (Bralower et al., 1999; Nufiez-Useche et

al., 2015).
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OAE 1a was originally defined as the interval C4 to the base of C7 (Menegatti et al., 1998). Recently most studies
(e.g., Erba et al., 1999, 2010; Malinverno et al., 2010; Heldt et al., 2012; Aguado et al., 2014a, b; Mutterlose et al., 2014;
Bottini et al., 2015; Naafs et al., 2016; Jenkyns, 2018) place the onset of the OAE 1a at the base of the negative shift
(segment C3), where the first organic-rich black shales and first evidence of environmental change are recorded.

The most accepted trigger for OAE 1a is increased atmospheric CO2 concentrations, derived from volcanogenic
and/or methanogenic sources (e.g., Weissert and Erba, 2004; Mehay et al., 2009; Bottini et al., 2012; Erba et al., 2010,
2015; Naafs et al., 2016). Additionally, the intrusion of magma into organic-rich sediments has been also considered a
source of COz (Polteau et al., 2016). OAE 1a may have been triggered by the emplacement of the Ontong Java Plateau in
the central Pacific Ocean (e.g., Erba, 1994; Larson and Erba, 1999; Jones and Jenkyns, 2001; Jenkyns, 2010). Perturbations
in the Os isotope record (Tejada et al., 2009; Bottini et al., 2012) and pCO2 reconstructions based on biomarkers (Méhay
et al., 2009; Naafs et al., 2016) are consistent with C-input from such (submarine) volcanism during the onset of OAE 1a. A
release of isotopically light carbon from partial methane hydrate dissociation might have played a minor role in the OAE1la
(Méhay et al., 2009), and was likely not a major source of pCO2 during OAE 1a (Naafs et al., 2016).

Elevated pCO: led to global warming (Beerling and Rogers, 2002; Ando et al. 2008; Tejada et al., 2009; Mehay et
al., 2009; Mutterlose et al., 2014; Bottini et al.,, 2015; Naafs and Pancost, 2016) and a subsequent activation of the
hydrological cycle, causing an increased nutrient influx to the ocean due to higher weathering rates (Kump et al., 2000;
Jenkyns, 2010; Blattler et al., 2011). Many studies have documented an increase in surface-water fertility accompanied by
high primary productivity (e.g., Aguado et al., 2014a; Bottini et al., 2015). The key feature of the sedimentary record of
OAE 1a, and OAEs in general, is the widespread accumulation of organic-rich marine deposits (e.g. Jenkyns, 2010).
Extensive accumulation of organic matter in marine environments has been classically linked to enhanced productivity
and/or enhanced preservation, being the last related to low oxygen concentrations (Demaison and Moore, 1980; Pedersen
and Calvert, 1990; Tyson, 2001, 2005). The discussion about the relative roles of both factors has been the origin of
controversies, with the balance now tipping in favor of the productivity as generally the more important factor during OAEs
(Jenkyns, 2010; Westermann et al., 2013; Aguado et al., 2014), although a combination of both origins is not mutually
exclusive. As plankton productivity increases the oxygen-minimum zone intensifies, in a positive feedback mechanism
(Jenkyns 2003). Other carbon-rich sediments, as sapropels (e.g., Martinez-Ruiz et al., 2015) are similarly explained.
Evidence from multiple independent organic and inorganic proxies is crucial to shed light into this controversy, and is the

aim of this study.
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Detailed high-resolution studies show that, besides the general long-term environmental perturbations across
OAE 13, rapid changes also occurred, pointing to a complex evolution during this event, with variations in redox conditions
(e.g., Westermann et al., 2013) or in temperatures (e.g., Dumitrescu et al 2006; Bottini et al., 2015; Naafs and Pancost,
2016; Jenkyns 2018). In this context, new high-resolution records enhancing the database of stratigraphy,
chemostratigraphy and biostratigraphy are crucial to establish the time and cause-effect relationships between the long
and short-term environmental changes, their causes and feedbacks, and the consequences in the biota. These will
contribute to unravelling the complex processes involved in this global perturbation of the carbon cycle, ultimately
increasing our understanding on the dynamics of Earth’s system in a greenhouse world (Hay, 2017).

Here we document an expanded pelagic succession from the western Tethys, the Carbonero section in S. Spain.
We use high-resolution C-isotope stratigraphy and a combination of elemental and organic geochemistry to explore
changes in environmental conditions at this site and their impact in the biota. The aim of this study is to present a high-
resolution record of the early Aptian OAE 1a, adding a new correlation section to the global database. We also provide a
new detailed reconstruction of the environmental changes recorded in a western Tethys pelagic basin across OAE 1a,
allowing us to explore further aspects of local vs. global change in productivity and anoxia, and their impact on marine
ecosystems. This study aims to contribute to the knowledge of the functioning of the Earth System during hyperthermals,

which has a further interest as they are considered as analogues to present and future climate change.

2. Location and geological background

The Carbonero section is located in the Jaén province, Southeast Spain, in the site named Solana de Morales (geographic
coordinates: base, 37° 33' 39.40"N, 3° 48' 2.27"W; top, 37° 33' 41.85"N, 3° 48' 4.08"W) (Fig. 1A). This section belongs to
the Subbetic Zone of the External Zones of the Betic Cordillera (EZBCs), which comprises sedimentary successions
deposited in the South Iberian Palaecomargin (SIP) during the Alpine tectonic cycle (Triassic to the early Miocene, see Fig.
1B). The Lower Cretaceous sequence of the SIP includes thick successions (> 3000 m) of carbonates and siliciclastics that
were deposited on shallow platforms (mostly in the so-called Prebetic Zone, Fig. 1C) and hemipelagic/pelagic settings
(dominant in the Subbetic Zone, Fig. 1C) (e.g., Ruiz-Ortiz, 1980; Martin-Chivelet et al., 2002; Vera, 2004). At present, the
Subbetic is a major tectonic unit of the EZBCs, composed of several thrusts with a general SW—NE strike, made of mostly
Mesozoic pelagic successions. The Subbetic Zone is an allochthonous tectonic unit that thrusts over the Prebetic Zone, a
para-autochthonous unit made of shallow-marine sedimentary successions with intercalations of continental facies, that

represents the northern part of the EZBCs.
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FIGURE. 1. A. Current location of the Carbonero section in the central part of the Betic Cordillera, southern Spain. B. Early
Aptian (~120 Ma) palaeogeographic reconstruction of the western Tethys (simplified from Masse et al., 2000) showing the
location of the Carbonero section in the Southern Iberian Palaeomargin (SIP). C. Reconstruction of the SIP during the Early

Aptian (modified from de Gea et al., 2008b).

2.1. Palaeogeography and palaeoclimates

During the Early Cretaceous, the Carbonero section was located in the northwestern corner of the Tethys (Fig. 1B). The
configuration of the SIP was defined by a series of basin-scale troughs and swells, bounded by large extensional faults
roughly parallel to the continental margin, that were initiated in the Middle Jurassic (Fig. 1C) (e.g., Azéma et al., 1979;
Garcia Hernandez et al., 1980; Vera, 1988; Ruiz-Ortiz et al., 2001). This tectonic pattern controlled strong lateral changes
in subsidence, deposition rates and facies. During the Aptian, the SIP was strongly influenced by the relative motions of
the contiguous Eurasian and African plates (Fig. 1B). Initiation of the seafloor spreading in the North Atlantic that started
very early in the Cretaceous, led to a reversion in the sinistral movement between Iberia and Africa that had prevailed

during part of the Jurassic (Ziegler, 1988). It started a phase of anti- clockwise rotation of Iberia relative to Europe, linked
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to the opening of the Bay of Biscay from the middle Aptian onwards (Olivet, 1996; Verges and Garcia-Senz, 2001). In that
geodynamic framework, extensional tectonics prevailed in the SIP.

The onset of the Aptian was marked by a pulse in extensional tectonics, triggering the formation of tilted blocks
that resulted in notable lateral changes in subsidence rates, with highly subsident sectors surrounded by low subsident
and even uplifting sectors, controlled by listric faults (e.g., Martin-Chivelet et al., 2002; Vilas et al., 2003; Vera, 2004). De
Gea et al. (2008a) provided a detailed study of several sections within the area and proposed a model of a small subsiding
pelagic sub-basin bounded by active faults leading to scarps feeding the turbidite levels, associated with volcanic activity
(Fig. 1C). This small sub-basin has a thicker and more complete stratigraphic record than the surrounding areas, specifically
during the early Aptian, (Molina, 1987; Aguado et al., 1993; Molina and Hernandez-Molina, 1993; de Gea et al., 2008). A
palaeolatitude of 202-252 N has been inferred from the Aptian position of the section (e.g., Masse et al., 1993) (Fig. 1B).
According to the palaeoclimatic reconstructions of Chumakov et al. (1995), during the Aptian, the studied section was
located in the northern part of the equatorial arid belt, close to the boundary with the mid-latitude warm humid belt.
Palaeoclimatic reconstructions from a nearby section (La Frontera section, Aguado et al., 2014a), show interesting changes
towards more humid conditions across OAE 1a that could be explained by a southward expansion of the humid climate

belt during the early Aptian.

2.2. Stratigraphy, sedimentology and biostratigraphy
The stratigraphic succession of the Carbonero section mainly belongs to the Carbonero Formation (Molina, 1987) within
the Ventisquero-Sierra del Trigo tectonic unit (Sanz de Galdeano, 1973). The Carbonero Formation lies on the marly
limestones and grey marlstones (Berriasian—Barremian) of the Carretero Formation (de Gea, 2004; de Gea et al., 2008b).
Its top is not preserved due to faulting or localized erosion. The Carbonero Formation represents one of the most complete
records of Aptian sedimentation in the External Zones of the Betic Cordillera (de Gea et al., 2008b), which laterally
correlates with large hiatuses throughout the Subbetic Zone (Vera, 2004). Detailed stratigraphic and sedimentological
characterizations of this formation can be found in Molina (1987), Molina et al. (2001), de Gea (2004) and de Gea et al.
(2008b).

The Carbonero section (Fig. 2) was originally proposed as the stratotype of the Carbonero Formation (Molina, 1987),
and the present study focuses on the interval equivalent to its lower ~82 m. Three members, designated as lower, middle
and upper, were initially distinguished. The lower member (~18 m thick) lies on an unconformity at the top of the

marlstones and marly limestones of the Carretero Formation, and comprises a pebbly mudstone at the base, overlaid by
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bluish-grey marlstones with several intercalations of calcareous turbidites and some barite concretions. The middle
member has a thickness of 46 m and is composed of marlstones, black shales, dark clayey marlstones, and dark brown
radiolarite beds interbedded with dark siliceous shales. Some levels of fine-grained volcanoclastic rocks (cinerites) are
intercalated within the dark marlstones at about 30—-32 m (Fig. 2). Two horizons of carbonate concretions are present at
~45 m and ~51.5 m. The studied part of the upper member is ~16 m thick and comprises an alternation of light-green
marlstones and calcarenites. Previous studies (de Gea et al., 20083, b, c; O’Dogherty et al., 2011; Quijano et al., 2012;
Aguado et al., 2014a, b) indicate that most of the sedimentary record of the middle member of the Carbonero formation
represents the local expression of the OAE 1a.

Biostratigraphic analysis of the Carbonero section is based mainly on calcareous nannofossils (Aguado et al., 1993;
Aguado, 1994; de Gea, 2004; de Gea et al., 2008a, c) although some radiolarian data also exist (Aguado et al., 1993;
O’'Dogherty, 1994). Contrary to other outcrops of the Carbonero Formation (Aguado et al., 2014a, b), calcareous
microfossils at Solana de Morales are only moderately preserved or absent. Moderately preserved calcareous nannofossil
assemblages were found through the lower (0 m to ~36 m) and uppermost (~68 to ~82 m) parts of the section but are
absent through the radiolaritic interval (¥~36 m to ~52 m) and very poorly preserved in the black shales above the
radiolarites (~52 to ~65 m). The first record (FR) of Hayesites irregularis, the FR of Eprolithus floralis and the last record
(LR) of Conusphaera rothii (Fig. 2) allowed the identification of the NC5 (part), NC6A, NC6B and NC7 (part) zones of Bralower
et al. (1995). The LR of C. rothii and the FR of E. floralis probably do not correspond with their respective true last and first
occurrences, due to the presence of intervals with absence of a calcareous nannofossil record or poorly preserved
assemblages linked to low carbonate content (Fig. 2). The onset of the ‘nannoconid crisis’ event was also recorded at ~20
m. Two small hiatuses were identified by means of biostratigraphy (see de Gea et al., 2008b for details): the first is linked
to the unconformity at the base of the Carbonero formation and the second is located at ~20 m, coinciding with the onset

of the ‘nannoconid crisis’ (Fig. 2). The main radiolaritic interval (~36 m to ~52 m) remains unzoned.

3. Methods

3.1. Fieldwork and sampling

The Solana de Morales section was re-measured and sampled, with a total of 140 samples taken for bulk geochemical
analyses, at an average of 0.6 metres intervals from a total measured thickness of 80 m. Of these, 34 samples at an average
of 2.5 meters interval were selected for biomarker analysis, and 47 samples for elemental geochemistry and TOC analyses.

Samples for biomarker analyses were packed in aluminium foil in order to avoid contamination from plastics.
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3.2. Cand O isotopes

Bulk C- and O-isotope analyses of the carbonate fraction (*3Cear) of all the collected samples were carried out at the Stable
Isotope Laboratory of the University of Michigan, using a Finnigan MAT Kiel IV preparation device coupled directly to the
inlet of a Finnigan MAT 253 triple-collector isotope ratio mass spectrometer. The international carbonate standard NBS-
19 was used to calibrate to Vienna PeeDee Belemnite (VPDB), with an average precision of 0.15%.. The C-isotope analyses
of the total organic fraction (*3Corg) of all the collected samples were performed at the Stable Isotope Laboratory (SIDI) of
the Universidad Auténoma of Madrid. Samples were treated with 3% HCl for 24 h to remove carbonates and then analysed
with a Carlo Erba 1108 elemental analyser coupled to an IRMS VG Isochrom in continuous flow mode. The results were

calibrated to the VPDB standard, with a precision better than 0.1%o.

3.3. Elemental geochemistry and TOC

34 samples were selected for determination of total organic carbon (TOC) contents. The analyses were performed in the
Microanalytical Laboratory at the University of Bristol using a Coulomat 702 Analyser for coulometric determination of
Total Carbon and Inorganic Carbon and Eurovector EA3000 Elemental Analyser for nitrogen analyses. The TOC
concentration was determined by subtracting the inorganic carbon (IC) concentration from the total carbon (TC) in each
sample. A selection of 47 samples was analysed for major and trace elements. Powdered samples were dried at 40°C during
24 h and later, 100 mg of sample was acid digested in closed PTFE vessels with a combination of HNO3*HF* HCIO* (2.5 ml:
5 ml: 2.5 ml v/v). The samples were evaporated and, 1 ml of HNO3 was added to make a double evaporation. Finally, the
sample was re-dissolved and diluted with MilliQ water (18.2 MQcm™) and 1 ml of HNOs in a 100 ml volume flask. Analysis
were performed using a high resolution inductively coupled plasma-mass spectrometry (HR-ICP-MS, Thermo Scientific,
model Element XR). In order to improve the sensitivity of the ICP-MS, a tuning solution containing 1 pg.I" Li, B, Na, K, Sc,
Fe, Co, Cu, Ga, Y, Rh, In, Ba, TI, U was used, and as internal standard, 20 mg.I"! of a monoelemental solution of °In. The
detection limit (DL) was calculated as three times the standard deviation of the average of 10 blanks. The precision of the
results was expressed in terms of 2 standard deviation of a set of 8 reference materials measurements. The value of
accuracy (%) was calculated using the absolute value of the difference between the measured values obtained during the
analysis and the certified values of a set of 8 reference materials analysis. Several commercial solutions were used in order

to perform the different calibration curves. These analyses were performed in the Geotop Laboratory of the Institute of
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Earth Sciences Jaume Almera (Barcelona). Elemental concentrations are expressed as normalized values with respect to Al

in order to compensate for the dilution effect (Calvert and Pedersen, 2007).

3.4. Organic geochemistry

Initial processing of samples was carried out in the University of Jaén. Bulk rock samples were cleaned with
dichloromethane:methanol (DCM:MeOH) 2:1 to remove any contamination from handling. Then samples were coarsely
crushed into small pieces (approximately 1 cm) using a mortar and subsequently finely crushed using a ball mill (pre-rinsed
with dichloromethane and acetone) at under 400 rpm for 12 minutes. The organic geochemical analyses were performed
at the Organic Geochemistry Unit, University of Bristol. The finely ground samples (~30 g) were extracted for 24 h into 200
mL of dichloromethane:methanol azeotrope (8:2, v/v; containing activated copper turnings to remove elemental sulphur)
using a Soxhlet apparatus. After extraction, the turnings were removed and the samples were concentrated using rotary-
evaporation under reduced pressure and dried through a column of sodium sulphate. Total lipid extracts were then
separated by flash column chromatography using silica gel and sequential elution with hexane, hexane:dichloromethane
(9:1, v/v) and methanol, yielding three fractions containing saturated hydrocarbons, aromatic hydrocarbons, and polar
compounds, respectively. The saturated hydrocarbon (containing n-alkanes, steranes, and hopanes) and aromatic fractions
were analysed by gas chromatography—mass spectrometry (GC—MS) on a Thermo DSQ Il gas chromatograph connected to
a Thermo Trace Ultra GC-MS. The analytical procedures followed the method described by Quijano et al. (2012).

Biomarkers were identified by comparison with published mass spectra and retention times.

4. Results
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FIGURE. 2. Lithologic column, lithostratigraphical units and calcareous nannofossil biostratigraphy for the Carbonero
section. Calcareous nannofossil zones are after Roth (1978) and Bralower et al. (1995). Stable C-isotope geochemistry
(6%3Corg and 6%3Ccar curves), total organic carbon (TOC) and main biostratigraphic events are also presented. Grey dots
represent not reliable §'3Cear values due to very low carbonate content. The Menegatti et al. (1998) segments (C2—C7) are
indicated in the C-isotope curves. Red arrows within the C3 segment of the §'3Corg curve indicate minor shifts used to
differentiate a—g subsegments shown on the right side. The shaded bands correspond to the negative C-isotope excursion
(CIE) and OAE 1a interval. Abbreviations for calcareous nannofossil taxa: H. irreqularis = Hayesites irreqularis; N. truittii =

Nannoconus truittii; C. rothii = Conusphaera rothii; E. floralis = Eprolithus floralis.
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4.1. C-isotope stratigraphy

The 8%3Corg profile displays a distinctive evolution, with a lower part (10 m to 28 m) with relatively stable values of around
-27%o, followed by a broad negative excursion (2-3%o) between ~28 m and 52 m with several successive negative peaks
(minima around -29%e.). The profile continues with a 2-step positive excursion, reaching around -25%o in the first step (52.5
to 65 m) and maxima of -22 to -21%o in the second step (65 to 78 m), and finishes with a slight decreasing trend towards

~ -24%o at the top (Fig. 2).

The low abundance of carbonate during most of OAE 1a (~36-68 m) precludes us from generating a reliable high-
resolution 8'3Cears record. Throughout the intermediate interval (35.5 m—68 m), the obtained 8*3Cecarb values have an erratic
distribution due to extremely low carbonate content of most samples (< 1 %) (grey square dots in Fig. 2). The 6*3Ccarb
profile, excluding this intermediate interval, mimics the main fluctuations observed in the §%3Corg profile, ranging from ~2

to -4%o, with a negative and subsequently positive CIE.

4.2. Elemental geochemistry

Total organic carbon (TOC) fluctuates from 0.2 to 7 wt.%, reaching the highest values at ~52 m. Two other intervals with
maximum TOC values (> 2%) occur at i) ~29 m to ~35 m, located below the radiolaritic interval, reaching maximum values
of 5.1% and ii) at 60 m, reaching a maximum of 3.2%. TOC values < 1% characterize the interval equivalent to the radiolaritic
facies (Fig. 2).

Abundances of major and trace elements were measured in order to reconstruct changes in the redox conditions,
productivity, and terrestrial fluxes. Normalized concentrations are compared to the average shale value (ASV) (Wedepohl,
1991; Brumsack, 2006) to estimate level of enrichment or depletion of the analysed elements. Proxies for productivity
(TOC, Ba/Al, P/Al), continental sources (Rb/Al, Mg/Al, K/Al, Ti/Al, and Zr/Al), and redox conditions (U/Th, Ni/Co, V/Cr, V/AI,
U/Al, Cr/Al and V/Sc) are presented in Fig. 3. Ba/Al and P/Al ratios exhibit more highly variable vertical evolution, with Ba/Al
well above the ASV, and P/Al generally below. There is a consistency in the two indices and TOC contents, with all three
exhibiting two maxima at 30 m and 51 m. However, a third maximum in TOC (at 58.6 m) corresponds with minima in Ba/Al
and P/Al (Fig. 3). The elements selected as proxies for continental sources record high variability through the section, with
values generally above the AVS (Rb/Al, K/Al and Ti/Al), or in average within the AVS (Mg/Al and Zr/Al). Collectively, they
show a minimum at 28 m, and three maxima at 30—32 m, 49.5-52 m and 61-67 m. Another less pronounced peak is located

at 44.5 m (Fig. 3). Redox sensitive trace elements (RSTE) are presented as Al-normalized abundances, as well as the U/Th,
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Ni/Co and V/Cr indices proposed by Jones and Manning (1994), and the V/Sc index (Kimura and Wanatabe, 1991). All of
the profiles (Fig. 3) show a marked variability through the section, with generally parallel trends, with the exception of the
lowermost part of the section. Three maxima are depicted in all indices, at 30—-32.5 m, 49.5-52.5 m and 57.6-61.3 m

(except Cr/Al at 57.6-61.3 m) (Fig. 3). Another smaller maximum occurs from 39.5 to 43.5 in most indices (except U/Th

and Ni/Co).
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FIGURE 3. Stratigraphic distributions of selected elements and elemental ratios. U/Th, Ni/Co and V/Cr indices are
plotted following the different oxygen-content zones according to Jones and Manning (1994). Values for Al-normalized
elements correspond to Element/Al for major elements and Element/Al x 104 ppm for trace elements. Dashed lines in Al-

normalized profiles represent values of the average shale (Wedepohl, 1991; Brumsack, 2006).

4.3. Organic geochemistry
The saturated hydrocarbon fraction is dominated by n-alkanes, acyclic isoprenoids, steranes and hopanes, although some

samples also contain high-molecular-weight unresolved complex mixtures (UCM).

4.2.1. n-Alkanes
The n-alkanes are the dominant compounds in most chromatograms, with the n-Cis to n-Css homologues being present in
most samples. Short chain low-molecular-weight (LMW) components are dominant, with the n-Ci7 to n-C21 compounds
being the most abundant. To facilitate interpretation of these n-alkane distributions, we calculated two different ratios:
the HMW/LMW ratio ([n-C25 + n-C26 + n-C27 + n-C28 + n-C29]/[n-C17 + n-C18 + n-C19 + n-C20 + n-C21]) in order to
constrain the relationship between long and short-chain compounds (Fig. 4); and the carbon preference index (CPI), to
obtain an estimate of the thermal maturity (Bray and Evans, 1961). The average HMW/LMW ratio is 0.4 + 0.1 (Fig. 4), but
high variability occurs through the section. It generally decreases from 22 m (0.77) to 52 m (0.24), followed by an increasing
trend towards the top (0.52). Imposed on these trends are maxima at 22 m (0.77), 40.8 m (0.54), 53.5 m (0.63) and 73.8
m (0.55) (Fig. 4). The CPI ratio has average values of 1.2, with lower values (1.15) during C3 to C5 C-isotope segments, and

higher values within the C2 (1.32) and C6-C7 (1.36) segments. These are consistent with thermally mature organic matter.

4.2.2. Isoprenoids
Pristane and phytane, likely derived from the degradation of the phytyl side-chain of chlorophyll, are abundant in all
samples and their abundances exhibit high variability through the section. Pr/Ph ratios range from 1.7 to 5.5, with average
values of 2.9 + 0.8. Values have maxima at 19.25 m and 68.3 m, whereas within the middle interval (37-67 m) values are
lower (Fig. 4). The isoprenoids/n-alkane ratios were plotted following the classic diagram of Didyck et al (1978) (Fig. 4) in
order to infer redox conditions, noting the many caveats associated with this approach (discussed below). Pr/n-Ci7 ratios

range between 0.7-2.0, whereas Ph/n-Cigratios are higher but with a similar range of values, between 2-3.2 (Fig. 5).
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4.2.3. Hopanes
Hopanes, the diagenetic and catagenetic products of biohopanoids from diverse bacteria, are present in all samples. There
is a marked increase in relative abundance in the uppermost part of the section. They have a typical, thermally mature
distribution, ranging in carbon number from Cz7 to Css, with the Cso hopane being the dominant homologue. 17a,213(H)
hopanes are dominant over the 17B,21a(H) hopanes, and hopanoids with the biological 17B,213(H) configuration are
absent. The Cs1-Css hopanes show the commonly observed decrease in abundance with increasing carbon chain. Other
hopanoids present in all samples are the Cs1 2-methylhopanes. In order to analyse stratigraphic trends in the hopane
distributions, several ratios were calculated:

(1) The 225/(225+22R) homohopane ratio. These ratios are stable through the section, with values of 0.58 and a
standard deviation of 0.02, indicative of high thermal maturity.

(2) The Cso Ba/(Ba + af) hopane ratio, has an average value of 0.2 (mature organic matter) and its depth profile is
characterized by a marked increase from 58 m upwards to ~0.4 (Fig. 4).

(3) The Cs1 2-Me-hopane index, 100 x C31 2-MeHop/(C31 2-MeHop + Cz1 Hop) (Summons et al., 1999), ranged from
2 to 25%, with three prominent peaks, at 30.5 m, 37 m and 54.8 m (Fig. 4).

(4) The redox sensitive Homohopane index (HHI: the ratio of 100 x Css/(C31 + Css) hopanes, Bishop and Farrimond,
1995; Peters et al., 2005), is generally low but varies between 1% and 10%, with three peaks above 8% at 31 m, 52.4 m

and 60 m (Fig. 4).
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FIGURE 4. Biomarker ratios selected as proxies for source and environmental reconstructions and thermal maturity

plotted against C-isotope stratigraphy. See explanation in text.
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4.2.4. Steranes
A range of Ca7 to Cao steranes, derived from alteration of sterols from eukaryotes, are found in all samples. The relative
distributions are similar, with Ca9 always being dominant (42-58%), but proportions of C29 and Cz7 increase and hose of Cag
sterane decrease in the upper part of the section, from 56.8 m upwards. The regular sterane diastereomers are
represented by the four epimers (5a(H),14a(H),17a(H),20R; 5a(H),14a(H),17a(H),20S; 5a(H),14B(H),17B(H),20S and
5a(H),14B(H),17B(H),20R), which are all abundant, with vertical variations in their relative abundance. Furthermore,
13B,17a steranes (diasteranes) are relatively abundant compared to regular steranes. In order to investigate the vertical
variations in the sterane distributions sensitive to thermal maturity we have calculated the Co9 BR/(BB+0aa) ratio, which has
an average value of 0.4 from the base up to 60 m, and then decreases to a minimum of 0.2 around at 70 m with an average
of 0.25 in the interval 60—79 m (Fig. 4). The C2920S/(20S+20R) sterane ratio has stable values around 0.5 across the section,
consistent with high thermal maturity. In order to assess the relative proportions of steranes and hopanes, we calculated

the ratio of total hopanes to total steranes (Hopanes/Steranes = Cz7-29 steranes/ Cz7-29 steranes + Ca27.35 hopanes) (Fig. 4).

—10
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N 'ﬂx,x— o
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C-isotope mC3 x C5 e C7
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FIGURE 5. Pr/n-Ci7 vs. Ph/n-Cig plot. Samples from the C2 to C7 C-isotope segments are marked. The reference lines are

from Didyck et al., 1978.

5. Discussion

5.1 C-isotope stratigraphy and correlation
Due to the very low proportion of carbonate, the §%Ccar, curve has a poor resolution throughout most of the middle
member of the Carbonero Formation (~35-70 m) in the Carbonero section. The §3Corg curve includes expanded and well-

defined trends where the carbon isotope segments C2 (upper part), C3, C4, C5, C6 and C7 (partial) of Menegatti et al.
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(1998) can be identified (Fig. 2). These segments correlate with other sections (Fig. 6), and allow for the recognition of the
early Aptian OAE 1a (~120 Ma) within the middle member of the Carbonero Formation. This is consistent with the
sedimentological and biostratigraphic data provided by calcareous nannofossil assemblages (see section 2.2).

The interval between 2—28 m, including the complete lower member of the Carbonero Formation plus the
lowermost part of its middle member, is assigned to the C2 segment. C-isotope segment C3 in Carbonero is clearly defined
by a pronounced negative shift of ~2%o, across 19 metres (28—47 m), similar way to the §*3C profile widely identified in the
literature (e.g., Menegatti et al., 1998; Erba et al., 1999, 2010; de Gea et al., 2003; Millan et al., 2009; Kuhnt et al., 2011;
Bottini and Mutterlose, 2012; Aguado et al., 2014a, b; Bottini et al., 2012, 2015). At Carbonero, the stratigraphic range of
segment C3 of 19 m (Fig. 2) is more than 38 times thicker than in the Cismon Core in Southern Alps (Erba et al., 1999),
about 7 m thicker than in the Cau section in the Prebetic of SE Spain (de Gea et al., 2003; Moreno-Bedmar et al., 2012;
Naafs et al., 2016), and comparable to the thickness of the expanded section of La Bédoule in SE France (Kuhnt et al., 2011;
Lorenzen et al., 2013; Moullade et al., 2015). This expanded thickness, joined to a high-density sampling, provides an
unprecedented high-resolution record within the C3 segment, where the ‘double trough’ structure, first documented by
Van Breugel et al (2007) and evidenced by Lorenzen et al. (2013) is easily identifiable (Fig. 6). As a result, new fluctuations
and trends are apparent within the C3 segment of the Carbonero section, showing three distinctive negative peaks at 31.5
m, 39.5 m and 47 m, that allow its subdivision into seven subsegments (named ‘a’ to ‘g’ in Fig. 2).

A rapid positive excursion in the §'3C of ~4%0—5%o characterizes the C4 segment globally (Menegatti et al., 1998;
Kuhnt et al., 2011; Lorenzen et al., 2013; Aguado et al., 2014a, b) (Fig. 2, 7). Similarly, the positive excursion associated
with segment C4 in the §%3Corg curve at Carbonero has an amplitude of ~4%. with a thickness of about 5.5 m (47 m-52.5
m; Fig. 2). The subsequent stable but, slightly fluctuating and decreasing 6*3Corg trend (-25 to -26%o) is assigned to segment
C5 and has a thickness of ~4.5 m (Fig. 2). A subsequent positive spike 6*3Corg spike of ~4.5%. is assigned to segment C6
which extends from 60 m to 68.3 m. Finally, the fluctuating and overall decreasing trend from 68.3 m up to the end of the
studied section at 80 m (and probably also extending into the overlying succession not covered in this study) is assigned to

segment C7.
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stratigraphy. Biostratigraphic key events shown: L.O. L. cabri (=last occurrence of Leupoldina cabri), F.O. E. floralis (= first

occurrence of Eprolithus floralis), F.O. L. cabri (= first occurrence of Leupoldina cabri) and the onset of the nannoconid

crisis.
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The correlation of the §'3Corg profile of the Carbonero section with other published records of §3Corg and 6**Cecarb
from different basins of pelagic and platform settings are shown in Fig. 6. Sections from pelagic settings are La Frontera,
from the Subbetic basin few kilometres away from the Carbonero section (Aguado et al., 20144, b), Cismon, from the
southern Alps, where the C1 to C8 C-isotope segments where defined (Menegatti et al., 1998; Van Breuguel et al., 2007;
Bottini et al., 2012), Santa Rosa Canyon in Mexico (Bralower et al.,, 1999) and Alstatte in NW Germany (Bottini and
Mutterlose, 2012). The platform sections are the Cau section in SE Spain (de Gea et al., 2003; Naafs et al., 2016), the Cassis-
La Bédoule section (Stein et al., 2012) and La Bédoule core (§*3Ccarb) in southern France (Lorenzen et al., 2013), the El Pui
section in the Pyrenees (Sanchez-Hernandez and Maurrasse, 2016) and the Igaratza section in the Basque Basin in North-
Spain (Millan et al., 2009). The degree of correlation of the various §13Corg profiles is high among the different sections. The
main differences are related to the thickness of the C3 segment, which is generally thinner in distal pelagic sections, such
as the reference Cismon section and Santa Rosa Canyon, and thicker in platform and continental margin sections such as
La Bédoule, Cau, and Carbonero. This variation in thickness is mainly controlled by the subsidence rate but could also reflect
high sediment fluxes at marginal sites. Despite the differences in relative thicknesses, the original C-segments, trends, and
absolute values of §3Corg are in close agreement between Carbonero, the reference Cismon section and most of the other
OAE 1a sections. Importantly, the shape of segment C3 in the Carbonero section, with three negative peaks, is similar to
that observed in other expanded sections of the OAE 1a (Cau, Cassis-La Bédoule, El Pui; Fig. 6), and also to the Cismon core
where two negative excursions are identified (Van Breuguel et al., 2007; Bottini et al., 2012; Fig.6). Additionally, there are
also similar patterns in the TOC profiles with that observed at Cismon, with highest values in C4 after a first macimum at
the onset of C3 (Van Breuguel et al., 2007; Bottini et al., 2012). This correlation suggests that the 8'3Corg profile of the
Carbonero section might reflect a global signal and documents fluctuations in the global carbon cycle. The well-defined
carbon isotope curve of the Carbonero section provides a robust and highly detailed chemostratigraphic tool for temporal
correlation through the lower Aptian, even in the absence of paleontological data in some intervals. It also provides further

evidence for complex and episodic input of light carbon release events throughout the C3 interval.

5.2. Sedimentation rates

OAE 1a, defined as the interval C3—C6, has an estimated duration of ~1 to 1.3 Myr (Li et al., 2008; Malinverno et al., 2010;
Giraud et al., 2018). The thickness of this interval in Carbonero is 40 m, which gives an average sedimentation rate of 3-4
cm/kyr. This sedimentation rate is almost eight times higher than at the Cismon section (0.5 cm/kyr, Li et al., 2008), and it

is similar to, although slightly higher, that proposed for the La Bédoule section with values of 2.5-3.2 cm/kyr (Kuhnt et al.,

18



415

416

417

418

419

420

421

422

423

424

425

426

427

428

429

430

431

432

433

434

435

436

437

438

439

440

441

442

443

2011; Lorenzen et al., 2013). Although there is a general agreement about the duration of OAE 1a, estimates for the
negative excursion (C3 segment) vary from 27—-44 kyr (Li et al., 2008) to 22—-47 kyr (Malinverno et al., 2010), from the
reference Cismon section in the Italian Alps, to >100 kyr from La Bédoule in Southern France (Kuhnt et al., 2011; Lorenzen
et al., 2013) and > 300 kyr from sections in central Turkey and the southern Alps (Hu et al., 2012; Huck et al., 2011). These
differences are mostly related to the thickness of the C3 segment, which seems to be affected by high condensation in
the Cismon section (see Kuhnt et al., 2011; Huck et al., 2011; Hu et al., 2012) potentially related to an acidification event
(Erba et al., 2010), but can also be related to other processes. Nevertheless, more recent estimations from the Cismon
core suggest a duration of C3 between 100 to 150 kyrs (Bottini et al., 2015). Following the estimates of Malinverno et al
(2010) from Cismon for C3 (22—-47 kyr), the Carbonero C3 segment (19 m thick) would have a sedimentation rate of ~40-
86 cm/kyr, whereas the longer durations from expanded sections would give a sedimentation rate of 5-20 cm/kyr. An
extensional tectonic pulse occurred during the early Aptian in the SIP (Martin-Chivelet et al., 2002; Castro et al., 2008;
Skelton et al., 2019), which can account for a high subsidence pulse coeval to the deposition of the C3 segment.
Nevertheless, following recent estimations from relatively expanded sections (see also Yamamoto et al., 2013), we consider
that a duration of >100 kyr, probably in the range of ~300 kyr (as proposed by Huck et al 2011), giving a subsidence rate of
~6 cm/kyr is more consistent with the sedimentary evolution of the Carbonero section (de Gea et al., 2008B). For the
segments C4 to C7 there is more agreement about their duration in the literature (Li et al., 2008; Malinverno et al., 2010;
Bottini et al., 2015), giving more moderate sedimentation rates in the Carbonero section for the segments C4 (~1.7 cm/kyr),
C5 (~1.3 cm/kyr) and C6 (~2.4 cm/kyr), consistent with lower subsidence rates after the main extensional episode on the
SIP. Thus, it appears that the C3 interval at Carbonero and other marginal settings was characterised by a dramatic increase
in sedimentation rates, as is observed during other rapid warming events such as the PETM (Carmichael et al., 2018, and

references therein).

5.3. Environmental changes during the early Aptian

5.3.1 Elemental geochemistry

Distributions and stratigraphic changes in the concentration of selected elements in sediments have been used as marine
environmental proxies, specifically for conditions at the sediment/water interface (e.g., Calvert and Pedersen, 2007).
Among these environmental conditions, the most commonly investigated are redox state of the ambient seawater,

productivity and continental sources, both fluvial and aeolian (e.g., Martinez-Ruiz et al, 2015).
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Enrichment in RSTE elements is considered to be a pervasive character of sediments deposited under low oxygen
conditions and have been used in the investigation of OAEs (Tribovillard et al, 2006; Brumsack, 2006; Calvert and Pedersen,
2007; Algeo and Rowe, 2012, Westermann et al., 2010, 2013 among others). Because of the behaviour of RSTE in the water
column and during early diagenesis, their sensitivity to redox conditions is rather element-specific, and it is generally
recommended that a suite of RSTE (here V, Ni, U, Cr ) be used for reconstructing palaeoredox conditions rather than a
single element (e.g., Tribovillard et al., 2006; Westermann et al., 2013). In addition to single elements, specific ratios of
RSTE have been proposed and used to infer redox conditions (Kimura and Wanatabe, 1991; Jones and Maning, 1994).
Chromium, V, Ni, Cr, and U accumulate in marine sediments above their crustal abundances under suboxic conditions, that
isin the absence of both oxygen and sulphide (Calvert and Pedersen, 2007). The U/Th, Ni/Co and V/Cr ratios were proposed
by Jones and Manning (2004) as indices for the interpretation of bottom water palaeo-oxygen concentrations, which have
provided important information on palaeoredox conditions in a large number of studies (e.g., Gallego-Torres et al., 2010;
Martinez-Ruiz et al., 2015; Paschal et al., 2019). Jones and Manning (2004) established numerical boundaries between oxic,
dysoxic and anoxic conditions, which are represented in Figure 3. The boundary between oxic, suboxic and anoxic
conditions as recorded by those ratios varies with different studies (e.g., Hoffman et al., 2008; Algeo and Maynard, 2004),
but in general increasing ratios have been correlated with increased anoxia (e.g., Marynowski et al., 2012). V concentration
as a redox proxy has been also normalized by Sc (Fig.3), as proposed by Kimura and Wanatabe (1991).

The RSTE elements (V, U, Cr) and ratios (U/Th, Ni/Co, V/Cr and V/Sc) at Carbonero show generally parallel
distributions across the section (Fig. 5), with three levels of enrichment: at the lower part of the C3 segment, upper part
of C4 and C5-C6 transition. In addition to these three distinctive peaks, the evolution of the profiles is rather variable,
suggesting instability in redox conditions across the segments C3 to C6 that correspond to the OAE 1a interval. These rapid
changes in redox conditions during OAE 1a have been previously detected in other basins of the western Tethys (e.g.,
Westermann et al., 2013; Charbonnier et al., 2018), and suggest a general instability with the development of three distinct
periods of dysoxia.

Marine productivity has been estimated on the basis of geochemical proxies such as total organic carbon (TOC),
organic phosphorus (Porg), and biogenic barium (Bawio) (e.g., Tribovillard et al., 2006; Calvert and Pedersen, 2007; Schoepfer
et al., 2015). The utility of TOC, P and Ba as palaecomarine productivity proxies depends on a dominantly marine source of
organic matter and favourable conditions for preservation in the sediment (Schoepfer et al., 2015). Palaeoproductivity
assessments should generally be made on the basis of multiple proxies (e.g., Schoepfer et al., 2015). Organic carbon,

representing the single largest constituent of organic matter, provides a direct proxy for productivity (e.g., Pedersen and
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Calvert, 1990; Schoepfer et al., 2015). Although the concentration of TOC in sediments is also a function of the particle
exportation ratio from shallow waters, the preservation of organic matter in the water column and in the sediment, and
the dilution of organic carbon by lithogenic or biogenic components in the sediment (e.g., Tyson, 2001; Tribovillard et al.,
2006; Calvert and Pedersen, 2007; Schoepfer et al., 2015; Paschal et al., 2019), TOC enrichment is widely used as a primary
indicator of marine productivity. Barium has been most widely used as productivity proxy (e.g., Calvert and Pedersen, 2007,
Martinez-Ruiz et al., 2015; Schoepfer et al., 2015; Martinez-Ruiz et al., 2019), occurring as barite. The barite has been
mainly associated with biogenous aggregates in surface and near-surface waters, especially siliceous debris (Bishop, 1988),
although recent studies have demonstrated the link between bacterial activity and marine barite formation through Ba
bioaccumulation on microbial biofilms (Martinez-Ruiz et al., 2019). Nevertheless, other minerals can contain Ba, notably
lithogenous material derived from crustal rocks; to correct total Ba contents for the contribution from such sources the Ba
concentration has been normalized to Al (Calvert and Pedersen, 2007). The behaviour of Ba in sedimentary environments
is complex and its interpretation as productivity proxy has several caveats (e.g. ,Calvert and Pedersen, 2007; Martinez-Ruiz
et al., 2015). Schoepfer et al (2015) demonstrated that there is a large negative effect in biogenic barium under conditions
of high bulk accumulation rate (BAR), probably due to reduced uptake of barium at the sediment-water interface.
Sedimentary barite might undergo diagenetic changes and should be used cautiously as Ba migration is possible under
severe sulphate depletion due to microbial sulphate reduction in porewaters (Brumsack et al., 1992), giving rise to the
development of barite fronts or nodules (Bréhéret and Brumsack, 2000; Turgeon and Brumsack, 2006). Nevertheless, the
variability of sedimentary Ba has become one of the most widely used proxies for palaeoproductivity (Schoepfer et al.,
2015). Phosphorus is a limiting macro-nutrient for algal growth, being a structural and functional component of all
organisms (Redfield, 1958), and its accumulation in marine sediments has been used as a palaeoproductivity proxy (e.g.,
Pedersen and Calvert, 2007). Organic matter is the ultimate source of most P in marine sediments (Schoepfer et al., 2015),
whereas detrital P generally comprises less than 20% of total P (Algeo and Ingall, 2007). Consequently, total P is commonly
used as a proxy for organically derived phosphorous (Schoepfer et al., 2015). P is preferentially recycled back into the water
column under reducing conditions but can be effectively retained within the sediment under oxic to suboxic conditions
(Follmi, 1996; Algeo and Ingall, 2007). As a result of complex interactions between productivity, redox conditions and burial
efficiency, P cannot be assumed to have a linear relation with primary productivity (Tribovillard et al., 2006). Nevertheless,
P is considered as one of the most robust and widely applicable productivity proxies, being consistently more enriched in

productive upwelling zones than in stagnant depositional basins (Brumsack, 2006).
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The profiles for TOC, Ba/Al and P/Al all three exhibit two peaks in all parameters (lower part of C3 and upper part of C4
segments). Ba/Al ratios are generally higher than an average shale (ASV) (Wedepohl, 1991; Brumsack, 2006), which would
indicate elevated productivity during OAE 1a, albeit with rapid variations. The presence of barite concretions in the
Carbonero section has been related to a diagenetic process of segregation (Molina and Hernandez-Molina, 1993) These
concretions are present in two levels located within the lower part of the section (C2 segment), but the presence of
carbonate concretions within the C3 and C4 segments support the presence of a diagenetic remobilization affecting the
section. The positive correlation of Ba and P with TOC in the two lower distinctive peaks shown by most proxies suggest a
sedimentary signal in the distribution of Ba, whereas the three intervals of high values recorded only in the Ba/Al ratios
which are not correlated by TOC at C2, middle part of C5 and middle part of C6 segments are considered to reflect
diagenetic processes of remobilization (Turgeon and Brumsack, 2006). The calcareous nannofossil nutrient index
reconstructed for pelagic sections (Aguado et al., 2014a; Bottini et al., 2015; Bottini and Erba, 2018) provide an alternative
and independent proxy to evaluate productivity across OAE 1a. Positive peaks of the NI, suggesting high productivity, are
recorded at the lower part of C3 segment (Aguado et al., 2014a; Bottini et al., 2015; Bottini and Erba, 2018) and around
the C4 isotopic segment (Bottini et al., 2015; Bottini and Erba, 2018), which is in agreement with the indicated by the
geochemical productivity proxies in the Carbonero section.

The most common element ratios that have been used as proxies for terrigenous supplies are Ti/Al, Zr/Al, K/Al,
Mg/Al, Rb/Al, and Si/Al (e.g., Hild and Brumsack, 1998; Niebuhr, 2005; Calvert and Pedersen, 2007; Engelke et al., 2018).
The Ti/Al and Zr/Al ratios have been used as a terrestrial aeolian source and grain-size proxy because Ti and Zr concentrate
in soils; due to their higher specific gravity than quartz, they are transported with the fine and medium sand quartz in many
sediments (Calvert and Pedersen, 2007). We have not used Si/Al ratio because of the presence of radiolarites in the section,
which would led to a significant contribution from biogenous Si. K/Al, Rb/Al and Mg/Al have been considered as proxies for
fluvial sources (Martinez et al., 2015; Aguado et al., 2016). In the late Quaternary in the Mediterranean, humid periods
characterized by lower aeolian input exhibit decreasing Ti/Al and Zr/Al ratios and enhanced K/Al and Mg/Al ratios (e.g.,
Warning and Brumsack, 2000; Nijenhuis et al., 2001), suggesting a preferential fluvial source for K and Mg, and an aeolian
source for Ti/Al, and Zr/Al (Martinez et al., 2015). However, distinguishing between aeolian and fluvial sources of certain
element ratios is difficult because both sources can provide the same detrital minerals (Martinez-Ruiz et al., 2015).

To explore the continental inputs, three elements considered as proxies for fluvial sources (Rb/Al, Mg/Al, and K/Al)
and two as proxies for aeolian sources (Ti/Al and Zr/Al) have been analysed (Fig. 3). In general, these proxies show parallel

patterns, with high-frequency oscillations, and three main peaks at the base of C3, upper part of C4 and middle part of C6
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segments (Fig. 3). No significant differences are detected between fluvial and aeolian proxies, therefore they are
considered collectively as terrestrial proxies. The comparison between profiles of RSTE and productivity proxies reveals
interesting relationships: the two lower levels of enrichment in RSTE and productivity proxies are coincident with the
enrichment in continental inputs and an inferred increase in sedimentation rates, suggesting a relationship between
continental nutrient inputs, productivity and anoxia.

Collectively, these data suggest a variable depositional environment during OAE 1a with changes in redox
conditions, productivity and continental input. We find three main episodes of enrichment of selected elements. The two
first episodes (lower part of C3 and upper part of C4 segment) are related to an increase in productivity, anoxia and
continental inputs, suggesting that increased nutrient input from the continent led to an increase in marine productivity,
which changed the sedimentary redox conditions. These increases in productivity are also suggested from the calcareous
nannofossil-derived NI in pelagic sections (Bottini et al., 2015; Bottini and Erba, 2018). For the first of these events,
associated with the lower part of C3, this appears to have been driven by the release of isotopically depleted carbon into
the ocean-atmosphere reservoir. The third episode of anoxia/dysoxia (C5/C6 transition), has no evidences of fertilization,
as all terrestrial proxies present low values, as well as Ba/Al and P/AIl, with the exception of TOC. This decrease in
fertilization from the C4 to C5 segments onwards has been also recorded in other sections worldwide (Aguado et al., 2014a;
Bottini et al., 2015). In this interval, the data suggest that oxygen depletion led to enhanced preservation of organic matter
without a significant increase in productivity, probably related to a restricted water circulation (e.g., Arthur and Sageman,
1994; Westermann et al., 2013). This interpretation is also consistent with low P/Al values, as P can be recycled under low
oxygen conditions (Follmi, 1996; Algeo and Ingall, 2007).

Enrichments in RSTE, productivity and terrigenous inorganic proxies have been documented in the record of the
OAE 1a from different basins, in the Western Tethys (Turgeon and Brumsack, 2006; Stein et al., 2012; Westermann et al.,
2013; Charbonnier et al., 2018), Pyrenees (Sanchez-Hernandez and Maurrasse, 2016), North German basin (Hild and
Brumsack, 1998), Gulf of Mexico (Nufiez-Useche et al., 2015) and Pacific (Erba et al., 2015). These data clearly indicate the
development of global perturbations in the marine environmental conditions during OAE 1a, similar to that documented
in this study. These perturbations have been also recorded from other OAEs (e.g., OAE2, Westermann et al., 2014), and

the PETM (Dickson et al., 2014), indicating to be a relevant feature of hyperthermals.

5.3.2 Biomarkers

5.3.2.1 Maturity assessment
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Maturity assessment is key to contextualising and interpreting biomarker records (e.g., Peters et al., 2005). The most
powerful tools for assessing low to moderate maturity (with respect to oil generation) are those based on the relative
distribution of sterane and hopane isomers, along with n-alkane distributions. The 225/(225+22R) homohopane ratio of
c.a. 0.55, the sterane Cao - 20S/(20S+20R) ratio of ~0.5 and the n-alkane CPI ratio of c.a. 1, all fairly constant across the
section, collectively indicate a thermal maturity of the section near the peak state of oil generation (Mackenzie et al., 1980;
Seifert and Moldowan, 1980; Waples and Machihara, 1991). This is equivalent to a vitrinite reflectance between 0.65 and
0.85, according to Peters et al (2005). Other ratios more sensitive at this maturity level are Coosteranes (C20BB/BB+aa), and
Cso hopanes (Bo/Ba + af), which both show a consistent vertical evolution with a slightly high maturity coinciding with the
C3 to mid C6 segments interval, that broadly coincides with the OAE 1a interval (Fig. 3). This slight stratigraphic variation
in thermal maturity has been also noted across OAE 1a in the Southern Alps (Cismon section; Van Breugel et al., 2007),
where the differences are more marked. These authors related these changes to input of organic matter from weathered
material from ancient mature rocks, and similar processes could be occurring here, especially given the very high

sedimentation rates inferred for C3 as discussed above.

5.3.2.2 Sources and environment
Short-chain n-alkanes, as well as pristane and phytane are typically used as indicators for marine organic matter sources,
whereas long-chain n-alkanes primarily reflect terrigenous sources (Eglinton and Hamilton, 1967). Thermal maturity affects
n-alkane distributions, mostly the odd to even distributions, which are c.a. 1 in the studied samples, but also reduces the
amount of high molecular weight (long-chain) relative to low molecular weight (short-chain) compounds. Given that OM
is thermally mature, low HMW/LMW ratios can be explained by the thermal maturity. Nevertheless, the presence of Cas-
Css n-alkanes in several samples could reflect a terrigenous contribution, which is expected in this depositional setting. If
so, the vertical variations in the HMW/LMW ratio could reflect changes in the relative contribution of terrestrial versus
marine sources. Lowest values indicating highest marine contribution are recorded in the lower part of C3 and upper part
of C4 segment. Highest values occur within the C2 and C7 segments, where they are probably biased by a slight decrease
in thermal maturity (Fig. 4). Collectively, these data indicate that extracted organic matter derives from mixed terrigenous
and marine sources.

Steranes are the saturated hydrocarbon derivatives of sterols found in the cell membrane of eukaryotes, particularly
marine phytoplankton, and can therefore provide information regarding algal sources (Volkman et al., 1998; Peters, et al.,,

2005). On the other hand, hopanes are produced by a range of bacteria (Ourisson et al., 1982). The relative contribution

24



588

589

590

591

592

593

594

595

596

597

598

599

600

601

602

603

604

605

606

607

608

609

610

611

612

613

614

615

616

of bacterial with respect to algal biomass is usually assessed using the ratio of total hopanes to total steranes [C27-30
steranes/(Cz7-30 steranes + Cz7-35 hopanes)] (Moldowan et al., 1985). The hopane/sterane ratio (Fig. 4) exhibits a general
increase across the segments C3 to C5, punctuated with abrupt changes. This suggests a long-term but irregular increase
in the contribution from bacterial with respect to algal sources during the early parts of OAE 1a. In addition, terrigenous
organic matter can deliver hopanes derived from soil bacteria, also increasing the hopane/sterane ratio (e.g., Moldowan
et al., 1985).

The homohopane index (HHI: Cs3s/C31-35 hopanes) is a proxy for changes in redox conditions at the sediment-water
interface (Bishop and Farrimond 1995; Peters et al., 2005). In anoxic environments (HHI > 10%), the extended Css side chain
is preserved due to sulfurization reactions, whereas shorter side-chain hopanes tend to be more abundant in oxic
environments as a result of side chain cleavage during oxidative reactions (Peters and Moldowan 1991; Sinninghé Damsté
et al., 1995). The HHI ranges from 1 to 10% (average 6.4% + 2.5), with two peaks indicating enhanced dysoxia or anoxia in
the lower part of C3 segment, and from the uppermost part of C3 to C6, with maxima at the end of C4 and at the C4/C5
transition (Fig. 4). Other compounds indicative of anoxia in the water column (e.g., gammacerane and isorenieratane),
were not identified, suggesting that the extent of anoxia/dysoxia in the Carbonero basin was relatively limited.

The 2a-methylhopane index (2-MHI) has been used as an indicator of cyanobacterial inputs (Summons et al., 1999),
although additional sources have subsequently been reported (Rashby et al., 2007; Welander et al., 2010). Different
investigations have pointed out the high concentration of 2-methylhopanoids in sediments deposited during OAEs (Kuypers
et al., 2004b; Van Breugel et al., 2007; Blumemberg et al., 2013), as well as during other episodes of environmental change
(e.g., Paleocene-Eocene Thermal Maximum, Arreguin et al., 2014). Here, the 2-MHI index shows three main intervals of
enrichment, two within the C3 and another at the end of C4 to C5 segments, and other two less pronounced episodes in
C6 and C7 segments (Fig 3). Recent research suggests that presence of these compounds might indicate
paleoenvironmental stressing conditions, such as hypoxia, changes in pH or nitrogen fixation (Newman et al., 2016; Ricci
et al.,, 2016; Garby et al., 2017). Regardless, our results, alongside similar observations at Shatsky Rise (Dumitrescu and
Brassel, 2005) and Cismon (Van Breugel et al., 2007), suggest a similar ecological response to OAE 1a environmental change
as that observed for OAE 2, providing additional evidence for mechanistic similarities between these events. However, the
Carbonero record, with multiple peaks in 2-MHI suggest a complex series of environmental-ecological interactions.
Although these compounds cannot be used as taxonomic biomarkers for any particular group, they may be diagnostic for
the confluence of particular environmental parameters such as suboxia or anoxia, high osmolarity and limited fixed

nitrogen, collectively indicating ecological stress (Ricci et al., 2016).
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5.3.3 Implications for palaeoenvironmental changes during OAE 1a
In order to assess the environmental changes recorded in the studied section and their relation to the perturbations in the
global carbon cycle, the evolution of the C-isotope record is compared to the organic and inorganic geochemical records
from Carbonero and with published data from different basins worldwide.

The earliest Aptian (C2 isotope segment) exhibits stable values in all parameters analysed, including low
concentrations of TOC and RSTE elements, corresponding to low productivity and generally arid environments (Aguado et
al 2014a) in a global context of a relatively stable carbon cycle. A regional small discontinuity is recorded in this interval,
and the resumption of sedimentation coincides with the onset of the “nannoconid crisis” and a subtle increase in TOC.
Calcareous nannofossil assemblages from a nearby section (La Frontera section, Aguado et al., 2014a), record a change to
broadly meso-eutrophic surface water conditions and warm climate with intermittent freshening, which was interpreted
as a shift towards more humid conditions around this time. This shift can account for a punctual increase in terrestrial
inputs recorded in trace elements and biomarkers (HMW/LMW), without a corresponding increase in the productivity
proxies. Similar patterns, with a short phase of increased fertility during the C2 segment have been observed in other
sections from the tehyan and pacific domains (Bottini et al., 2015)

The main change recorded in the Carbonero section corresponds to the negative excursion in 8*3Corg defining the
C3 segment (28-47 m) which shows a complex structure and three negative ClEs. The C3 segment is considered one of the
most striking features of OAE 1a and interpreted as the result of an input of light carbon into the ocean/atmosphere system
(e.g., Jenkyns, 2010). This carbon is generally thought to come from volcanisms and/or methane hydrate dissociation. One
potential way to distinguish between these two mechanisms is the timing, as methane hydrate with lower §'3C values can
cause a rapid negative excursion through a short-lived release, whereas volcanic CO2 emissions, with higher 83C values
could result in C-isotope negative excursions during gradual and long-lasting episodes (e.g., Mehay et al., 2009; Lorenzen
et al., 2013; Naafs et al., 2016). Based on sedimentation rate estimates from expanded sections, including the Carbonero
section, the complete negative excursion could have taken more than 100 kyrs. Such a long time span is predominantly
consistent with a volcanic CO; releasing episode (Naafs et al., 2016), although three abrupt negative CIEs within the C3
segment depicted in Carbonero (and other sections) could be related to short pulses of methane release superimposed on
a gradual (Jahren et al., 2005; Renard et al., 2005; Mehay et al., 2009; Naafs et al., 2016) or polyphasic (Bottini et al., 2012)

volcanic release. The timing of these negative CIEs could be astronomical as has been demonstrated for OAE 2 (Kuypers et
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al., 2004a; Dickson et al., 2017), although a further analysis of cyclicity in the studied section is needed in order to confirm
this hypothesis.

The lower part of segment C3 records the first episode of environmental perturbation in the Carbonero section,
with RSTE enrichments and increased sedimentation rates coeval with a general perturbation in the biomarker
distributions, indicating the development of anoxia/dysoxia near the sediment-water interface, along with an increase in
productivity and continental inputs (e.g., Ti/Al) (Fig. 7). Collectively, all of the data point to an increase in fertilization and
productivity leading to anoxia/dysoxia and a marked increase of bacterial over algal sources in the organic matter
(hopane/sterane index). This is consistent with an intensification of the greenhouse conditions, which may have
accelerated the hydrological cycle resulting in increased continental weathering and enhanced nutrient input from the
continents to the ocean (Weissert, 1990; Follmi, 2012; Westermann et al., 2013), which is commonly invoked as a critical
aspect of OAE initiation (e.g., Bralower et al., 1999; Erba and Tremolada, 2004; Jenkyns, 2010; Monteiro et al., 2012;
Westermann et al., 2013; Aguado et al., 2014a; Bottini et al.,, 2015). Additional mechanisms have been suggested to
contribute to a further fertilization of the ocean, as the relative high sea-level during the early Aptian, which may have
favored the reworking of sediments and soils by flooding of land areas (Jarvis et al., 2002; Westermann et al., 2013). The
upper part of the C3 segment shows minor punctual increases in terrestrial markers and productivity, under generally well
oxygenated waters. In general, the C3 interval is considered to be chararterised by increasing pCO concentrations (e.g.,
Heimhofer et al 2004; Erba and Tremolada 2004; Erba et al., 2010, 2015; Naafs et al 2016) and temperatures (e.g., Kuhnt
et al 2011; Bottini et al., 2015; Naafs and Pancost, 2016). Nevertheless, a short episode of cooling has been proposed
during the lower part of C3 segment (Jenkyns 2018), that could be related to a CO> drawdown from OM deposition (Bottini
et al., 2015; Bottini and Erba, 2018), or to a reduction in the CO2 volcanic emissions (Bottini et al., 2015).

Collectively, the C3 segment records an episode of severe environmental change, with a general gradual increase
in pCO; probably punctuated by pulses of accelerated rises leading to the spiky shape of the §*3C profile recording a marked
instability. These changes in pCO2and temperatures would have resulted in an intensification of the hydrological cycle, and
subsequent increased input of nutrient into the ocean (e.g., Erba, 2004; Follmi, 2012; Mutterlose and Bottini, 2013;
Weissert and Erba 2004; Erba et al., 2015). The high productivity, indicated by the geochemistry but also by the presence
of radiolarites within C3 segment, was probably the main factor controlling the oxygen depletion in the bottom waters. In
this context, rapid changes in the environmental conditions affected the biomass, giving rise to a dominance of bacteria

over algae (Kuypers et al., 2004b).
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FIGURE 7. Selected elemental and biomarker ratios against C-isotope stratigraphy.

During the positive C-isotope excursion (segment C4), RSTEs and biomarkers exhibit an increase in anoxic conditions
in the sediment-water interface, coincident with enhanced productivity, and increased terrestrial input, (as indicated by
most of the elemental proxies). Estimated palaeotemperatures suggest a short episode of cooling (Dumitrescu et al., 2006;
Kuhnt et al., 2011; Jenkyns, 2018), due to the decrease in CO2 concentrations (Heimhofer et al., 2004; Naafs et al., 2016)
associated with either enhanced burial of organic matter or a reduction in the inputs of CO2 coupled with an increase in
silicate weathering linked to an enhanced hydrological cycle (e.g., Lechler et al., 2015; Jenkyns, 2018). A possible
oxygenation episode during this interval of cooling (Jenkyns, 2018) could correspond to that of the end of C4 segment
recorded in Carbonero (Fig. 4), although further higher-resolution data for correlation are needed to elucidate the
temporal relationships between these environmental changes.

The positive C-isotope trend was followed by an interval of stable values in §*3C (C5 segment), characterized by a
general recovery to pre-C3 values in most organic and inorganic indices. The exceptions are the 2Me-hopane and the
hopane/sterane indexes, which are elevated in this interval indicating an ongoing ecological perturbation, perhaps related
to environmental stress (Neuman et al., 2016; Ricci et al., 2016). This interval is followed by a third episode of increase in
anoxia/dysoxia during the C5-C6 transition, indicated by enrichment in RSTE and biomarker HHI ratios, but with an
interesting difference to the previous two episodes: in this episode there is no evidence for enhanced productivity nor
terrestrial input (Fig. 7). These results point to a development of anoxia not linked to enhanced production in surface

waters, but instead to possible deoxygenation of the marine bottom waters in the Subbetic basin. This interval is
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characterized by a further increase in global temperatures (Dumitrescu et al., 2006; Bottini et al., 2015; Naafs and Pancost,
2016; Jenkyns, 2018), related to an increase in pCO2 concentrations (Naafs et al., 2016), probably linked to a sustained
input of volcanic CO: (e.g., Tejada et al., 2009; Bottini et al., 2012). This evolution of the anoxia/dysoxia during the OAE 1a,
from an initial phase controlled by enhanced productivity followed by increased preservation due to the development of
anoxia during the OAE 1a can be explained by a model in which fertilization can account for oxygen depletion at a local
(basinal) scale (C3 interval), whereas the global consumption of oxygen due to widespread global organic matter
deposition, as indicated by the positive excursion in 8'3C values (C4—C5) would lead to an oxygen depletion in oceanic
bottom waters, when a critical threshold is passed as the production of organic matter exceeds the rate in which it is
oxidized (Robinson et al., 2004). This evolution from enhanced productivity to enhanced preservation during OAE 1a has
been also observed in different sections from the western Tethys (Westermann et al., 2013).

During the upper part of C6 and C7 segments, 8'Corg values increase (C6) and reach the highest values before they
start to decrease (upper part of segment C7). Terrestrial inputs increase during C6, although redox and productivity indices
indicate a gradual return towards conditions of well oxygenated waters from the beginning of the C6 segment upwards.
Therefore, the highest §!3C values are interpreted as the result of enhanced global light carbon burial, although no dysoxic
conditions affected the Subbetic Basin, as has been documented from sections worldwide, where the end of the
generalized anoxia coincides with the base of C7 segment (e.g., Bottini et al., 2015).

Ultimately, as both volcanic inputs and organic burial started to return to pre-OAE conditions, so do oxygenation
levels. Intriguingly, however, ecological changes, especially with respect to unicellular organisms (bacteria and algae),
persist. Elevated hopane/sterane ratios document a marked increase in bacterial sources over plants and algae, and a
further two peaks in 2-Me-hopanes (Fig. 7) collectively indicate an ongoing dominance of OAE-associated microbial
assemblages. Thus, the biomass did not completely recover to pre-OAE conditions during the C7 segment, despite the fact
that environmental conditions did. A persistent biotic (especially microbial) perturbation has been observed for other
events, e.g., the Permo-Triassic Boundary (Xie et al., 2004) and could indicate that recovery of biota would take a longer
period, due to persistence of perturbed ecological conditions favoring the microbial growth in the Subbetic basin, probably
in relation to a disruption in nutrients cycling (Newman et al., 2016; Ricci et al., 2016; Garby et al., 2017) or grazing pressure
(Xie et al., 2004) linked to the effects of the nannoconid crisis, or a combination of both.

The general evolution from an initial phase of enhanced productivity followed by increasing preservation, mirrored
by climate changes with cooling episodes punctuating the high temperature conditions has been also recorded in other

sections worldwide (e.g. Westermann et al., 2014; Bottini et al., 2015; Jenkyns, 2018), collectively indicating a complex
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global perturbation of the climate and environmental conditions across the OAE 1a. The development of several episodes
of potential drawdown of atmospheric COz or reduction in volcanic input of this greenhouse gas leading to episodes of
cooling seems to be coeval in different sections worldwide (Jenkyns, 2018), and broadly correlate to the three episodes of

maximum anoxia and productivity recorded in the Carbonero section.

6. Conclusions

The Carbonero section from the Lower Aptian of the Subbetic basin provides an expanded and continuous
stratigraphic record of OAE 1a. The 8'3Corg stratigraphy records the global C-isotope signal, with identification of previously
defined segments. Local subsidence during deposition of segment C3 is considered to be the main cause of differences
between sections. Nonetheless, correlation of the C-isotope profile with other sections revealed clear similarities with
expanded sections deposited on highly subsiding areas, mostly during the lower part of the OAE 1a, and general agreement
during the upper part. In particular, these reveal a far more complex negative carbon isotope excursion, associated with
either episodic CO: inputs or a complex interplay between carbon inputs to the atmosphere-hydrosphere systems,
productivity and preservation of organic matter.

Integration of organic and inorganic geochemistry has revealed generally well oxygenated conditions, punctuated
by three episodes of anoxia/dysoxia in the water-sediment interface, under a general context of instability in the
environmental conditions during the studied interval. The two first episodes of anoxia/dysoxia correlate with enhanced
organic productivity during the main negative C-isotope excursion that represents the onset of the OAE 1a. They are placed
at the final part of C-isotope negative excursions, probably occurred in response to CO; release, increased temperatures
and associated hydrological change and weathering, resulting in fertilization-driven oxygen consumption and depletion.
This was followed by the widely observed positive carbon isotope excursion, likely due to the burial of OM outpacing
volcanic carbon inputs. Interestingly, the third episode of anoxia-dysoxia, which occurred later during the mayor positive
C-isotope excursion, is not associated with fertilization, and perhaps instead reflects a general progressive depletion of
oxygen during OAE 1a, linked to stagnation of marine waters.

The biomarkers distributions have revealed that, although most environmental proxies show a return to pre-OAE
conditions during C7 C-isotope segment, a perturbation in microbial ecology persisted, probably indicating a delayed biotic

recovery to the perturbation, linked to environmental stress.
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