
1.  Introduction
The Aptian (121.4–113.2 Ma, Gradstein et al., 2020) was characterized by a variable greenhouse climate, 
and was affected by profound perturbations in the carbon cycle, resulting in global changes in climate and 
environmental conditions, both in marine and continental realms (e.g., Hay, 2017; Skelton, 2003). Some of 
the most remarkable environmental changes recorded in Aptian sedimentary successions occurred during 
Oceanic Anoxic Event 1a (OAE 1a; Arthur et  al.,  1990), which saw widespread elevated burial rates of 
organic matter in oxygen-depleted ocean bottom waters and/or within expanded oxygen-minimum zones 
(e.g., the Selli Level of Coccioni et al. (1987)), a nannoconid crisis (Erba, 1994; Erba et al., 2004), the growth 
and regional demise of carbonate platforms (Castro et  al.,  2008; Föllmi,  2012; Föllmi et  al.,  1994; Gra-
ziano, 2013; Huck et al., 2010, 2012; Immenhauser et al., 2005; Masse & Fenerci-Masse, 2011; Ruiz-Ortiz 
et al., 1998; Skelton & Gili., 2012; Skelton et al., 2019; Vahrenkamp, 2010; Weissert et al., 1998; Wissler 
et al., 2003), and rapid warming followed by cooling events, with possible ice age interludes during the late 
Aptian (e.g., Bottini & Erba, 2018; Bottini et al., 2015; Davies et al., 2020; Dumitrescu et al., 2006; Erba, 1994; 
Hochuli et al., 1999; Jenkyns, 2010, 2018; Maurer et al., 2013; McAnena et al., 2013; Naafs & Pancost, 2016; 
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Weissert & Lini, 1991; Weissert et al., 1998). A rapid rise of atmospheric CO2 has been invoked as a trig-
ger for OAE 1a, which has been linked to submarine volcanic activity and possibly to methane emissions 
(Adloff et al., 2020; Bottini et al., 2012, 2015; Erba et al., 2010, 2015; Kuhnt et al., 2011; Leckie et al., 2002; 
Méhay et al., 2009; Naafs et al., 2016; Weissert & Erba, 2004). In addition to a direct volcanic source of CO2, 
Polteau et al. (2016) have proposed that injection of magma into organic-rich sediments in the High Arctic 
Large Igneous Province (HALIP) may have forced a massive emission of methane.

The main feedback mechanisms suggested as a response to increases in atmospheric CO2 are: global warm-
ing; short-term shallowing of the calcite compensation depth (CCD), linked to a change in the locus of 
carbonate deposition from deep to shallow water; accelerated silicate weathering on the continents driving 
increased carbonate sedimentation rates; higher marine productivity; and the massive burial of organic-rich 
sediments (Archer, 2010; Berner, 2004; Erba et al., 2015; Jenkyns, 2010, 2018; Skelton & Gili, 2012). Hydro-
thermal activity associated with LIP submarine volcanism has also been suggested as a driver for increased 
primary productivity due to iron fertilization, which is especially relevant for productivity by cyanobacteria 
(e.g., Leckie et al., 2002). Productivity was likely enhanced by a combination of factors including silicate 
weathering and hydrothermal activity. These processes are considered to have been the main drivers for 
global perturbations in the C-isotope record during the Aptian.

Major shifts in the C-isotope curve, calibrated with biostratigraphy, provide a robust basis for global corre-
lation, and have been used to subdivide the curve into segments (Menegatti et al., 1998). In this context, 
a unique magnetic reversal (magnetochron M0) located at the base of the Aptian (Channell et al., 1995), 
which can be tied to the carbon-isotope stratigraphy, has been proposed to define the base of the Aptian 
stage (Erba, 1996; Erba et al., 2015; Gradstein et al., 2020). Other stratigraphic markers originally used in 
Aptian hemipelagic and pelagic successions are beds with high TOC concentrations, but these are not neces-
sarily isochronous, as the episodes of deposition that generate organic-rich levels are often affected by local 
conditions (Jenkyns, 2010). Nevertheless, the analysis of the stratigraphic distribution of organic-rich levels 
provides insight into the interplay between local and global conditions during OAEs, including marine 
productivity and ocean circulation patterns (e.g., Aguado et al., 2014a; Jenkyns, 2010; Quijano et al., 2012).

The main tool for regional to global correlation in Aptian marine sediments is biostratigraphy, which at-
tains its highest resolution by the integration of multiple open-marine fossil groups, mostly of calcareous 
composition (ammonites, planktonic foraminifera, and calcareous nannofossils; e.g., Aguado et al., 1999, 
2014a, 2014b; Bottini & Mutterlose, 2012; Bralower et al., 1995; Coccioni, 2020; Coccioni et al., 1992; Erba 
et al., 1999; Kennedy et al., 2000; Mutterlose & Böckel, 1998; Najarro et al., 2011). However, the biotic record 
might also be affected by diachronism of some lowest and highest occurrence datum levels (LO, HO) of key 
biostratigraphic marker species (Herrle et al., 2004). In addition, certain calcareous fossils may be absent 
due to the low carbonate content of the sediments that characterize several stratigraphic intervals of the Ap-
tian stage, mostly associated with OAEs, where calcification crises were associated with poor preservation 
of carbonate (Aguado et al., 2014a, 2014b; Erba, 1994; Erba et al., 2010).

Stable carbon-isotope geochemistry in carbonates and organic matter (OM) has proven to be a useful tool 
for stratigraphy and environmental history, following the pioneering work of Loutit and Kennett  (1979) 
and Scholle and Arthur (1980), and many others. Integration of chemostratigraphy with biostratigraphy 
and magnetostratigraphy can improve stratigraphic resolution considerably (Bottini et al., 2015; Bralower 
et al., 1995; Channel et al., 1995; Dumitrescu et al., 2006; Erba et al., 2015; Tarduno et al., 1989, 1992; Weis-
sert, 2019; Weissert et al., 2008). The C-isotope curve of the Aptian has been calibrated with biostratigraphy 
and magnetostratigraphy, and it has been divided into several segments which have been widely used for 
correlation (e.g., Bottini et al., 2015; Bralower et al., 1999; Dumitrescu et al., 2006; Erba et al., 1999, 2015; 
Herrle et al., 2004; Lorenzen et al., 2013; Menegatti et al., 1998; Sánchez-Hernández & Maurrasse, 2016; 
Wissler et al., 2002, 2003, 2004; among many others).

Several caveats have to be considered when utilizing geochemical signals as correlation markers (e.g., 
Scott, 2016). The most important issue is unravelling the effects of diagenesis from the original depositional 
signal (Weissert et al., 2008), which may lead to significant differences between sections. The consistent 
definition of divisions (segments) or events and the precision of the curve, a product of sample density with 
respect to sedimentation rates (Scott, 2016) are crucial, and collectively will control the robustness of any 
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correlation. Furthermore, the calibration of C-isotope stratigraphy to biostratigraphy, magnetostratigraphy, 
and absolute ages is necessary to provide numerical estimates that can be used for correlation and test-
ing fundamental questions in the Earth sciences (Gradstein et al., 2020; Malinverno et al., 2012; Martinez 
et al., 2020; Ogg et al., 2016; Olierook et al., 2019). Here, we use the C3/Ap3 to C6/Ap6 C-isotope segments 
of Menegatti et al. (1998) for definition of OAE1a. This is the chemostratigraphic interval that corresponds 
to OAE 1a or the Selli Level equivalent at Cismon (e.g., Bottini et al., 2015; Erba et al., 1999, 2015; Malinver-
no et al., 2010; Menegatti et al., 1998).

An issue that remains elusive is the pattern of environmental change defining the beginning of OAE 1a. 
Was the onset of the negative C-isotope excursion C3 (sensu Menegatti et al., 1998) rapid, as suggested by 
analyses of C-isotope patterns in pelagic sediments? Or, was the change in global carbon cycling more grad-
ual—as indicated by a previous study of the hemipelagic western Tethys succession at Cau, southern Spain 
(Naafs et al., 2016), an outer-shelf expanded sequence deposited on a rifted basin with high subsidence 
rates, containing most of the Aptian (Castro et al., 2008)?

For this study, we returned to the Cau site, where a core was drilled in 2015–2016 with the aim to establish 
an improved high-resolution C-isotope curve for the Aptian (Ruiz-Ortiz et  al.,  2016). One focus of our 
study was a detailed investigation of the pattern of change in the C-isotope curve at the base of OAE 1a. 
The nearby field section has been intensively studied and there is a robust database available, including 
biostratigraphic information for ammonites, planktonic foraminifera, and calcareous nannofossils (Aguado 
et al., 1999; Castro et al., 2001; de Gea et al., 2003; Moreno-Bedmar et al., 2012), along with a carbonate 
and organic carbon-isotope (δ13Ccarb, δ13Corg) stratigraphy (de Gea et al., 2003; Moreno-Bedmar et al., 2012; 
Naafs et al., 2016), biomarkers (Quijano et al., 2012), and Os isotopes (Adloff et al., 2020). Additionally, a 
pCO2 reconstruction has been developed based on biomarker specific C-isotope values (Naafs et al., 2016) 
and from that, a carbon-cycle model for the onset of OAE 1a was derived recently by Adloff et al. (2020).

This study, with a focus on the Cau core, presents a high-resolution carbonate C-isotope curve calibrated 
directly to planktonic foraminifera and calcareous nannofossils, and indirectly to ammonite data from the 
corresponding field section. This paper provides a new reference C-isotope curve for the Aptian, with a re-
finement of the previously defined C-isotope segments (Bralower et al., 1999; Herrle et al., 2004; Menegatti 
et  al.,  1998) based on high-resolution (∼20-cm intervals) sampling (ultrahigh 1-cm resolution, <0.5  kyr 
sample spacing in some parts of the succession) and calibration to biostratigraphic data. A correlation to 
other chronostratigraphically well-characterized successions with a precise C-isotope stratigraphy is pre-
sented. This highlights the robustness of the C-isotope stratigraphy of the Cau section as a reference for 
global correlation, and is the basis for discussion on the dynamics of the carbon cycle, environmental and 
biotic perturbations that occurred during the Aptian. A further advantage of the Cau section is the proximi-
ty of neighboring carbonate platform successions, the intimate stratigraphical relations of which with OAE 
1a have also been investigated (Skelton et al., 2019).

2.  Location and Geological Background
The Cau outcrop (38.70389°N, 0.00472°W; 493-m altitude above sea level, D4 borehole, Figure 1) is located 
in the NE of Alicante Province, southeastern Spain, to the west of Benissa town (Figure 1a). The studied 
materials represent a continuous record of the Almadich Fm in the area. This lithostratigraphic unit has 
diachronous lower and upper boundaries, with a maximum stratigraphic range of upper Barremian to up-
permost Aptian (Castro et al., 2008); the lower to upper Aptian interval is represented in the Cau outcrops. 
There, the Almadich Fm lies on a discontinuity surface with a hiatus embracing the Barremian–Aptian 
transition, developed on the upper Barremian hemipelagic marls and marlstones of the Los Villares Fm 
(Castro, 1998; Castro et al., 2008), and it is overlain by the shallow platform carbonates of the Seguilí Fm 
of latest Aptian-earliest Albian age (Castro, 1998; Castro et al., 2008), which represent a progradational 
episode of the Prebetic platform.

2.1.  Paleogeographic and Geodynamic Setting

The Cau succession was deposited on the southern margin of the Iberian Plate, on the so-called Southern 
Iberian Continental Margin (SICM; Martín-Chivelet et al., 2002, 2019; Vera, 2004). At a global scale, the 
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SICM was located at the western edge of the western Tethys, along the “seaway” between the Tethys and the 
Central Atlantic (Figure 1c), and at the antipodes of the major volcanic provinces developed during the Ap-
tian, the Ontong-Java, and Kerguelen plateaus that were intensely active during the early and late Aptian, 
respectively (e.g., Bralower et al., 1997; Jones & Jenkyns, 2001; Erba et al., 2015). The geodynamic evolution 
of Iberia during the Aptian was controlled by the relative motions of the Eurasian and African plates. Ro-
tation of Iberia caused by the opening of the Bay of Biscay (Olivet, 1996; Vergès & García-Senz, 2001) led 
to widespread extension and subsequent rifting in the margins (Figure 1c). Subsidence rates were generally 
high in the SICM, with thick shallow-water limestone successions (Urgonian facies) deposited on wide 
carbonate platforms in the proximal parts of the margin, and hemipelagic and pelagic sedimentation in the 
distal sectors (e.g., Martín-Chivelet et al., 2019, 2002; Vera, 2004).

The Lower Cretaceous stratigraphic succession of the SICM consists of thick units of carbonates and silici-
clastics, deposited in two major paleogeographic domains: the shallow Prebetic platform and the pelagic 
Subbetic basin (Figures 1b and 1d). Both areas were affected by listric faulting, leading to strong lateral 
differences in subsidence rates (e.g., Martín-Chivelet et al., 2019, 2002; Ruiz-Ortiz, 1980; Vera, 2004) (Fig-
ure 1d). The main extensional faults mark the boundaries between tectonic domains, while minor faults 
generated small subbasins bounded by low-subsidence highs. The tectonic tilting associated with the listric 
fault geometries favored gradual lateral changes in subsidence rates within the blocks. The stratigraphic 
succession at Cau corresponds to a depocentre area in the outer part of the Prebetic platform (Figure 1d).

Eustatic and climate changes affected the Aptian sedimentary evolution of the SICM (e.g., Immenhaus-
er,  2005; Immenhauser et  al.,  1999; Martín-Chivelet et  al.,  2019). The studied section was located at a 
paleolatitude of 20–25°N (Masse et al., 1993; Figure 1c), interpreted to lie within the northern part of the 
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Figure 1.  (a) Geographic location of the four boreholes (D1–D4) drilled in the Almadich Fm in the Cau hillside located at a horizontal distance (D1–D4) of 
ca. 100 m. (b) Geological map of the southernmost part of the Iberian Peninsula with the Betic Cordillera, Guadalquivir Basin and southern part of the Iberian 
Massif; the position of Cau is shown toward the northeastern limit of the map. PJ, Prebetic of Jaén; PCS, Prebetic of Cazorla-Segura; CP, Central Prebetic; PA, 
Prebetic of Alicante. (c) Early Aptian (∼120 Ma) paleogeographic reconstruction of western Tethys (simplified from Masse et al. (2000)) showing the location 
of Cau on the Southern Iberian Continental Margin (SICM). (d) Reconstruction of the SICM during the Aptian. IS, Internal Subbetic; MS, Median Subbetic; ES, 
External Subbetic; ID, Intermediate Domain.
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equatorial arid belt (Chumakov et al., 1995). The early Aptian sedimentary evolution of the SICM was im-
pacted by OAE 1a; shallow platforms were subject to an extensive drowning event (e.g., Castro et al., 2014, 
2008; Skelton et al., 2019), whereas in outer platform and pelagic settings OAE 1a was marked by the depo-
sition of organic-rich sediments (e.g., Aguado et al., 2014a; de Gea de et al., 2003, 2008).

3.  Material and Methods
3.1.  Fieldwork and Core Processing

Four boreholes were drilled on the western slope of Cau hill, obtained via conventional rotary drilling 
(Rolatec RL 48 L) using a diamond core drilling system. The four cores had a total recovery of: (D1) 57 m 
drilled/48 m corrected for dip; (D2) 35/30 m; (D3) 59.5/54 m, and (D4) 39.5/32.5 m. After description and 
sampling the cores were stored in the Department of Geology at the University of Jaén.

3.2.  Carbonate Content

An automatic calcimeter manufactured by DREAM Électronique SAS (Pessac, France), housed in the lab-
oratories of the CEACTierra (University of Jaén), was used to determine the carbonate content of samples.

3.3.  Total Organic Carbon (TOC)

TOC analyses were performed in the IRNAS laboratories (CSIC, Sevilla), using a Shimadzu TOC-V CSH 
instrument.

3.4.  C and O Stable Isotopes

Stable isotope ratios from 755 carbonate samples were measured with a ThermoScientific MAT253 Isotope 
Ratio Mass Spectrometer connected to a Kiel IV Carbonate Device at the Stable Isotope Laboratory of the 
Instituto de Geociencias, Universidad Complutense de Madrid.

3.5.  Sample Processing for Biostratigraphic Analyses

One hundred and twenty-nine samples were prepared on smear slides for calcareous nannofossils investi-
gation, and 54 samples were processed for the determination of planktonic foraminifera assemblages, in the 
laboratories of the Department of Geology of the University of Jaén.

Description of methods applied is available in the supporting information.

4.  Results
4.1.  Facies Analysis

The dominant microfacies throughout the cores is mudstone/wackestone (Dunham, 1962), with varying 
amounts of fine sand-size grains, dominated by peloids, and variable contents of bioclasts. Other grains 
present at some levels are fine quartz (up to 15–20%), and rare glauconite and coal particles. Some Fe-oxides 
and Fe-sulphides are present as grains or diffused in the matrix. The texture is generally homogenous, with 
a variable degree of bioturbation, although some finely laminated horizons are present. Detailed descrip-
tion has allowed the differentiation of five main facies types (Figure 2): (I) Dark grey massive facies, locally 
with faint lamination and scarce bioturbation; this facies is common in the OAE 1a interval, and in the up-
per Aptian, in the Globigerinelloides algerianus biozone. (II) Light grey bioturbated facies, with Chondrites, 
Planolites, and other feeding, resting, and undefined traces; the intensity of bioturbation is highly variable; 
Facies II is dominant in the upper Aptian (Herbergella trocoidea and Paraticinella rohri biozones), and is 
intercalated with other facies types in the lower part of the core. (III) Dark grey undisturbed mudstones 
with planar lamination, which are present as thin interbeds within Facies I mostly in the lower Aptian sedi-
ments of the OAE 1a interval. (IV) Light to dark grey brecciated to nodular facies with chaotic organization 
and massive mudstone/wackestone texture irregularly interbedded with partially recrystallized limestone, 
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present as meter-scale beds in the upper part of the OAE 1a interval (Leupoldina cabri biozone). (V) Grey to 
orange, weathered, recrystallized, or altered facies. This facies type corresponds to the shallowest levels of 
cores (especially D2 and D3), and single beds in the lowermost part of core D4, and is attributed largely to 
surficial weathering by interaction with meteoric water.

4.2.  Carbonate and TOC

Carbonate contents range generally from 40% to 80%, with a lowest value of 22% and a maximum of 96% 
(both recorded within D4, Globigerinelloides blowi biozone, Figure 2). The vertical trend shows a clear cyclic 
distribution, with cycle thicknesses of meter scale, and generally gradual transitions between higher to 
lower carbonate content levels. TOC contents reach a maximum of 2 wt%, with higher contents coinciding 
with the dark gray levels (facies types I and III). Regression analysis yields a low correlation between TOC 
and CaCO3 (R2 = ca. 0.06; p-value < 0.00001), which shows that OM contents are almost unaffected by 
carbonate contents.

4.3.  C-Isotope and O-Isotope Stratigraphy

The carbon-isotope values obtained are typical for Aptian hemipelagic and pelagic marlstones and lime-
stones (cf. Herrle, 2004; Lorenzen et al., 2013; Menegatti et al., 1998), with δ13Ccarb values ranging from 
0.67‰ to 4.66‰. An unsmoothed δ13Ccarb curve is presented in Figure 2 with identification of the eight 
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Figure 2.  Stratigraphy of the Cau core. Biostratigraphy based on nannofossils and foraminifera (core) and ammonites (outcrop). The δ13Ccarb, δ18O, TOC, and 
CaCO3 profiles are represented along with the C-isotope stratigraphy proposed by different authors: (1) Menegatti et al. (1998) and Bralower et al. (1999); (2) 
Herrle et al. (2004); (3) Bottini et al. (2015), and this study.
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chemostratigraphic segments (C1–C8) defined by Menegatti et al. (1998) and subsequent segments C9 and 
C10 of Bralower et al. (1999). We also identify the subdivisions proposed by Herrle et al. (2004)—column 2, 
Figure 2, and by Bottini et al. (2015)—column 3, Figure 2. Furthermore, based on the high-resolution of the 
profile, we propose here (see Section 5) new subdivisions within the segments previously published, in or-
der to more precisely describe the detailed shifts observed (Ap2–Ap14 and internal subdivisions, Figure 2).

The segments defined by Menegatti et al.  (1988) and Bralower et al.  (1999) can be identified as follows 
(Figure 2): the basal part of the succession corresponds to the C2 segment (18.95-m thick), with values in-
creasing in the lower part (Ap2a subsegment) from 2.0‰ to 3.1‰, followed by a general decreasing trend to 
2.26‰ punctuated by several negative spikes (Ap2b subsegment). This segment is characterized by marked 
high-frequency oscillations of higher amplitude (maxima of 2‰) in the lower part, decreasing upwards 
(average 0.5‰). The base of segment C3 is characterized by a sharp negative shift (from 2.3‰ to 0.49‰), 
through a 17-cm thick interval. This negative spike has been sampled at a 2-cm spacing, which has revealed 
a rapid but continuous transition of the C-isotope values. The C3 segment (5.63-m thick) is characterized by 
a succession of four a peaks with a slightly rising trend upwards (from 0.5‰ to 1.1‰), defining cycles with 
decreasing-upwards amplitudes (Ap3 a to d in Figure 2). The lowest values are attained in the lower part of 
the segment, drawing an overall negative double-trough shape (see supporting information).

Segment Ap4 represents a gradual change in C-isotope values from 1.09‰ to 3.21‰ through 5.75 m of 
section. Cyclic fluctuations with an amplitude of <0.2‰ are observed within C4. The Ap5 segment covers a 
thick interval (21.24-m thick), with relatively stable values ranging from 3.1‰ to 4.03‰ (average of 3.63‰), 
starting with lower values at the base, and a shift to lower values in its uppermost part (Ap5b). Segment Ap6 
marks the end of the stable values, with a minimum value of 3.3‰ at the base (Ap6a) followed by a general 
positive shift from 3.8‰ to 4.3‰ (Ap6b). The thickness of C6 is 4.12 m. The Ap7 segment (15-m thick) 
starts with two steps of decreasing C-isotope values (Ap7a and b) followed by an increase of values; 4.3‰ 
is measured at the base of the segment and 4.0‰ at the top, with a maximum near the top of 4.7‰ (Ap7c). 
Segments Ap8–Ap10 describe a stepwise falling trend from 4.0‰ to 1.3‰. The Ap11 and Ap12 segments re-
cord a gradual positive shift to 4.3‰. Segment Ap13 records slightly decreasing values with 4‰ on average, 
and segment Ap14 records a positive shift from 4.2‰ to 3.5‰ up to the top of the core.

Oxygen isotope (δ18O) values vary between −3.2‰ and −1.3‰ (Figure 2). They display a long-term evolu-
tion with a negative trend (O1) through segments C2–C3 (from ca. −2‰ to ca. −3‰), followed by a positive 
tendency (O2) through segments C4–C6 (from ca. −3% to ca. −1.8‰). The upper part (segments C7–C10) 
shows a generally stable pattern with average values of −2.0‰, although with some fluctuations within C7–
C8, and greater stability within C9–C10 (Figure 2). The correlation between carbon (δ13Ccarb) and oxygen 
(δ18O) isotopes has been evaluated for each core, and for the complete section (Figure 3). In all cases, the 
regression analysis yields no significant correlation between the two constituents (R2 ranges between 0.019 
and 0.262; Figure 3).

4.4.  Biostratigraphy

Nannofossil abundance and diversity in the samples studied were generally inversely related to carbonate 
content. Samples with low–medium carbonate contents (40–60 wt%) usually contained the best preserved 
and abundant assemblages. These samples were preferred whenever possible for biostratigraphic determi-
nations. Calcareous nannofossil associations allowed the identification of biozones NC6 (lower Aptian), 
NC7A (lower–upper Aptian transition), and NC7B-C (upper Aptian) (Figure 2 and Table SI). The main 
bioevents recorded throughout the Cau core were: (a) the presence of Hayesites irregularis and Nannoconus 
truittii from the base of the core; (b) the onset of the nannoconid crisis, coinciding with the highest occur-
rence (HO) of Nannoconus steinmannii, followed by the lowest occurrence (LO) of Rhagodiscus angustus, 
all located within segment Ap2; (c) the LO of Eprolithus floralis (Ap7 segment), followed by the end of the 
consistent record of Micrantholithus hoschulzii, located in the uppermost part of segment Ap8. The HO of 
Conusphaera rothii, used as boundary marker to subdivide the NC6 biozone (Bralower et al., 1995), was 
recorded slightly above the LO of R. angustus, from the uppermost part of the Ap2 segment. However, this 
datum level is not very confident due to the extreme rarity of C. rothii in the assemblages from the Cau core 
and in many other records (e.g., Herrle & Mutterlose, 2003; Moullade et al., 2015).
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The preservation of planktonic foraminifera varies from good to poor, depending on lithology (good in 
facies I and III). The tests of the specimens were modified by recrystallization, although the original shell 
texture can be identified in most cases. The mean abundance in productive samples varies from scarce to 
abundant. Abundance increases in the upper part of core D4 and in the lower and middle parts of core D3, 
coinciding with OAE 1a. Diversity increases generally upwards, with minor fluctuations linked to changes 
in abundance. The semiquantitative study has led to the identification of seven genera (Globigerinelloides, 
Gorbachikella, Hedbergella, Leupoldina, Lilliputianella, Paraticinella, and Pseudoschackoina) and 50 species 
(most of them hedbergellids).

Planktonic foraminifera records (Figure 2) demonstrated the presence of the biozones of Globigerinelloi-
des blowi and Leupoldina cabri (lower Aptian), Globigerinelloides ferreolensis, Globigerinelloides algerianus, 
Hedbergella trocoidea, and P. rohri (upper Aptian). From bottom to top the following bioevents (Figure 2 and 
Table SI) were recorded: (a) small-sized trochospiral hedbergellids dominated the assemblages throughout 
the lower part of the core D4, coinciding with segment Ap2; (b) an increase of hedbergellids with radially 
elongated chambers (Hedbergella bizonae, H. globulifera, H. kuhryi, and H. roblesae) was recorded within 
segments Ap3–Ap4; (c) the LO of L. cabri coincides with the boundary between the Ap3 and Ap4; (d) within 
segment Ap8, the LO of G. ferreolensis is followed by the HO of L. cabri; (e) the successive LOs of Globige-
rinelloides barri (lowermost part of Ap9 segment) and G. algerianus (Ap9/Ap10 boundary) are recorded; 
(f) the LO of H. trocoidea, located within segment Ap11, is followed by the HO of G. algerianus close to the 
boundary between segments Ap 11 and Ap12; (g) the last bioevent recorded in the core is the LO of P. rohri 
within the upper part of segment Ap12.

Data from the outcrop section (Aguado et al., 1999; Moreno-Bedmar et al., 2012) calibrated to the core (Ap2 
to lower part of Ap8 segments) record the presence of the following ammonite biozones: Deshayesites forb-
esi, Deshayesites deshayesi, Dufrenoya furcata, and Epicheloniceras martini (Figure 2). A detailed record of 
biostratigraphic data calibrated with C-isotope stratigraphy is presented in Table SI.
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Figure 3.  Carbonate δ13C vs. δ18O cross-plots for the four cores, D1–D4. A nonsignificant correlation is obtained in all 
the cases.
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5.  Discussion
5.1.  Carbon-Isotope Segments as Correlation Markers

The δ13Ccarb profile of the Cau core, divided into 13 distinct isotope segments, can be correlated in detail 
with other records worldwide (Figures 4 and 5). This fact provides strong evidence that the δ13Ccarb trends 
and values measured in this hemipelagic outer-shelf succession preserve an original oceanic signature, 
which makes it suitable for stratigraphic correlation. This is supported by the low correlation between δ13C-
carb and δ18O values (Figure 3), which suggests a low diagenetic imprint on C-isotope values (e.g., Jarvis 
et al., 2011). Although there are many published δ13Ccarb Aptian profiles from different basins worldwide, 
only some of these include detailed biostratigraphic records of calcareous fossils (ammonites, calcareous 
nannofossils, and/or planktonic foraminifera), and provide the data necessary to test chemostratigraphic 
correlations based on the informal reference subdivisions of the C-isotope curves of Bottini et al. (2015), 
Bralower et al. (1999), Herrle et al. (2004), and Menegatti et al. (1998) (Figure 2 and Table SI).

The Cau core record is one of few high-resolution C-isotope records from a continuous expanded sec-
tion that is well constrained by ammonites from adjacent outcrop (Aguado et al., 1999; Moreno-Bedmar 
et al., 2012). Its record can be calibrated directly using calcareous nannofossils and planktonic foraminifera 
and extends from the level of the nannoconid crisis, through the onset of OAE 1a to the lower-upper Aptian 
boundary, and upwards into the mid—upper Aptian (Figure 4). The lack of well-preserved calcareous fos-
sils is crucial in many sections, and is generally related to low carbonate contents coincident with TOC-rich 
levels, mostly deposited in deep-ocean pelagic environments, which are otherwise considered to be the best 
setting to record global stable-isotope signals (Weissert et al., 2008). These settings are also characterized 
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Figure 4.  Global paleogeography of the Early Cretaceous (∼120 Ma), and detailed paleogeographic map of the western Tethys-North Atlantic seaway (modified 
after Aguado et al. (2018), Blakey (2005), and Dercourt et al. (2000)). Oceanic surface currents are taken from Melinte and Mutterlose (2001) and Misumi and 
Yamanaka (2008). Key oceanic plateaus are indicated: HP, Hikurangi Plateau; KP, Kerguelen Plateau; MP, Manihiki Plateau; MPM, Mid-Pacific Mountains; MR, 
Magellan Rise; OJP, Ontong-Java Plateau; SR, Shatksky Rise.
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Figure 5.  Correlation of the Cau core C-isotope stratigraphy with carbonate platform, intrashelf basin, and deep pelagic basin records. Biostratigraphic 
markers used for calibration: R. angustus (Rhagodiscus angustus), L. cabri (Leupoldina cabri), E. floralis (Eprolithus floralis), G. ferreolensis (Globigerinelloides 
ferreolensis), G. barri (Globigerinelloides barri), G. algerianus (Globigerinelloides algerianus), H. trocoidea (Hedbergella trocoidea), and P. rohri (Paraticinella 
rohri). For the paleogeographic location of the successions see Figure 4.
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by low sedimentation rates leading to thin and sometimes condensed or discontinuous successions and, 
unfortunately, in many Deep Sea Drilling Project (DSDP), Ocean Drilling Program (ODP), and Integrated 
Ocean Drilling Program (IODP) sites to an incomplete record.

At the other end of the spectrum, shallow platform records, although generally more expanded, are prone to 
being affected by early diagenesis and commonly lack biostratigraphically significant open-marine fossils. 
Some thick coastal successions formed along rapidly subsiding basins serve as good archives for C-isotope 
stratigraphy (Millán et al., 2009). Intrashelf basins and distal open platforms accumulating hemipelagic 
sediments commonly contain thick and continuous successions that preserve a global C-isotope signal (e.g., 
Fernández-Mendiola et al., 2018; Lorenzen et al., 2013), although their stratigraphy can be affected by local 
sedimentary conditions and variable subsidence rates. These settings are usually located in rifted margins, 
where extensional tectonics prevailed during the Aptian at a global scale (e.g., Hay, 2017; Skelton, 2003; 
Figure 4).

For the correlation of the C-isotope curve, we have selected seven sections with well-characterized C-isotope 
stratigraphy representing deep pelagic, intrashelf, and shallow-platform settings (Figure 4). These originate 
from the western Tethys, Central Atlantic, and Pacific oceans and have been widely cited in the literature 
(see, e.g., data compilations of Erba et al. (2015) and Scott (2016)). An eighth relatively recent record by 
Fernández-Mendiola et al. (2018) from northern Spain is also included. Table S1 shows a detailed definition 
of the carbon-isotope stratigraphic units deduced from the analysis of the δ13Ccarb profile of the Cau core, 
their correlation, and biostratigraphic position.

Here, we propose a terminology with 13 C-isotope segments, based on the Cau core data, and their corre-
lation to previous robustly defined segments (Bralower et al., 1999; Bottini et al., 2015; Herrle et al., 2004; 
Menegatti et al., 1998; Figures 2 and 5). We have followed previous definitions of segments and, where 
there were differences between them, we have selected the segment boundaries based on the Cau core data 
and their correlation to other sections. Further subdivisions in some segments are also proposed, which are 
supported by the high resolution of our data and correlation to previous published records (Figure 2, right 
column).

Segment Ap2 (C2) is characterized in the Cau core by a lower half with a two-step positive shift of ca. 1‰ 
δ13Ccarb followed by a stepped decreasing trend returning back to values around 2‰, which has led to a sub-
division into Ap2a and Ap2b (Figure 2).

The base of segment Ap3 (C3) is taken at the most pronounced negative spike in the Cau profile, with 
a negative shift of 2‰ within a thickness of 0.17  m, embedded in the longer-term decline started with 
Ap2b subsegment, which also marks the base of the OM-rich interval (ca. 1.2% TOC). This pronounced 
spike is amplified in the Cau profile because it is preceded and followed by both positive (+0.6‰) and 
negative (−0.9‰) shifts superimposed on a more gradual falling trend when considering the average long-
term profile. An almost identical evolution at the C2–C3 boundary is recorded at Mount Pagasarri in the 
Basque-Cantabrian Basin of northern Spain (Fernández-Mendiola et  al.,  2018) and in the Cismon core 
from northern Italy (Bottini et al., 2015), and similar but less marked minima are recorded at the transition 
between C2 and C3 in other sections, such as La Bédoule in SE France (Lorenzen et al., 2013; Figure 5). Al-
though high-resolution correlation shows differences between sections, the onset of a sharp negative spike 
is taken as a marker for the base of the Ap3 segment, and hence for the onset of OAE 1a. The documentation 
of such a marked spike at Cau is likely to be principally a product of the ultrahigh resolution of the data 
in this part of the core (sample spacing close to 1 cm). This explains why this spike, which is considered 
to record a major perturbation in the global carbon cycle, is missing in lower resolution profiles, including 
that obtained for the Cau field section (de Gea et al., 2003; Moreno-Bedmar et al., 2012; Naafs et al., 2016).

The negative excursion and minimum that define the Ap3 segment begin with the negative δ13Ccarb “spike” 
that are observed in several other sections (e.g., DSDP Site 463, Ando et al., 2008; Cismon core, Bottini 
et al., 2015; Menegatti et al., 1998; Figure 5), as well as in δ13Corg records (Basque-Cantabrian Basin, Millán 
et al., 2009; Carbonero section, Castro et al., 2019). Other differences between sections affecting the Ap3 
segment are related to the position of the lowest values of δ13Ccarb, which may correspond to the base, 
middle part or uppermost part of the segment, and also to the definition of the Ap3/C3 segment in each 
study. This can be related to local factors, such as variable local productivity, and/or secondary effects due 
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to diagenesis associated with the presence of TOC-rich strata. Nevertheless, the Ap3 segment is a clear neg-
ative excursion imposed on a longer-term negative shift, although the resolution of the study and complete-
ness and thickness of the record can compromise the precise placement of its base in less resolved records.

The Ap4 (C4) segment is one of the clearest levels for correlation, as its base is defined by a sharp change 
toward a positive shift of ca. 2–3‰. In the Cau core, segment Ap4 shows cycles of low amplitude (ca. 0.1‰) 
that have been also detected in other high-resolution studies (e.g., La Bédoule section, Kuhnt et al., 2011; 
Pagasarri section, Fernández-Mendiola et al., 2018). The Ap5 (C5) segment represents a distinct interval 
with overall stable values, and a downwards step in its upper part, generally well expressed in most sections. 
This is followed by a positive “step” represented by segment Ap6 (C6). Although the Ap5–Ap6 plateau and 
rise are generally well developed, there are several localities in which segments Ap4–Ap6 cannot be clearly 
differentiated (e.g., Piobbico core, Site 463, Bottini et al., 2015; Site 398, Li et al., 2008).

Segment Ap7 records a rather noisy δ13Ccarb trend with a falling-upwards evolution to a minimum around 
the middle part of the segment, followed by a prominent positive peak reaching a maximum of 4.7‰ toward 
the top (Figure 2). Herrle et al. (2004) used the correlative maximum in the Vocontian Basin to mark the 
top of his Ap7 segment and the top of the interval of high positive δ13Ccarb values that characterize the lower 
Aptian. Menegatti et al. (1998) gave a biostratigraphic dating for the top of segment C7 and base of C8 in the 
Cismon section as the uppermost part of the L. cabri Zone close to the base of the G. ferrreolensis biozone. 
Bottini et al. (2015) also placed the top of Ap7 at the maximum δ13Ccarb values, which correspond to the 
uppermost part of the L. cabri biozone, in both the Cismon and Piobicco cores. The maximum of 4.7‰ in 
the profile of δ13Ccarb at Cau provides a clear chemostratigraphic criterion for placing the segment boundary 
with a very similar biostratigraphic position. It should be emphasized that although chemostratigraphic 
units are not defined by biostratigraphy, similar to magnetostratigraphy, the latter is essential to provide an 
independent test of the correlation between sections.

The C8 segment was the uppermost unit defined by Menegatti et al. (1998), being only partly preserved in 
the Cismon section, and exhibits a decrease in δ13C followed by stable values. The unit was subsequently 
subdivided into segments Ap8 pp. to Ap11 by Herrle et al. (2004). The Cau record depicts the Ap8–Ap11 
segments, and inflections in the curve have led to differentiation of additional subdivisions in Ap10 and 
Ap11 (Figure 2 and Table S1). Although the C8 segment has been widely recognized (e.g., Ando et al., 2008; 
Bralower et  al.,  1999; Erba et  al.,  2015), relatively few studies have utilized the subdivisions of Herrle 
et al. (2004), though they have been applied in both the Pacific (Site 463, Ando et al., 2008) and Tethyan 
domains (Piobicco core, Bottini et al., 2015).

Stratigraphically higher C-isotope segments were defined by Bralower et  al.  (1999) from northeastern 
Mexico (Peregrina Canyon, Figure 5), and are not present in the Cismon core due to a sedimentary gap 
(Erba et al., 1999). The Cau core records the C9 (positive shift, Ap12a in this study) and C10 (stable values, 
Ap12b–Ap14 herein, Figure 2) segments, as well as the subdivisions Ap12–Ap14 (Bottini et al., 2015; Herrle 
et al., 2004). Segments C9–C10 have been recognized worldwide: in the Tethys (Vocontian Basin, Herrle 
et  al.,  2004; Piobbico core, Bottini et  al.,  2015); Central Atlantic (Mazagan Plateau, Herrle et  al.,  2004); 
Mexico (Bralower et al., 1999); and recently in the Southern Ocean (Site 511, Falkland Plateau, Dummann 
et al., 2020), supporting a global correlation for this upper part of the Aptian C-isotope stratigraphy.

5.2.  Sedimentation Rates

The interval studied in the Cau core embraces most of the Aptian, from the upper part of the Globigerinel-
loides blowi biozone to the lower part of the Paraticinella rohri biozone of planktonic foraminifera, NC6A 
to NC7B-C nannofossils biozones, and Ap2–Ap14 C-isotope segments (Figure 2). Following the chronos-
tratigraphy of Gradstein et al. (2020), this interval corresponds to 120.6–114.2 Ma. Overall sedimentation 
rates are 2.3 cm/kyr. OAE 1a, represented by Ap3–Ap6, had a duration of 1.0–1.3 Myr (Giraud et al., 2018; Li 
et al., 2008; Malinverno et al., 2010). Based on these estimates and a thickness of 37.5 m in Cau, the average 
sedimentation rate for OAE 1a is 2.9–3.7 cm/kyr, slightly higher than the average rate for the complete core. 
This difference can be explained by changes in accommodation space, as the early Aptian is considered to 
have higher subsidence rates than the late Aptian, due to a reduction in the intensity of extensional tecton-
ics during the Aptian in the SICM (e.g., Martín-Chivelet et al., 2019, 2002; Vera, 2004). Higher terrigenous 
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and carbonate inputs fluxes might also have characterized the early Aptian, although the terrigenous:car-
bonate ratio did not vary significantly from the early to the late Aptian.

The duration of the negative excursion at the onset of OAE 1a (the complete Ap3 segment) has been esti-
mated with significant differences. A short duration of 27–44 kyr (Li et al., 2008) or 22–47 kyr (Malinverno 
et al., 2010) was originally proposed from the reference Cismon section, whereas longer durations have been 
calculated from other sites, including >100 kyr from La Bédoule in SE France (Kuhnt et al., 2011; Loren-
zen et al., 2013) and >300 kyr for sections in central Turkey and the southern Alps (Hu et al., 2012; Huck 
et al., 2011). Notably, a revised estimate for the Cismon core indicates an intermediate value of 100–150 kyr, 
based on a different definition of C3 segment (Bottini et al., 2015). Assuming a duration of between 100 and 
300 kyr, the sedimentation rate for Ap3 at Cau is 1.9–5.6 cm/kyr. Segment C4 (Ap4) estimates range between 
90 and 239 kyr (Bottini et al., 2015; Malinverno et al., 2010), with a sedimentation rate of 2.4–6.4 cm/kyr. 
Segment C5 (Ap5) has a duration estimated at 510–570 kyr (Li et al., 2008; Malinverno et al., 2010), which 
corresponds to a sedimentation rate of 3.7–4.2 cm/kyr. C6 (Ap6) has a duration estimated at 330–350 kyr (Li 
et al., 2008; Malinverno et al., 2010), this gives a sedimentation rate of 1.2 cm/kyr.

These sedimentation rates lie within error of previous estimates from other sections. Differences are attrib-
utable to varying subsidence rates and sediment fluxes, but also to the use of different age models, different 
definitions of segment boundaries, and factors such as the presence of condensed intervals or discontinu-
ities (Bottini et al., 2015; Castro et al., 2019; Huck et al., 2011; Li et al., 2008; Lorenzen et al., 2013; Malin-
verno et al., 2010; Scott, 2016).

It is notable that outer-shelf sedimentation along this part of the northern Tethys margin was not affected 
by increased erosive current activity during the Aptian, as has been observed in numerous northern Tethyan 
successions of the alpine Tethys (Föllmi et al., 2006). Strong erosive currents related to the Aptian pertur-
bation of the global carbon cycle resulted in the formation of widespread phosphoritic condensation levels 
(e.g., Föllmi et al., 1994), and a hiatus embracing most of the Aptian in wide sectors of the SICM, where 
Aptian successions are scarce and located in small fault-bounded depressions (e.g., de Gea et  al.,  2008; 
Martín-Chivelet et al., 2019).

5.3.  Implications for Global Carbon Cycle Perturbations, Climate, and Paleoceanography during 
the Aptian

Carbonate C-isotope records serve as an excellent tracer for the history of the global carbon cycle (e.g., 
Arthur et al., 1985; Cramer & Jarvis, 2020; Jenkyns, 2010; Weissert, 1989, 2019). The negative and positive 
spikes and shifts in the Aptian C-isotope record are linked to changes in pCO2 (e.g., Jarvis et al., 2015, 2011; 
Méhay et al., 2009; Menegatti et al., 1998; Naafs et al., 2016), temperature (e.g., Dumitrescu et al., 2006; 
Jarvis et al., 2015; Jenkyns, 2018; Kuhnt et al., 2011; Naafs & Pancost, 2016), ocean fertility (e.g., Aguado 
et al.,  2014a, 2016, 2017, 2008; Bottini & Erba, 2018; Bottini et al.,  2015; Herrle et al.,  2010; Mutterlose 
& Bottini, 2013), carbonate platform initiation and drowning (e.g., Huck et al., 2011, 2013, 2010; Masse 
& Fenerci-Masse, 2013; Skelton & Gili, 2012; Skelton et al., 2019) and biotic crises (e.g., nannoconid cri-
sis, Erba,  1994; planktonic foraminiferal and radiolarian turnover, Erbacher & Thurow,  1997; Leckie 
et al., 2002) or changes in the rudist fauna (Skelton & Gili, 2012). However, despite the dramatic short-term 
and longer-term shifts recorded in lower Aptian records, no prominent extinction events occurred during 
the early Aptian, probably due to the increase in the resilience of the Cretaceous biosphere (Weissert, 2019).

Ultimately, changes in the carbon cycle are considered to be related to changes in atmospheric CO2 con-
centrations, particularly due to changes in the volcanic CO2 flux resulting from volcanic degassing, meth-
ane emissions, and/or metamorphism of carbon-rich deposits (e.g., Jahren et al., 2001; Jenkyns, 2010; Van 
Breugel et al., 2007; Weissert, 2019; Weissert & Erba, 2004). Excess CO2 added to the atmosphere is balanced 
by its removal through continental weathering and erosion affecting the carbon pump and nutrient supply 
to the oceans, resulting in enhanced deposition of C-rich sediments, both inorganic and organic, which in 
turns promotes a reduction in atmospheric CO2 concentrations (e.g., Archer, 2010; Jenkyns, 2010; Weis-
sert, 2019). Our new, high-resolution record allows those carbon cycle processes to be revisited.
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5.3.1.  Early Aptian OAE 1a

Segments and subdivisions of the C-isotope curve from the Cau core, correlated worldwide (Figure 5), con-
firm results from previous studies and further demonstrate the global character of the changes recorded, 
starting with a major perturbation in the C-cycle corresponding to the OAE 1a (Ap3–Ap6 segments). The 
first detailed information on the relationship between Aptian C-isotope stratigraphy and global OAE 1a was 
deciphered more than 20 years ago in the Tethyan pelagic limestone succession at Cismon, NE Italy (Erba 
et al., 1999; Menegatti et al., 1998). The Cismon section (Figure 5) preserves the sedimentary record of OAE 
1a represented by the “Livello Selli” (Coccioni et al., 1987; Wezel, 1985) at outcrop and in a drill core. Both 
drill core and outcrop provide a distinct pattern of change in the carbonate and organic C-isotope curves, 
starting with a prominent “negative spike” and followed by a positive C-isotope excursion. The negative 
spike “C3” in the C-isotope curves generated by Menegatti et al. (1998) marks the base of the geochemically 
defined OAE 1a and is coincident with the base of an interval displaying an increased incidence of “black 
shale” (TOC > 1 wt%) and organic-rich marl (TOC 0.5–1 wt%) interbeds. The transition to low C-isotope 
values in carbonate carbon, in organic carbon, and in marine and terrestrial biomarkers (Méhay et al., 2009; 
Naafs et al., 2016) has been interpreted as evidence for the sudden addition of large quantities of isotopically 
light carbon from volcanic CO2 sources and, possibly, from oxidized methane derived from gas hydrates 
(Adloff et al., 2020; Jahren et al., 2005; Méhay et al., 2009; Weissert & Erba, 2004), or to sill intrusions into 
marine organic-rich sediments (Polteau et al., 2016).

The addition of huge amounts of carbon dioxide triggered disturbances in climate and oceanography. 
The transition to low C-isotope values at the base of OAE 1a was accompanied by an increase in seawater 
temperatures in the Boreal realm, the Central Atlantic, and the Pacific oceans (Dumitrescu et al., 2006; 
Mutterlose et al., 2014; Naafs & Pancost, 2016; O’Brien et al., 2017). Temperature variations were coupled 
with paleoceanographic perturbations as reflected by repeated deposition of organic-carbon-rich sediments 
(exemplified by the “Livello Selli”) in basinal and shallow marine settings (Atlantic-Tethys, e.g., Aguado 
et al., 2014a; Castro et al., 2019; Coccioni et al., 2006; de Gea et al., 2008; Giorgioni et al., 2015; Lorenzen 
et al., 2013; Menegatti et al., 1998; Millán et al., 2009; Quijano et al., 2012) and on submarine highs (Pacific, 
e.g., Ando et al., 2008; Dumitrescu & Brassell, 2005; Jenkyns, 1995). Conditions were favourable for wide-
spread deposition of “black shales” during the OAE 1a which had a duration of around 1–1.3 Myr (Giraud 
et al., 2018; Li et al., 2008; Malinverno et al., 2010, 2012).

There is an ongoing controversy on the pattern of environmental change that occurred at the beginning 
of OAE 1a. In the Cau core, C-isotope variations in the lower part of Ap2 (Ap2a), from 135 to 142 m, are 
considered to be probably related to diagenetic alteration linked to weathering, evidenced by coupling of 
δ13Ccarb and δ18O values and by a poor preservation of calcareous nannofossils and planktonic foraminifera, 
possibly caused by the recrystallization of the carbonates induced by fluid flow along a nearby fracture or 
fault affecting core D4. Nevertheless, the five point-average profile of Ap2a shows steady values of δ13Ccarb 
close to 2.6‰ (Figures 2 and 6), similar to other sections (e.g., Cismon, Peregrina Canyon, DSDP Site 463; 
Figure 5). The Ap2b and Ap3 segments record a general negative shift of ca. 2.6‰ in δ13Ccarb with a complex 
evolution made up of a succession of up to seven negative peaks (Figures 2 and 6). These peaks record rapid 
positive shifts of 0.3–1.5‰, suggesting a multiphase evolution in the accumulation of δ13C depleted carbon 
in the atmosphere-ocean system. Similar patterns are also evident in other highly resolved δ13Ccarb records, 
as at Cismon (Bottini et al., 2015), ODP Site 866 (Jenkyns, 1995), Mount Pagasarri (Fernández-Mendiola 
et  al.,  2018), DSDP Site 463 (Ando et  al.,  2008; Bottini et  al.,  2015) (Figure  5), and Pusiano (Giorgioni 
et  al.,  2015), as well as in δ13Corg records (Carbonero, Castro et  al.,  2019; El Pui, Sánchez-Hernández & 
Maurrase, 2016). These variations in the C-isotope profile could be related to changes in the intensity of the 
volcanic activity in the Ontong-Java Plateau. However, recent studies on high-resolution records have led to 
the differentiation of successive phases within the onset of OAE 1a, with both volcanic CO2 and methane 
emissions (Adloff et al., 2020; Bottini et al., 2012, 2015; Erba et al., 2010; Méhay et al., 2009). The largest 
negative spike in the Cau core has an amplitude of −1.8‰ and an estimated duration of <10 kyr. Such a 
rapid shift is consistent with organic carbon and/or methane emissions, more 13C-depleted than volcanic 
CO2 (e.g., Wagner et al., 2007).

Méhay et al. (2009) and Erba et al. (2010) documented a succession of C-depleted pulses (of CO2 and CH4) 
during the onset of OAE 1a (Figure 6). Warming and destabilization of methane hydrates were considered 
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as a trigger for the CH4 pulse (Interval IV of Méhay et al., 2009). This injection of CH4 possibly initiated a 
short interval of warming and subsequent accelerated weathering rates (Bottini et al., 2012), documented by 
a short-lived (∼100 kyr) osmium-isotope excursion to radiogenic compositions (Adloff et al., 2020; Bottini 
et al., 2012; Tejada et al., 2009). Increased weathering during OAE 1a is also indicated by calcium isotopes 
(Blattler et al., 2011) and lithium isotopes (Lechler et al., 2015). The Os-isotope record from the Cau outcrop 
section (Adloff et al., 2020) shows this episode of enhanced weathering (positive 187Os/188Osi spike, Fig-
ure 6), which postdates the prominent negative peak in δ13C (base of Ap3 segment, Figure 6). This may be 
consistent with the correlation of the C-isotope spike and the CH4 pulse postulated by Méhay et al. (2009; 
Figure 6) even if resolution of the Os-isotope curve at Cau is very low.

Carbon cycle modelling from the Cau outcrop section (Adloff et al., 2020) proposed a dominance of meth-
ane sources for the carbon emissions during the onset of OAE 1a, which contrasts with the biomarker-based 
interpretation of the carbon source by Méhay et al. (2009). Kemp et al. (2005) reported a very similar C-iso-
tope pattern from the Toarcian OAE, with a succession of abrupt negative peaks in δ13C, which were inter-
preted as the result of pulses of methane emissions controlled by astronomically forced changes in climate, 
superimposed upon longer-term global warming. Similar responses of the climate system to rapid increases 
in atmospheric carbon with acceleration of the hydrological cycle have been postulated for other OAEs (e.g., 
Van Helmond et al., 2013).

The multiphase character of the complete negative C-isotope excursion possibly resulted from the inter-
action of volcanism, methane emissions, and the complex interplay of feedback mechanisms, particular-
ly continental weathering, organic matter and carbonate burial, and carbon dioxide drawdown. Evidence 
for a short-term and rapid shallowing of the CCD is documented at the base of OAE 1a at Cismon (Erba 
et al., 2010). Shallowing of the CCD contributed to neutralization of excess CO2 in atmosphere and oceans.

Interestingly, the neighbouring shallow-water carbonate platform area recorded a demise coeval with the 
onset of OAE 1a, followed by deposition of siliciclastics, which is interpreted as the result of an abrupt 
environmental perturbation (Castro et al., 2008; Skelton et al., 2019). Biostratigraphic and C-isotope data 
(Skelton et al., 2019) are consistent with a correlation between the major negative shift in δ13C recorded 
in the Cau core and the demise of the platform. These observations agree with data published from the 
Basque-Cantabrian basin (Millan et al., 2009, 2011). The subsequent deposition of siliciclastics on the plat-
form settings, could represent the local response to global enhanced weathering (Blattler et al., 2011; Erba 
et al., 2010; Lechler et al., 2015; Méhay et al., 2009; Tejada et al., 2009). Demise of carbonate platforms and 
carbonate ramps along the northern Tethys coincided with OAE 1a and a widespread nannoconid crisis 
(Erba et al., 2004). These changes have been considered to be related to surface ocean acidification due to 
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Figure 6.  (a) Early Aptian C and O-isotope stratigraphy of the Cau core, and cooling intervals from Jenkyns (2018). (b) Previous records from the Cau field 
section: pCO2 estimates from Naafs et al. (2016); Os-isotope data from Adloff et al. (2020). (c) C- and Os-isotope data from Cismon core (Bottini et al., 2012, 
2015), with Os-isotope segments A to E Gorgo a Cerbara data from Tejada et al. (2009). Volcanic phases from Bottini et al. (2012), with CO2 and CH4 pulses 
(right) from Erba et al. (2010) and Méhay et al. (2009).
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increased pCO2 during OAE 1a (e.g., Erba et al., 2010; Skelton & Gili, 2012; Wissler et al., 2003), although 
this is a matter of debate (Gibbs et al., 2011; Naafs et al., 2016). The Cau core record confirms that the nan-
noconid crisis predates the OAE 1a, as has also been recorded in Cismon, and correlated to a volcanic pulse 
(Bottini et al., 2015; Erba et al., 2010).

The principal consequence of an increase in atmospheric CO2 during the onset of OAE 1a was global warm-
ing (e.g., Erba et  al.,  2015; Jenkyns,  2010). Previous pCO2 reconstructions from the onset of OAE 1a at 
Cismon (Méhay et al., 2009), based on biomarkers, suggest intense volcanic activity near the base of the 
Selli Level, followed by a short event of doubling of pCO2. A pCO2 reconstruction from the Cau outcrop 
section, based on compound-specific and bulk δ13Ccarb (Naafs et al., 2016), indicates a pCO2 increase during 
the negative CIE starting around 800–1,000 ppm, then reaching maximum values of 2,000 ± 1,200 ppm 
before the recovery of the negative CIE (Figure  6). Temperature records for OAE 1a have been derived 
from multiple proxies (TEX86, oxygen isotopes, and nannofossil indices) (e.g., Aguado et al., 2014a; Bottini 
et al., 2015, 2018; Kuhnt et al., 2011; Naafs & Pancost, 2016; O’Brien et al., 2017; Steinig et al., 2020). The 
onset of OAE 1a was characterized by an increase in temperature of 2–5 °C (e.g., Bottini et al., 2015; Naafs 
& Pancost, 2016), with highest temperatures coinciding with the most negative C-isotope values. A first 
transient episode of cooling within OAE 1a has been documented (Bottini et al., 2015; Hu et al., 2012; Jen-
kyns, 2018; Naafs & Pancost, 2016), that correlated with the interval of increased weathering (interval IV of 
Méhay et al., 2009) referred to above. This episode could correspond to a brief positive trend in δ18O during 
Ap3 (or Ap3b) (Figure 6).

The foremost geochemical signatures recorded in ocean deep environments are also clearly documented 
in the intrashelf settings were the Cau succession was deposited, suggesting efficient active oceanic cir-
culation during the early Aptian. This efficient circulation in the Cau area was probably favoured by its 
paleogeographic location, along the seaway between the Tethys and Central Atlantic (Figure 4), together 
with a rising sea-level episode (e.g., Castro et al., 2008; Haq, 2014; Martín-Chivelet et al., 2019; Maurer 
et al., 2013). Enhanced shelf-circulation during the Aptian has been noted in other parts of the northern 
margin of the Tethys, with development of condensed sedimentation on drowned carbonate ramps (e.g., 
Föllmi et al., 2006; Wissler et al., 2003).

Segment Ap4 represents a major shift to positive C-isotope values and is coeval to widespread organic mat-
ter deposition in marine environments (see Section  5.4), likely driving the positive carbon-isotope shift 
and drawing down CO2. Consistent with this, Ap4 is associated with a second transient cooling of 3–6 °C 
(Bottini et al., 2015; Dumitrescu et al., 2006; Hu et al., 2012; Jenkyns, 2018; Kuhnt et al., 2011; Naafs & 
Pancost, 2016; Stein et al., 2012). Oxygen isotopes in the Cau core show a positive step in the middle part 
of Ap4 to the base of Ap5 segments (Figure 6) that could reflect a cooling interval, coeval to a distinct drop 
in pCO2 documented from the Vocontian Trough (Heimhofer et al., 2004) and from the Cau section (Naafs 
et al., 2016; Figure 6). Os-isotope data indicate that volcanism remained active with no variations across 
the C4/Ap4 segment (Bottini et al., 2012; Tejada et al., 2009), suggesting that continued CO2 emissions were 
outpaced by carbon drawdown, resulting in a drop in pCO2 and temperatures (Jenkyns, 2018; Figure 6a).

The later part of OAE 1a (Ap5–Ap6 segments) represents the longer C-isotope positive plateau, lasting ca. 
900 kyr, that records an overall stability in the C and O isotopes in the Cau core and in records worldwide 
(e.g., Erba et al., 2015; Jenkyns, 2010, 2018; Figures 5 and 6), suggesting no major perturbations in the car-
bon cycle during this long-lasting interval. Os-isotope data indicate active volcanism (Bottini et al., 2012; 
Tejada et al., 2009), and the absence of evidence for enhanced weathering (e.g., Blattler et al., 2011; Lechler 
et al.,  2015) would suggest that there was a balance between volcanic CO2 emissions and carbon draw-
down. Overall cooler temperatures than previous characterize this interval (e.g., Bottini et al., 2015; Jen-
kyns, 2010), whereas a third transient cooling episode across the Ap5/Ap6 boundary has been recorded in 
several sections (Bottini et al., 2015; Dumitrescu et al., 2006; Hu et al., 2012; Jenkyns, 2018). This cooling 
episode could correspond to a positive step in oxygen isotopes in the Cau core (Figures 2 and 6) and to a drop 
in pCO2 (Figure 6; Naafs et al., 2016).

The transition to Ap7 segment records the end of global anoxia-dysoxia (e.g., Erba et  al.,  2015), that is 
reflected in Cau by a gradual disappearance of the organic-rich laminated facies that were frequent in the 
OAE 1a interval (facies type 1, Figure 2). This transition coincided with the end or reduction of the main 
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volcanic episode of the Ontong-Java Plateau (Bottini et al., 2012; Tejada et al., 2009) and a prominent global 
cooling (Bottini et al., 2015; Naafs & Pancost., 2016; O’Brien et al., 2017). Oxygen isotopes in the Cau core 
do not show any significant shift at this transition, although the high scatter of data in this interval likely 
indicates that they have been affected by diagenetic alteration. Nevertheless, the pCO2 record drops back to 
pre-OAE values during Ap6 and Ap7 (Heimhofer et al., 2004; Naafs et al., 2016; Figure 6). Although the top 
of Ap6 is generally considered as the end of OAE 1a, the Ap7 segment records a gradual return to pre-OAE 
conditions, and has been considered as the “recovery stage” (Hu et al., 2020), affected by protracted envi-
ronmental perturbations (Castro et al., 2019). The upper part of Ap7 segment records the highest C-isotope 
values of the core, which mark the end of the positive plateau, and the initiation of a decreasing trend that 
characterizes the base of the upper Aptian.

5.3.2.  The Late Aptian

The upper Aptian records a long-term negative-positive C-isotope excursion, with a large amplitude of ca. 
2–3‰. Oxygen isotopes of the Cau core through this interval present overall stable values of ca. 1.8‰, con-
sistent with cooler temperatures than those of the early Aptian, which is in agreement with previous studies 
(e.g., Bottini & Erba, 2018; O’Brien et al., 2017; see following discussion). The Ap8–Ap10 segments define 
a pulsed negative C-isotope evolution, followed by a stepwise positive trend within segments Ap11 to Ap12 
(Figure 2). This C-isotope excursion is recorded with variable amplitudes in the Mediterranean Tethys (e.g., 
Piobicco core; Bottini et al., 2015; Vocontian Basin, Herrle et al., 2004; Figure 5; central Italy, Raspini, 2012; 
Prebetic Platform, Castro et al., 2014; Basque-Cantabrian basin, Millán et al., 2014), Central Atlantic (Pere-
grina Canyon, Bralower et al., 1999), and the Pacific (ODP Site 866; Jenkyns, 1995).

The highest TOC concentrations in the Cau core, with the presence of several levels of laminated facies 
(Facies type 1, Figure 2) are recorded within the low upper Aptian excursion interval, which correlates to 
the black shales of the “Niveau Fallot” in the Vocontian Basin (Friedrich et al., 2003; Herrle et al., 2004). 
Nevertheless, this negative excursion is not associated with widespread organic-rich deposits, which are 
recorded only at a regional scale, as in the Vocontian Basin (Brehéret, 1988; Friedrich et al., 2003; Herrle 
et al., 2004), the Prebetic Platform (Cau core and Sierra Mariola, Castro et al., 2014), and, with less precise 
dating, in the Pacific (Arthur et al., 1990). Friedrich et al. (2003) interpreted the upper part of the “Niveau 
Fallot” as having been deposited during a drop in sea level, which reduced the ocean circulation within the 
Vocontian Basin. A similar model could be applied to the Cau core area, probably affected by the global sea–
level fall that occurred at the beginning of the negative C-isotope excursion at Ap9 (e.g., Maurer et al., 2013; 
Millán et al., 2014). Leckie et al. (2002) considered the peak of the negative CIE at Ap10–Ap11 as a possible 
OAE, based on its global expression and associated records of black shales.

Volcanic degassing from the late stages of the greater Ontong-Java event and early phases of the Southern 
Kerguelen Plateau (Erba et al., 2015; Frey et al., 2003; Timm et al., 2011) could have been responsible for the 
Ap8–Ap10 negative C-isotope trend. This interval recorded global warming (Bottini et al., 2015; McAnena 
et al., 2013), although with cooler temperatures than in the early Aptian. The stepwise negative evolution 
of the C-isotope profile in Cau core could be linked to pulses in the volcanic activity, although these are not 
well defined in other records (Figure 5). The duration of the Ap8–Ap10 interval is ca. 1.5 Myr (based on 
Gradstein et al. (2020)). This implies that, although the amplitude of this C-isotope excursion is similar to 
that of the CIE of the OAE 1a, the perturbation in the global carbon cycle was more gradual.

The Ap11–Ap12 segments record a positive shift of similar amplitude (ca. 3‰) and duration (ca. 1.5 Myr 
according to Gradstein et  al.  (2020)) than the previous negative trend. This interval is considered to be 
coeval to the volcanism associated with Kerguelen Plateau Large Igneous Province (LIP) volcanism, of 
subaerial character (Bottini & Erba, 2018; Erba et al., 2015), which could have caused ash emissions and 
cooling (Bottini et al., 2015; Erba et al., 2015). The initiation of the latest Aptian cool snap is considered to 
start at the Ap10 segment, with a second pulse at the Ap12 (Bottini & Erba, 2018; Bottini et al., 2015; Mau-
rer et al., 2013; McAnena et al., 2013). A high rate of C-isotope change is recorded in the Ap12-a segment 
(Millan et al., 2014; equivalent to C9 segment of Bralower et al., 1999; Figure 2), with ca. +1.5‰ δ13Ccarb, 
which has been recorded in several marine settings (Figure 5). The positive excursion has also been record-
ed from terrestrial environments where it is thought to be coeval to a major episode of global change with 
intense aridification in North America (Lugvidson et al., 2015); it also correlates to an interval of accelerated 
global weathering based on Li-isotopes (Lechler et al., 2015). In the absence of widespread organic matter 
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deposition during this time, the positive CIE probably was the result of the increased weathering and sub-
sequent carbon drawdown (e.g., Jenkyns, 2010, 2018).

The uppermost part of the Cau core (Ap13–Ap14) records high values of δ13Ccarb, coeval to globally cool tem-
peratures (Bottini & Erba, 2018; McAnena et al., 2013; Millán et al., 2014; Mutterlose et al., 2009; Weissert 
& Lini, 1991) prior to the deposition of the overlying shallow carbonate platform of the Seguilí Formation, 
representing a progradational episode linked to a relative sea-level fall (Castro et al., 2008). Interestingly, 
McAnena et al. (2013) highlighted a brief high thermal episode (HTE) in the middle part of the Ap14 seg-
ment, that might correlate with the initiation of the shallow carbonate platform in Cau.

5.4.  TOC Distribution and Comparison With Other Basins

Although globally there was widespread deposition of marine OM during OAE 1a, TOC concentrations in 
sediments are considered to have been strongly affected by local conditions, and therefore they have not 
been generally used for detailed correlation (e.g., Jenkyns, 2010). Nevertheless, there is a link between OM 
deposition and C-isotope records, as positive peaks in δ13C are considered to be largely a response to the 
increased burial of OM at a global scale, removing isotopically light carbon from the oceanic and atmos-
pheric reservoirs. This is the classic explanation for positive δ13C excursions accompanying OAEs (e.g., Erba 
et al., 2015; Jenkyns, 2010; Kump & Arthur, 1999; Scholle & Arthur, 1980; Weissert, 2000).

The correlation between chemostratigraphy and TOC enrichments is key to understand perturbations in 
the carbon cycle during OAEs (e.g., Arthur et al., 1990; Bottini et al., 2015; Menegatti et al., 1998). We have 
attempted a comparison between TOC enrichments and C-isotope segments using well-calibrated records 
based on a robust C-isotope stratigraphy. We have selected sections from intrashelf basinal and deep pelagic 
settings from the Tethys, Pacific and Mexico (Figures 4 and 7). Most of the records are focused on OAE 1a, 
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Figure 7.  Comparison of the TOC content in different sections worldwide deposited in intrashelf basins and deep pelagic basins. For location of the sites see 
Figure 4. TOC, Total Organic Carbon.
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extending from segment C1 to C7, whereas the Santa Rosa Canyon spans the same stratigraphic interval as 
the Cau core (Ap2–Ap14 or C2–C10).

The correlation (Figure 7) shows that, although there are differences among sites that affect TOC concen-
trations and their detailed vertical evolution, some general common patterns persist: (1) the first interval of 
TOC enrichment coincides generally with the base or lower part of segment C3 at the onset of OAE 1a; (2) 
the second enrichment level occurs within segment C4, coincident with steeply rising δ13Ccarb values; (3) a 
third episode of enhanced organic matter deposition within OAE 1a took place generally earlier in intrashelf 
basins, lying within segment C5, whereas the highest concentrations of TOC in deep pelagic basins occur 
in segment C6. Segment C7, postdating OAE 1a, generally shows low TOC contents, and later enrichments 
probably have only a local or regional extent. Notably, the thick interval of high TOC values characterizing 
the upper Aptian C8-lower C10 segments at Cau (Ap9–Ap13) is not seen at Santa Rosa Canyon, where 
TOC contents remain low through most of C8 and a second large TOC peak is confined to a short interval 
spanning the top of C8 and C9. This further highlights the regional nature of organic carbon preservation.

The comparison between C-isotope and TOC records promotes discussion on their link to global carbon 
cycling. The first episode of TOC enrichment coincides with the negative excursion at the onset of OAE 
1a, considered to reflect a sharp input of light carbon into the atmosphere, either from volcanic and/or 
methane sources (e.g., Adloff et al., 2020; Méhay et al., 2009; Weissert, 2000). The consequent increase in 
temperatures could have resulted in an intensification of the hydrological cycle, increased terrestrial weath-
ering and runoff, enhanced upwelling and ocean fertilization leading to a productivity-driven episode of 
OM accumulation (e.g., Bottini et al., 2012; Castro et al., 2019). The second episode of TOC enrichment oc-
curred in the opposite scenario, coeval to sharply rising δ13C (C4 segment). This interval has been explained 
as the result of widespread deposition of OM leading to increased accumulation of isotopically light carbon 
in marine sediments, with a consequent increase in δ13C values in marine and atmospheric reservoirs (e.g., 
Bottini et al., 2015; Jenkyns, 2010; Weissert, 2000).

Interestingly, the third episode of TOC enrichment seems to be diachronous, taking place earlier in in-
trashelf basins (C5) and later in deep pelagic basins (C6), where C5 is represented by low TOC contents 
(Figure 7). This might be related to eutrophication from terrestrial inputs mostly affecting continental mar-
gins during C5, with the subsequent establishment of anoxia in deep marine basins during the C6 segment, 
as suggested by increases in OM deposition in deep marine environments during this interval (Figure 7), 
and proposed by Castro et al. (2019) based on biomarker evidence. A shift from enhanced productivity to 
enhanced preservation across OAE 1a has also been proposed by previous studies on western Tethys sec-
tions (Bottini & Erba, 2018; Castro et al., 2019; Westermann et al., 2013). A possible explanation for this 
evolution is a reduction in the oxygenation of deep marine waters, due to the oxidation of OM. Widespread 
deposition of OM may occur when a threshold related to the balance between productivity and organic mat-
ter oxidation is crossed (Robinson et al., 2004). This difference can also account for the stability in the δ13C 
values through C5, as a global reduction in OM deposition could have led to an outpacing of CO2 volcanic 
inputs during this interval (e.g., Bottini et al., 2012; Tejada et al., 2009), also related to an intensification of 
the oceanic thermohaline circulation (Menegatti et al., 1998).

Above OAE 1a, the TOC increase observed locally in segment Ap9 has been correlated to the “Niveau 
Fallot” defined in the Vocontian Basin (e.g., Herrle et al., 2004), probably indicating an episode of region-
al-scale organic matter burial (see discussion in Section 5.3.2). At a global scale, after OAE 1a, temperatures, 
and CO2 concentrations fell during the later Aptian, and episodes of ocean fertilization have been linked to 
ash dispersion from subaerial volcanism, but no prominent episodes of anoxia occurred during the remain-
der of the Aptian (Erba et al., 2015). Bottini and Erba (2018) demonstrated that temperature and fertility 
were mostly independent from each other during the Aptian, with the exception of the onset of OAE 1a, 
when there was an increase in both parameters.
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6.  Conclusions
Our high-resolution δ13Ccarb record from the Cau core is proposed as a new global reference from a shelf 
setting for stratigraphic correlation of the lowermost Aptian to the mid–upper Aptian, including OAE1a, 
due to its expanded character, the continuity of the record, and the robust preservation of geochemical and 
biostratigraphic signals.

The combination of C-isotope stratigraphy and integrated biostratigraphy provides a very high stratigraphic 
resolution (0.5–11 kyr), which has permitted the recognition of previously defined C-isotope segments and 
the subdivision of some of these into subunits with potential for improved correlation to sections world-
wide. Crucially, detailed correlation based primarily on δ13Ccarb records and calibrated using biostratigraph-
ic markers demonstrates that the C-isotope record from Cau predominantly reflects a global signal and 
therefore provides a robust basis for further paleoenvironmental and paleobiotic analyses at high temporal 
resolution.

The C-isotope record of the onset of OAE 1a in the Cau core is characterized by a long-term decline in C-iso-
tope values. The analysis at ultrahigh resolution reveals a succession of marked negative C-isotope peaks, 
probably linked to pulses in volcanism and/or methane emissions. The major (−1.8‰) short-term (<10 kyr) 
shift in the C-isotope record marks the base of OAE 1a (base of C3/Ap3 segment; e.g., Erba et al., 1999; 
Menegatti et al., 1998), and the beginning of the deposition of organic-rich deposits. This ultrahigh-resolu-
tion record is in agreement with observed patterns in pelagic sections, and provides new insights into the 
processes and rates of perturbations to the global carbon cycle.

Late OAE 1a records a rapid shift to high C-isotope values (Ap4), probably related to widespread deposi-
tion of organic-rich sediments, resulting in a cooling episode, followed by a long-term episode of general 
stability (Ap5–Ap6) that could represent a balance between volcanic CO2 degassing and carbon drawdown.

The upper Aptian displays a remarkable long-lasting negative-positive C-isotope excursion of global charac-
ter. The negative trend (Ap8–Ap10 segments) was coeval to a phase of submarine volcanism and reflected in 
increased regional accumulation of organic-rich deposits. Nevertheless, this isotope excursion is not related 
to major global climate perturbations, probably due to their slow rates of change, with the exception of a 
rapid C-isotope negative step during Ap9, which was probably coeval to a brief episode of global change. 
The subsequent positive trend (Ap11–Ap14) was coeval to globally cool temperatures, and records a gradual 
reduction in the TOC accumulation in Cau.

TOC distributions in the Cau core and correlation with well-characterized records at a global scale have 
revealed that, beyond local controls, there are common ocean-wide patterns in the stratigraphy of organ-
ic-rich levels, which are strongly controlled by changes in the global carbon cycle. The stratigraphic distri-
bution of TOC through OAE 1a indicates that specific time intervals of globally enhanced OM deposition 
are generally coeval to periods of rapidly changing δ13C values, but some regional diachroneity is apparent, 
whereas intervals with stable δ13C values coincide with phases of less OM deposition. This provides evi-
dence for the importance of OM burial as a feedback mechanism in response to increased carbon inputs 
into the ocean-atmosphere system.

Data Availability Statement
Data available online at: https://doi.org/10.1594/PANGAEA.920558.
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