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A B S T R A C T   

Some of the major Carbon cycle perturbations of the Phanerozoic occurred during the Aptian, in relation to 
magmatism. The highest temperatures reconstructed for the Cretaceous Period correspond to the Oceanic Anoxic 
Event of the early Aptian (OAE 1a), an episode of accelerated global change. Here we present a chemostrati
graphic study based on osmium isotopes integrated with high-resolution Carbon-Oxygen stable isotope data from 
the Cau Core (Western Tethys, SE Spain), including a 6.4 Ma record from the early to the late Aptian. This high- 
resolution study of the continuous and expanded Cau section permits a thorough understanding of the duration 
of the Aptian events, as well as an evaluation of the mechanisms triggering the abrupt changes of the global 
carbon and osmium cycles and their interdependence. Here we show that the Large Igneous Province (LIP) 
Aptian magmatism initiated 550–750 kyr prior to the OAE 1a, and persisted for 1.4 Myr after the event, influ
encing the composition of seawater for 2.8 Myr. We show a continuous Os isotope record encompassing the OAE 
1a and the late Aptian for the first time, and demonstrate that the recovery from the exceptionally unradiogenic 
composition of seawater Os produced by the dominance of the Ontong Java Plateau volcanism, was slow. Our 
results demonstrate the different time duration of some events, and the asynchronous relationship between the 
carbon and osmium cycles   

1. Introduction 

The Aptian (121.4–113.2 Ma, Gradstein et al., 2020), records major 
environmental perturbations at both global and local scales, reflected in 
prominent climatic changes and biotic turnovers both in continental and 
marine realms. Also, profound perturbations in various geochemistry 
cycles occurred, especially in the carbon cycle (Hay, 2017; Skelton, 
2003; Skelton and Gili, 2012)(; ; . The most remarkable environmental 
changes during the Aptian are related to the early Aptian Oceanic 
Anoxic Event or OAE 1a (Schlanger and Jenkyns, 1976; Arthur et al., 
1990). This major event was marked by intense global palaeoclimatic 
and palaeoceanographic change, related to a rise in temperature that led 
to a hyperthermal event, increased marine productivity, depleted oxy
gen conditions in the oceans and widespread burial of organic matter in 
deep marine settings in a global context of sea-level rise (e.g., Weissert 

and Bréheret, 1991; Erba, 1994; Erba and Tremolada, 2004; Erbacher 
et al., 1996; Weissert et al., 1998; Leckie et al., 2002; Jenkyns, 2010; 
Erba et al., 2015; Castro et al., 2019). The OAE 1a is linked to a dramatic 
perturbation of the global carbon cycle reflected in a prominent negative 
Carbon Isotope Excursion (CIE), followed by a long-lasting positive 
excursion, recorded in both continental and marine domains (e.g. 
Menegatti et al., 1998; Erba et al., 1999, 2015; Jahren et al., 2001; 
Bellanca et al., 2002; van Breugel et al., 2007). The carbon cycle 
perturbation was triggered by massive inputs of 13C-depleted carbon to 
the atmosphere-marine system, responsible for the negative CIE. The 
sources of carbon have been the subject of intense debate, and are 
considered to originate from different and possibly complementary 
sources: submarine volcanic degassing mostly from the Ontong-Java 
Plateau (OJP), methane emissions, and carbon emissions caused by 
the injection of magma into organic-rich sediments in the High Artic 
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Large Igneous Province (HALIP), (Adloff et al., 2020; Erba et al., 2010, 
2015; Leckie et al., 2002; Méhay et al., 2009; Naafs et al., 2016; Percival 
et al., 2021; Polteau et al., 2016; Tejada et al., 2009; Weissert and Erba, 
2004)( ; ; ; ; ; ; ). Although these sources are not exclusive between them, 
most studies agree that volcanism was the major source, while the 
relative role and timing of each one remains elusive. 

The emplacement of Large Igneous Provinces (LIPs) led to an 
exceptionally massive outpouring of basalts, introducing an excess of 
CO2 into the atmosphere-ocean system (e.g., Jones and Jenkyns, 2001). 
Causal linkages between LIPs and the OAEs have been previously pro
posed (e.g., Kerr, 1998; Larson and Erba, 1999; Snow et al., 2005; 
Kuroda et al., 2007; Turgeon and Creaser, 2008; Erba et al., 2015; 
Matsumoto et al., 2020). The largest estimated volcanic event in the last 
200 Myr (Tarduno et al., 1991; Neal et al., 2008), the emplacement of 
the OJP in the central Pacific Ocean, is considered the main trigger of 
widespread climatic/oceanographic changes at the time of OAE 1a 
(Bottini et al., 2012; Erba et al., 2015; Jones and Jenkyns, 2001; Larson 
and Erba, 1999; Percival et al., 2021; Tejada et al., 2009; ; ; ; ; ). 

Starting in the earliest Aptian time, massive eruptions associated 
with the formation of the Greater Ontong Java Event (GOJE) (Taylor, 
2006), that includes the OJP, Manihiki Plateau (MP), and Hikurangi 
Plateau (HP) (Chandler et al., 2012), are related to a shift in seawater 
osmium (187Os/188Os) isotope composition to less radiogenic values 
(Tejada et al., 2009). Similarly, volcanic eruptions are linked to tem
poral variations in sedimentary Pb isotopic values from the Tethys and 
Pacific oceans during the late Barremian-early Aptian interval (Kuroda 
et al., 2011). The GOJE, with an almost exclusively submarine character 
(Mahoney et al., 2001), induced warming over a long-time scale (~4 
Myrs., Erba et al., 2015), producing an event of global change affecting 
the ocean chemistry (Kuroda et al., 2011), sedimentary and biotic pro
cesses, and thus the biomass in both marine and continental environ
ments (Erba et al., 2015). The fluctuating intensity of GOJE volcanism 
produced short- and long-term temperature changes through the latest 
Barremian – early Aptian time interval, but the general trend indicates 
that global warming marked the OAE 1a (Jenkyns, 2003). The intro
duction of unradiogenic 187Os/188Os and nutrients to the ocean from the 
OJP would have been instantaneous due to the submarine character of 
the OJP (Kuroda et al., 2011). In contrast, mostly in the late Aptian, the 
Southern Kerguelen Plateau (SKP, Kerguelen LIP construction) was 
mainly subaerial (Frey et al., 2003), and the volcanic ash and gases were 
ejected into the atmosphere, inducing transient climate cooling (Bottini 
et al., 2015). 

The termination of the OAE 1a correlates with the end or reduction of 
the main volcanic episode of the Ontong-Java Plateau (Tejada et al., 
2009; Bottini et al., 2012) and a prominent global cooling (Bottini et al., 
2015; Naafs and Pancost, 2016) linked to a reduction in the atmospheric 
CO2 concentrations (Naafs et al., 2016). 

The late Aptian witnessed an overall reduction in global tempera
tures. Although no major environmental perturbations occurred, a 
remarkable long-lasting negative-positive trend is recorded in the car
bon isotope values, reflecting a global perturbation in the carbon cycle 
(e.g., Leckie et al., 2002; Erba et al., 2015; Castro et al., 2021). Neither 
major anoxia nor widespread organic matter deposition took place 
during the late Aptian, although a fall in global temperatures have been 
proposed (McAnena et al., 2013; Erba et al., 2015; O'Brien et al., 2017; 
Bottini and Erba, 2018). Volcanism at the Greater Ontong Java Event 
(GOJE) and the Kerguelen Plateau (KP) remained active during the late 
Aptian (Erba et al., 2015), whereas no direct evidence for their possible 
impact in the global carbon cycle has been demonstrated. 

The marine Os-isotope record is considered to be a proxy for the 
relative inputs from continental weathering, mantle-derived volcanic 
and hydrothermal materials, and cosmogenic sources (Peucker-Ehren
brink and Ravizza, 2000). Mantle and cosmogenic materials are unra
diogenic (187Os/188Os values of 0.12–0.13, (Allègre and Luck, 1980), 
whereas continental sources are radiogenic, with 187Os/188Os values of 
1.0–1.5 (e.g., Peucker-Ehrenbrink and Ravizza, 2000). 

1.1. The Cau section and study aims 

Here we present a new osmium isotope record from the Cau core in 
Southern Spain (Castro et al., 2021), embracing the lower to upper 
Aptian succession, which provides further evidence for the OAE 1a in
terval, and represents the first study of osmium isotopes (187Os/188Os) 
from the late Aptian. We further discuss the links of the volcanism and 
other possible sources of δ13C depleted carbon during the OAE 1a, and 
for the first time provide evidence to discuss the possible links of 
volcanism, carbon cycle perturbations and environmental changes 
during the late Aptian. 

The position of Cau during the Aptian corresponds to a palae
olatitude of 20◦–25◦ N (Masse et al., 1993) within the northern part of 
the arid equatorial belt (Chumakov et al., 1995) (Fig. 1). Palaeo
graphically, active LIPs during the Aptian, such as the GOJE (including 
OJP, MP, and HP) in the SW Pacific ocean, and the Kerguelen Plateau, 
were at a very distal position from Cau, thereby, the palaeoceanographic 
setting of Cau is ideal to test the global character of the effects from these 
volcanic eruptions. Additionally, Cau is located strategically in the 
westernmost corridor between the Central Atlantic and the Tethys 
(Fig. 1). In the context of the Aptian rifting, the outer-shelf depositional 
setting (e.g., Martín-Chivelet et al., 2002, 2019; Vera, 2004; Castro et al., 
2021) resulted in an expanded and continuous section at Cau, which 
permits the study of abrupt events that occur in short periods of time. 

Key goals of this study include the precise timing of LIP magmatic 
activity due to plateau emplacements, and further insights into the time 
and causal links between volcanism and environmental perturbations 
during and after OAE 1a. A LIP association with the OAE 1a has been 
previously investigated using Os-isotopes (187Os/188Os) stratigraphy 
from four sections (Gorgo a Cerbara, Italy; Tejada et al., 2009; Cismon, 
Italy; DSDP Site 463, Mid Pacific Mountains; Bottini et al., 2012; Poggio 
Le Guaine Core; (Percival et al., 2021)). All sites record a deep oceanic 
palaeosetting, yet, the previously studied OAE 1a sections for Os-isotope 
stratigraphy do not penetrate further into the Aptian, in contrast to this 
study. The main objective of the study is to characterize with the highest 
precision the Os-isotope variations observed in the record, and to 
analyze them in combination with the available stratigraphic framework 
(C-isotopes, biostratigraphic data, total organic carbon content). The 
analysis of this interval embraces a detailed characterization of the 
Re–Os data shortly prior and during the whole OAE 1a, and long after 
this event for the most part of the late Aptian. 

2. The CAU Core 

The Cau hill (38.70389◦N 0.00472◦W) is located in the NE of Ali
cante Province, southeastern Spain. The studied lithologic interval 
comprises the Almadich Formation (Fm), ranging from the lowermost 
Aptian to the upper Aptian. 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, and it is overlain by the shallow platform carbonates 
of the Seguilí Fm of latest Aptian-earliest Albian age (Castro et al., 2008) 
(Fig. 2). The Almadich Fm was deposited in a ramp type distal marine 
platform, under hemipelagic conditions, located in the Southern Iberian 
Continental Margin (Fig. 3). Regionally, the Almadich Fm has hetero
chronous base and top, and is overlying a platform-drowning surface in 
several outcrops in Sierra Mariola and Sierra Seguilí (Castro et al., 2008; 
Skelton et al., 2019). 

The Cau record includes a continuous expanded section that ranges 
from the basal Aptian (below the level of the nannoconid crisis, NC) up 
to the mid-upper Aptian. A quantitative study of nannofossils was per
formed on Cau core samples in order to establish the relative proportions 
of the different taxa and to locate, as reliably as possible, the “nanno
conid crisis”. The definition of the NC has been made following the work 
by Erba (1994). A decrease in Nannoconus ssp. relative abundance and 
the absence of narrow-canal nannoconid allows characterizing the 
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“nannoconid crisis”. Minima in nannoconid percentages correspond to 
lower part of OAE 1a. In the upper Aptian, only the wide-canal nanno
conids recover and reach percentages up 15–25%. The Cau core is well 
constrained by calcareous nannofossil biozones NC6 (lower Aptian), 

NC7A (lower–upper Aptian transition), and NC7BC (lower Aptian). 
Planktonic foraminifera zones present in the Cau Core are Globiger
inelloides blowi and Leupoldina cabri (lower Aptian), and Globigerinelloides 
ferreolensis, Globigerinelloides algerianus, Hedbergella trocoidea and 

Fig. 1. Palaeogeographic maps showing the distribution of oceans and land in the Early Cretaceous (~120 Ma), and a close-up for the Western Tethys – North 
Atlantic corridor (Betic Seaway). Modified after Dercourt et al. (2000), Blakey (2005), Aguado et al. (2018) and Castro et al. (2021). Oceanic surface currents after 
Melinte and Mutterlose (2001) and Misumi and Yamanaka (2008). The location of Cau and other sites cited in the text and figures, are shown. The names of the 
Western Tethys successions represented by filled circles and stars on the global map are shown on enlarged map, to the left. HP: Hikurangi Plateau; KP: Kerguelen 
Plateau; MP: Manihiki Plateau; MPM: Mid-Pacific Mountains; MR: Magellan Rise; OJP: Ontong Java Plateau; SR: Shatsky Rise. 

Fig. 2. Chronostratigraphic chart of the latest Barremian, Aptian and earliest Albian in Cau outcrops (province of Alicante, Spain). Time scale after Malinverno et al. 
(2012) and Martinez et al. (2020). The Cau Core is represented by the black vertical bar, interval of materials in this study. 
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Paraticinella rohri (lower Aptian; Fig. 2). This biostratrigraphy correlates 
with the Cau Section ammonite biozones of Deshayesites forbesi and 
Deshayesites deshayesi (lower Aptian), and Dufrenoia furcata and Epi
cheloniceras martini (lower Aptian; Fig. 2). 

The whole Almadich Fm is composed of hemipelagic deposits con
sisting of an alternating sequence of marls/marlstones dominated by 
mudstones/wackestones. Detailed analysis of the core recognizes five 
facies types: (I) dark grey massive facies; (II) light grey bioturbated 
facies, with Chondrites, Planolites, and other feeding, resting and un
defined traces; (III) dark grey undisturbed mudstones with planar 
lamination; (IV) light to dark grey brecciated to nodular facies with 
chaotic organization; (V) grey to orange, weathered, recrystallized or 
altered facies. 

Previously published δ13C and TOC data (Castro et al., 2021) is 
included in this study to further discuss the Os-isotope results. The 
carbon-isotope values obtained are typical for Aptian hemipelagic and 
pelagic marlstones and limestones (Herrle, 2004; Lorenzen et al., 2013) , 
with δ13Ccarb values ranging from 0.67 to 4.66‰. TOC contents reach a 
maximum of 2% wt, with higher contents coinciding with the dark grey 
levels (facies Types I and III). 

The age model of the Cau core has been accurately established, based 
on the integration of biostratigraphy (calcareous nannofossils, plank
tonic foraminifera and correlation with the field section ammonite 
data), and C-isotope stratigraphy, leading to a subdivision into 14C- 
isotope segments (Castro et al., 2021). The δ13Ccarb profile of the Cau 
Core has been precisely correlated with several records worldwide, as 
the section contains an excellent preserved original sedimentary signa
ture, which makes it suitable for stratigraphic correlation (Castro et al., 
2021). 

The numerical model of the Cau section for this study is based on the 
chronology of Malinverno et al. (2012) coupled with biostratigraphy 
databases in reference to the Geologic Time Scale 2020 (Gradstein et al., 
2020) and the recent age estimates for the Barremian-Aptian boundary 
(123.4–121.2 Ma; Olierook et al., 2019; and 121.40 ± 0.34 Ma; Martinez 
et al., 2020). The Cau core time interval ranges from 120.6 (uppermost 
part of Globigerinelloides blowi zone) to 114.2 Ma (upper part of Para
ticinella rohri zone). Magnetostratigraphy data are no available for Cau, 
and there is a regional hiatus embracing the Barremian-Aptian bound
ary. As such, this hampers the ability to anchor an absolute age 
constraint for the Cau section. At Cismon, the absolute age for the base of 
Selli level is considered as 120.21 ± 0.04 Ma, with the nannoconid crisis 
cyclostratigraphically determined to have started 33 kyrs before 

(Malinverno et al., 2010). Alternatively, the base of the Selli level is 
placed between 120.70 and 120.80 Ma (Bottini et al., 2015), and the 
start of the nannoconid crisis estimated at 120.34 Ma (Erba, 2004). With 
a time range of 6.4 Myr and 144.4 m of thickness, the overall average 
sedimentation rate calibrated for the Cau core is 2.26 cm/kyr. 

3. Analytical protocols 

To provide an Os-isotope record for the entire Cau section, 56 sam
ples were collected, between the base and top of the Cau section 
(144.2–6.2 m depth – core stored at Department of Geology of Jaén 
University). The average sample spacing was 2.6 m, although higher 
resolution sampling was applied to C-isotope segments Ap2, Ap3, and 
Ap4 (Fig. 4). Each sample (~20 g) represents a 2 cm stratigraphic in
terval. Prior to powdering, samples were washed with distilled water, 
and polished using a diamond polishing wheel to remove drill and saw 
marks. Samples were dried at 50 ◦C overnight, prior to powdering using 
a RM 200 agate mortar mill. The rhenium‑osmium (Re–Os) analysis 
were undertaken in the Department of Earth Sciences, Laboratory for 
Source Rock and Sulfide Geochronology and Geochemistry, and Arthur 
Holmes Laboratory at the Durham Geochemistry Center, Durham Uni
versity (UK). 

To isolate the hydrogenous Re–Os fraction from the organic-rich 
sedimentary samples, a CrO3–sulphuric acid digestion medium was 
applied (method described by Selby and Creaser, 2003). Whole rock 
powders (~1 g) together with a known amount of a mixed 185Re+190Os 
tracer solution were reacted with 8 mL of 4 N H2SO4 with 0.25 g CrO3 
per mL of 4 N H2SO4 in sealed carius tubes at 220 ◦C for 48 h. Osmium 
was extracted and purified using CHCl3 solvent extraction, followed by 
CrO3–H2SO4–HBr microdistillation. 

Rhenium was isolated and purified from the CrO3–H2SO4 Os 
extracted solution using 5 N NaOH-acetone solvent extraction, and 
further purified using modified HCl–HNO3 anion bead chromatography 
(Selby and Creaser, 2003). 

The purified Os and Re fractions were loaded onto Pt and Ni fila
ments, respectively. Both, Re and Os isotopic measurements were 
determined using a ThermoScientific TRITON mass spectrometer using 
static Faraday collection for Re and secondary electron multiplier in 
peak-hopping mode for Os. Total procedural blanks during this study 
were 15.0 ± 1.0 for Re, and 0.08 ± 0.05 for Os, (1σ S.D., n = 8) with an 
average 187Os/188Os value of 0.20 ± 0.05 (n = 8). 

The initial 187Os/188Os composition (Osi) at the time of deposition 

Fig. 3. Palaeogeographic reconstruction of the tectonosedimentary context for the Southern Iberian Continental Margin during the early Aptian (modified from Ruiz- 
Ortiz, 2010). The Cau outcrops are located in hemipelagic environments of the prebetic platform. 
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were calculated using the equation: 
187Os

/188Osinitial =
187Os

/188Osmeasured–
[187Re

/188Osmeasured*(EXP(λ*t) − 1 )
]

where λ is the 187Re decay constant = 1.666e− 11a− 1 (Smoliar et al., 
1996), and t is the depositional age given in years. 

4. Results 

The Osi profile has been subdivided into 5 segments (B to F), 
following previously defined segments (A to E; Bottini et al., 2012), for 
the OAE 1a interval, adding a division in segments B and C, and a new 
segment F extending up to the upper Aptian (Fig. 4).Overall, the Re and 
192Os abundances of the 56 samples range from 0.37 to 29.63 ppb and 

Fig. 4. Record of the Almadich Fm (D1 to D4 cores) from Cau. Stratigraphic profiles of δ13C data, TOC (dots and bars in yellow – D1, red – D2, green – D3, and blue – 
D4) (Castro et al., 2021), Os isotope ratio, Re, and 192Os concentrations are shown. Biostratigraphy (blue arrows are calcareous nannofossils, red arrows are planktic 
forams) zonation is from Castro et al. (2021). The outcrop section (Naafs et al., 2016) and C-intervals proposed by Castro et al. (2021), have been followed. Nanno- 
Nannofossils, Foram.-Foraminifera, NC-nannoconid crisis, CIE-Carbon Isotope Excursion. (For interpretation of the references to colour in this figure legend, the 
reader is referred to the web version of this article.) 
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9.23 to 508.01 ppt, respectively (see Appendix A; Table 1; Fig. 4), with 
Osi compositions ranging from non-radiogenic (0.13) to radiogenic 
(0.87). Segment B is divided into B1 and B2. Subsegment B1 predates the 
OAE 1a and records the onset of the NC. In segment B1 (base of the re
cord to 137 m coinciding with the lower part of δ13C segment Ap2) the 
Osi values begin steady at ~0.60, but, at the onset of the nannoconid 
crisis (here defined by the Highest Occurrence, HO, of N. steinmannii) the 
Osi describe a zig-zag profile with values between 0.24 and 0.87. This 
zig-zag pattern is also recorded in the δ13C data (Fig. 4)In subsegment B2 
(137 to 130 m – middle part of δ13C zone Ap2), the Osi values show a 
gradual shift towards non-radiogenic values, from 0.84 to 0.27, which is 
paired with a slight increase in Re content from 0.37 to 3.76 ppb (Fig. 4), 
and this correlates with the onset of the C-isotope CIE predating the OAE 
1a. Segment C ranges from 130 to 122 m (coinciding with the transition 
between C-isotope segments Ap2 and Ap3), and is divided in two sub- 
segments C1 and C2. The base of C1 is marked by an abrupt Osi rise 
from 0.27 to 0.78–0.83, followed by a decrease down to 0.55, coinciding 
with the base of the Ap3 segment, and therefore the δ13C defined base of 
the OAE 1a. In C2, from the Osi of 0.55, the values increase and fall 
gradually to 0.53, and then fall abruptly to a non-radiogenic Osi value of 
0.17, in the middle of Ap3 and coeval to a negative peak in δ13C. 
Throughout segment C, Re content increases from 0.69 to 15.05 ppb 
(Fig. 4). In segment D (122 to 81 m – middle part of C-isotope segment 
Ap3 to mid Ap7), Osi values present overall stable values that range 
between 0.17 and 0.23. Segment D records stable unradiogenic Osi 
values through a thick succession embracing most of the OAE 1a interval 
(upper part of the negative CIE, and the complete positive CIE), 
following up to the lower part of the Ap7 segment which postdates the 
OAE 1a. The top of this segment correlates with the FO of E. floralis 
(Figs. 4 and 6). At the base of D1 segment (Fig. 4), 192Os abundance 
increases from 54.7 to 508.0 ppt, and through the rest of D1 segment, 
192Os remains high (~450 ppt), and Re content reaches a maximum of 
29.63 ppb. The Osi remains non-radiogenic below 0.2. Throughout Ap4 
to the Lowest Occurrence (LO) of E. floralis (segments D2 and D3 – end of 
black shales – mid-Ap7; Fig. 4), the Osi remains between 0.13 and 0.23, 
with elevated Re (5.8–22.3 ppb) and 192Os (65.1–247.5 ppt). Segment E 

(Fig. 4) is defined from 81 to 55 m, which in the middle of Ap7, the Osi 
reaches 0.60, then stays steady around 0.40 towards its top. Segment E 
extends for more than 1 Myr, with overall moderately non-radiogenic 
values, and records the transition to the upper Aptian, presenting the 
first Osi result from the mid Ap7 to Ap10 C-isotope segments. This 
segment correlates with a gentle negative shift in C-isotope values, and 
its top lies within the G. algerianus biozone. Segment F (55 m to the top of 
the record – C-isotope segments mid-Ap10 to Ap14), defined here, is 
where the record Osi values are slightly less unradiogenic than below, 
with a moderate upwards shift to more radiogenic (~0.50) values 
through the rest of the section. From the change in the Osi to more 
radiogenic values in Ap7 (segments E and F), the Re content fluctuates 
between 0.43 and 9.61 ppb, whereas the 192Os content remains rela
tively constant throughout the section (9.23 to 60.80 ppt), showing a 
slight decreasing-upwards trend. This segment correlates from the upper 
part of Ap10 to the base of Ap14 C-isotope segments, that record a basal 
negative peak followed by a gradual positive shift in C-isotope values, 
embracing the upper Aptian, from upper G.algerianus to P. rohri 
biozones. 

We present and discuss the Re–Os data in terms of six segments, A to 
F (Fig. 5), although, based on the observed correlation with other Osi 
profiles, we consider segment A to not be present at Cau. 

5. Discussion 

5.1. Os-isotope record 

Osi values give the best estimate of the 187Os/188Os composition of 
seawater during sedimentation, as demonstrated by the correlation with 
previous records of the OAE 1a interval (Bottini et al., 2012; Percival 
et al., 2021; Tejada et al., 2009; ), as well as the good preservation of the 
C-isotope signal of the Cau core (Castro et al., 2021), which can rule-out 
a significant diagenetic overprint. Oscillations within the upper part of 
segment B1, which coincide with similar oscillations in δ13C and δ18O 
and the presence of a fracture (or a fault) affecting the basal D4 segment 
likely favoured diagenetic fluids circulation, which finally produced an 

Fig. 5. Correlation of sections from DSDP Site 463 (mid Pacific Mountains, Pacific Ocean), Cau (southeastern Spain), Cismon (northern Italy), Gorgo a Cerbara 
(central Italy) and Poggio Le Guaine Core (Umbria-Marche basin, Italy) based on 187Os/188Osi data (Data on Supplement 3). 
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alteration of the original geochemical signal. Nevertheless, these oscil
lations can reflect changes in the isotopic composition of the marine 
waters as discussed below. Alternatively, as Cau is an intra-shelf record 
sensitive to changes in sea-level, these short-lived changes in δ13C and 
Osi might be related to changes in sea-level (e.g., Du Vivier et al., 2015; 
Rooney et al., 2016; Jones et al., 2020), although no short-term relative 
sea level changes have been proposed in the Prebetic platform during 
the earliest Aptian (e.g., Castro et al., 2008; Martín-Chivelet et al., 
2019). 

5.1.1. Subsegment B1 
Prior to the onset of the major negative excursion in δ13C that 

characterize the OAE 1a, the Osi composition were moderately radio
genic between 0.6 and 0.7 (Fig. 4). Following the onset of the NC, the Osi 
decrease to minimum values of 0.25 could reflect short-time inputs from 
unradiogenic sources (volcanic or cosmogenic), or a rapid decrease in 
the flux of radiogenic Os from continental weathering. As the studied 
sediments were deposited on a distal platform setting during an interval 
of dry climate conditions (e.g. Aguado et al., 2014a, 2014b), no signif
icant changes in the continental weathering can be expected, nor 
cosmogenic sources have been reported for this interval; therefore they 
are considered to reflect pulses of volcanism from the early phases in the 
Ontong-Java plateau (e.g. Erba et al., 2015). 

Interestingly, the onset of the NC coincides stratigraphically with the 
initiation of the δ13C and Osi fluctuations at 140.7 m depth. As the NC 
predates the onset of major LIP volcanism, no causal link can be estab
lished from our Osi record. In this part of the record, other published 
sections show akin median Osi values such as the Cismon section, a 
deeper water stratigraphic record, with Osi values of ~0.45 (Segment A, 
Bottini et al., 2012) (Fig. 5), indicating open marine conditions (Rooney 
et al., 2016). In segment A, the Gorgo a Cerbara and DSDP Site 463 
sections, with Osi values of ~0.6–0.8 and ~ 0.6, respectively, do not 
show marked oscillations, which can be explained by the lower sampling 
resolution of these sections or the presence of a hiatus. Nevertheless, 
local factors at Cau (e.g. sea-level changes or diagenesis at this level) 
cannot be completely discarded. Further high-resolution Osi records 
from other sites will aid in the interpretation of the Osi data of the B1 
subsegment. 

5.1.2. Subsegment B2 
Between 137 and 130 m (Osi segment B2, Fig. 4) a gradual shift in Osi 

from 0.85 (radiogenic) to 0.30 (non-radiogenic) is observed. This trend 
in Osi is interpreted to reflect a gradual increase in LIP magmatism yet 
could be explained by a 70% decrease in weathering (Tejada et al., 
2009). This shift broadly correlates to the C-isotope transit Ap2a-b, 
which records the onset of the negative C-isotope excursion heralding 
the OAE 1a. This has been interpreted as the result of an input of C-13 
depleted carbon into the atmosphere-ocean system ( Castro et al., 2021; 
Méhay et al., 2009), and coincides with the beginning of an increase in 
atmospheric CO2 level estimates from the Cau section (Naafs et al., 
2016). This segment presents a record very similar to the Gorgo a Cer
bara section (0.88 to 0.36; Tejada et al., 2009) (Fig. 5), and to DSDP Site 
463 (0.6 to 0.3; Bottini et al., 2012) (Fig. 5). Cismon presents a lower 
resolution record but a slight decline in Osi can be observed from 25 to 
23.75 m (Osi segment B, Fig. 5) (0.43 to 0.35). This volcanic pulse 
predates the OAE 1a by ca. 300 kyr (Bottini et al., 2012). Therefore, the 
Osi data from Gorgo a Cerbara and Cau imply that the OJP LIP had an 
early pulse inducing a total increase of 60% of unradiogenic Os in the 
ocean (Tejada et al., 2009), predating the OAE 1a by 300–350 kyr 
(Fig. 6). 

5.1.3. Segment C 
From 130 to 129 m depth, there is a short-lived prominent shift to 

radiogenic Osi, from 0.30 to 0.85, over a duration of ca. 50 kyr (Fig. 6). 
This excursion is also observed at Gorgo a Cerbara, Cismon and DSDP 
Site 463, which could indicate a global signal, related to a possible 

Fig. 6. Profiles of δ13C, and Osi from the Cau Core, and possible volcanic 
sources during the Aptian. 
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abrupt cessation of the OJP activity and/or a rapid massive increase in 
global weathering rates (Tejada et al., 2009; Bottini et al., 2012). 
Although efficient oceanic circulation and mixing have been considered 
during this time interval (Bottini et al., 2012) given the similar timing of 
Osi perturbations between the distanced sections of Cismon and DSDP 
Site 463, Cau is a shallower section, and chemical change of seawater 
signal could have arrived later to Cau. At DSDP Site 463, Cismon and 
Cau, this shift postdates the nannonconid crisis, whereas at Gorgo a 
Cerbara, the Osi radiogenic excursion begins below the nannoconid 
crisis (Tejada et al., 2009). This could be related to a different mixing in 
the oceanic water, or a local continental input at this location. Never
theless, differences in the definition or the record of the nannoconid 
crisis can not be ruled-out. 

The rest of segment C is dominated generally by radiogenic values 
(>0.5 at Cau), interpreted as the result of increased weathering, prob
ably linked to the activation of the hydrological cycle during the vol
canic episode of segment B (Bottini et al., 2012). This is supported by the 
trend in Li-isotopes in this temporal interval at Resolution Guyot, Monte 
Raggeto, Santa Maria 4 core and Coppitella sections (Lechler et al., 
2015), and also by Ca-isotopes at Resolution Guyot, Coppitella, and the 
English Chalk sections (Blättler et al., 2011). This enhanced weathering 
could have outpaced volcanism, although a decreased volcanic activity 
during segment C can not be discarded (Bottini et al., 2012). The Osi 
record a double shift towards unradiogenic values trough this segment, 
probably indicating two pulses of volcanism, or alternatively one pulse 
punctuated with a brief period of enhanced weathering. This whole 
moderately radiogenic interval (129 to 122 m) correlates roughly with 
Cismon (23.5 m, Fig. 5) and Site 463 (625 mbsf, Fig. 5) sections, prob
ably due to the expanded character of Cau. Nevertheless, the sharp 
radiogenic excursion in Osi at both Cismon and Site 463 is indicating 
also the brief dominance of the radiogenic Os, which appears at the 
onset of the Selli Level equivalent (onset of the OAE 1a, Fig. 5) in the 
three sections. 

Interestingly, the slight positive shift dividing the C segment co
incides with a major negative spike in δ13C values that marks the onset 
of OAE 1a. This negative excursion 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; Méhay et al., 2009; Weissert and Erba, 
2004; Jahren et al., 2001) , or from marine organic-rich sediments in 
response to sill intrusions (Polteau et al., 2016). The high-resolution Osi 
results at Cau are interpreted to indicate a punctual reduction of the 
volcanic activity during this C-isotope spike, and thus would point to an 
additional carbon source, possibly from oxizidez methane, during a 
short interval of <10 kyrs (Castro et al., 2021). This is consistent with a 
methane injection proposed by Erba et al. (2010), and maxima in tem
peratures at the onset of OAE 1a (Bottini et al., 2015; Naafs et al., 2016). 

5.1.4. Segment D 
An abrupt shift to non-radiogenic Osi occurs at 122 m (0.53 to 0.16 

over a thickness of 50 cm), which coincides with an elevated Re content 
and an abrupt increase in 192Os content (from 54.70 to 508.01 ppt over a 
thickness of 50 cm, representing ca. 18 kyr). The segment extends from 
the middle part of the C-isotope segment Ap3 up to the mid part of the C- 
isotope segment Ap7, embracing most of the OAE 1a, and its top broadly 
coincides with the FO of E. floralis, postdating the OAE 1a, as defined by 
Ap3-Ap6 segments (e.g., Menegatti et al., 1998; Castro et al., 2021). The 
abrupt excursion to non-radiogenic Osi is present in all published OAE 
1a records (Fig. 5). Based on the sedimentation rate estimates for the 
Cau core (Castro et al., 2021), this Osi excursion occurred ~75 ka after 
the onset of the OAE 1a. This delay between the onset of the OAE 1a and 
the onset of segment D is also observed in the Poggio Le Guaine Core 
section from the Umbria-Marche Basin (Percival et al., 2021). This 
abrupt non-radiogenic shift in Osi and elevated 192Os contents strongly 
suggests that Os was entering into the global ocean system due to 
mantle-related magmatism, and demonstrates that the peak volcanic 

activity of the OJP occurred after the onset of the OAE 1a. The base of 
the segment is also linked to a change in planktic foraminifera 
morphology, with the development of specimens showing elongated 
chambers. Such a morphological change suggests an adaptation to 
probable low-oxygen levels and to a perturbation in environmental 
conditions (in terms of temperature, salinity) (de Gea et al., 2003). 
Above its lower part, which coincides with the upper part of the 
C-isotope Ap3 segment, segment D corresponds to a long-lasting positive 
excursion in δ13C values, considered to reflect widespread organic 
matter deposition in marine environments, in combination with 
increased continental weathering, leading to a reduction of 13C-depleted 
carbon (e.g. Jenkyns, 2010; Castro et al., 2021). 

Throughout segment D, the Osi remain stable and non-radiogenic 
(0.14–0.20; Figs. 4, 7), thus continuing to be unradiogenic after the 
OAE 1a (lower part of the C-isotope segment Ap7). Similarly, at Gorgo a 
Cerbara and Poggio Le Guaine Core, values are ca. ~0.2 (n = 8 and 5 
samples over 500 kyr and 1.5 m, respectively), whereas Cismon (n = 13 
samples over 4 m) and DSDP Site 463 (n = 13 samples over 9.5 m) are 
between 0.15 and 0.20 (Fig. 5). Hence, this indicates continuous vol
canic activity during the entire OAE 1a and postdating the OAE 1a (up to 
the middle part of C-isotope segment Ap7). The Osi profile, clearly 
recorded in other sites with a strong similarity, confirms the global 
character of the non-radiogenic Osi excursion, and an efficient ocean 
mixing at that time, probably favoured by global and local sea-level rise 
(Percival et al., 2021; Tejada et al., 2009; Bottini et al., 2012 ). 

The prolonged non-radiogenic Osi from Gorgo a Cerbara and Cismon 
(segment D) were used to suggest a duration for the main OJP magmatic 
of 1 Myr and ~ 880 kyr, respectively (Tejada et al., 2009; Bottini et al., 
2012), as OJP main magmatic event was proposed to finish at the end of 
segment D. However, according to Cau core sedimentation rates, the 
duration of segment D is 1.3–1.6 Myr, an estimation longer than pre
viously proposed. Yet, the main difference of the record of the Cau 
section with respect to other sections is that the end of segment D in Cau 
extensively postdates the OAE 1a, whereas in the other sections it ends at 
the same time as the OAE 1a or even before. Our results confirm that the 
main OJP activity continued after the OAE 1a, with the main phase of 
volcanism beginning ~50–150 kyr after the onset of the OAE 1a through 
to ca. 300 kyr after the end of the Selli Event. 

5.1.5. Re and 192Os in segment D 
The segment D of the Cau core exhibit the highest abundances of Re 

and 192Os, with the Ap4 segment showing the overall most significant 
enrichment (Fig. 4). Segment D1 (122 to 117 m) shows the biggest in
crease in both Re and 192Os in a double peak to 18 and 30 ppb, and to 
508 and 448 ppt, respectively. A similar record is observed at the Cismon 
core, that displays a double peak in Re content (1 and 0.6 ppb) in the 
lowest part of the Selli Event (Fig. 7). The D2 segment (117 to 100 m, 
Fig. 4) defined at Cau represents the middle part of the OAE 1a and 
presents a peak in Re and 192Os of 23 ppb and 250 ppt, respectively 
(Fig. 4). Both the Gorgo a Cerbara and DSDP Site 463 sections present 
the main peak in Re and 192Os content recorded within the middle part 
of the Selli Level (Fig. 7), and values return lower in the interval above. 
At Gorgo a Cerbara, however, a double 192Os peak is observed that is not 
seen at Site 463, whereas Cismon is characterized, between 20.5 and 
22.5 m, by minima in Re and 192Os values (Fig. 7). Segment D3 (100 to 
81 m) encompasses the upper part of the OAE 1a and also presents a 
relatively high content in Re and 192Os (Figs. 4, 7) similar to the record 
observed at Cismon between 19 and 20.5 m (Fig. 7). The similarity of 
data between sections with a different palaeosettings (Cau - intra-shelf 
record; Cismon - deep pelagic record; Gorgo a Cerbara - Western 
Tethys and DSDP Site 463 - Mid-Pacific Mountains) indicates an efficient 
marine circulation during the Selli Event. 

5.1.6. Segment E 
This segment extends over ca. 1.15 Myr following sedimentation rate 

estimates at Cau (Castro et al., 2021), recording the transition from the 
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early to the late Aptian. The base of the segment is marked by a positive 
shift in Osi from ca. 0.2 to 0.6 (Fig. 4). The Osi values may reflect a 
cessation of the main OJP activity that led to a climate cooling from a 
reduction in CO2 atmospheric concentrations postdating the OAE 1a. 
This is consistent with a coeval reduction in temperatures indicated by 
Tex86 and Nannofossil indices (McAnena et al., 2013; Aguado et al., 
2014a; Bottini et al., 2015; Naafs and Pancost, 2016) as well as in CO2 
concentrations (Naafs et al., 2016), which discard a significant increase 
in weathering as an alternative explanation. This cooling episode would 
led to drier conditions and a subsequent reduction of the nutrient input 
to the ocean from the continent (Aguado et al., 2014a). A decrease of 
3.8–5 ◦C in water surface temperatures favoured the recovery of the 
nannoconids (Bonin et al., 2016). TEX86 sea surface temperatures 
reconstruction (O'Brien et al., 2017) for the first third of the NC7 zone, 
that roughly corresponds to NC7A zone of Cau depicts a 1 ◦C increase in 
temperature from 31 to 32 ◦C, but the presence of the cold-water nan
nofossil species E. floralis not only in Cau, but globally (Bottini and Erba, 
2018), is suggestive of cooler temperatures. 

Only the base of segment E has been analyzed in previous Osi studies. 
This Osi record is similar to that at Gorgo a Cerbara (Fig. 5), that shows a 
shift up to 0.7 just before the recovery of the nannoconids (Fig. 5). 

Records at Cismon and DSDP Site 463 are very scarce (2 and 1 samples, 
respectively) and exhibit a relatively non-radiogenic Osi composition 
(0.24–0.26). The Osi data for Gorgo a Cerbara data supports our results, 
whereas values of Site 463 could be explained by its proximity to OJP, 
and the Cismon Osi value could be related to an input of non-radiogenic 
Os derived from the weathering of ophiolites in the european hinterland 
(Peucker-Ehrenbrink and Ravizza, 2000; Kuroda et al., 2016), although 
more data would be necessary to confirm this hypothesis. 

Overall, the Osi values through the rest of Segment E remain steady 
around 0.4 with a gentle increase to 0.45 (Fig. 4). This interval records a 
reduced activity of the OJP and the initial spreading of the Hikurangi 
Plateau (HP, Figs. 1, 6). Feldspar 40Ar/39Ar dates of HP basement lavas 
that indicate an isochron age of 117.2 ± 4.7 Ma (Hoernle et al., 2010) 
are consistent with the chronology of this study. The pattern observed in 
this segment is likely related to a reduced but active volcanic activity, 
and considered to be responsible for the negative trend in C-isotopes, 
and the moderate warming (McAnena et al., 2013; Bottini et al., 2015). 
The generally cooler temperatures proposed for the upper part of 
segment E (C-isotope segments Ap8-Ap10) compared to the early 
Aptian, are not supportive of a period of enhanced weathering (McA
nena et al., 2013; Erba et al., 2015; Castro et al., 2021). Yet, 

Fig. 7. 192Os and Re profiles from the four sections correlated in this paper (they are showed in Fig. 5). The scale for Cau is different as it contains less quantity of Re 
and Os than the other three sections (Data on Supplement 3). 
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interestingly, the hypothesis of gentle global warming is mirrored by Osi 
records and increased TOC at Cau (maxima of 1.97%, Fig. 4), with could 
be interpreted to reflect volcanism resulting in a CO2 concentration 
buildup, marking the transition between the early and the late Aptian. A 
similar evolution from minima to a moderate enrichment in other 
proxies (e.g., trace metals abundance) has been recognized during the 
early/late Aptian transition records from Cismon, DSDP Site 463 and 
DSDP Site 167 (Magellan Rise), which are interpreted to suggest a cor
relation between the degree of ocean oxygenation, LIP activity and 
primary productivity (Erba et al., 2015). The long negative excursion of 
C-isotope (Ap8 to Ap10) from ~5‰ to ~1‰ is double the magnitude of 
the onset of the OAE 1a, but the greater duration of the excursion is 
indicative of very different causative mechanism. Eventually, in the 
uppermost part of this segment, the Osi low value of 0.31 (56.5 m, 
Figs. 4, 6) correlates with a moderately sharp negative pulse in C-iso
topes (Ap10), which could reflect an initial pulse of submarine volca
nism coming from the Southern Kerguelen plateau (SKP) (Coffin et al., 
2002; Duncan, 2002; Frey et al., 2003). Sea-level estimations for this 
interval indicate a general high sea-level at Cau, with a notable sea-level 
drop in the upper part of the segment. Any relevant change in Osi values 
or facies did occur, thus very likely during the lowstand interval, the sea- 
level was high enough to maintain an efficient water mixing. 

5.1.7. Segment F 
Finally, in segment F (C-isotope segments Ap11 to Ap14), Osi values 

are steady at ~0.55, coming back to conditions near pre-OAE 1a 
(0.6–0.7) (segment F, Fig. 4). This part of the late Aptian, encompassing 
the upper part of G. algerianus, H. trocoidea and the lower part of P. rohri, 
is characterized by global climate cooling (McAnena et al., 2013). The 
Cau core Osi values do not totally recover to pre-OAE 1a values. This 
observation implies the existence of a non-radiogenic source of Os. 
Consistent with the chronology of this study are the emergence of the 
Rajmahal Volcanic Province (Kerguelen Plateau, KP; Fig. 1) whose ba
salts present 40Ar–39Ar ages of 118–115 Ma (Kent et al., 2002; Ray 
et al., 2005), and the edifice construction of the Manihiki Plateau (Fig. 1) 
(Timm et al., 2011). In spite of the Kerguelen and Manihiki activity, 
which are indeed influencing the Osi, the δ13C seems unaffected by the 
LIP activity, describing a slow progression from ~2.5‰ to a steady 
~4‰, indicating that the CO2 consumption by continental weathering 
must have balanced the possible warming generated by the submarine 
oceanic plateaus. This seems a counterintuitive idea given the fact that 
some CO2 estimations for this time interval depicts elevated atmospheric 
CO2 (1200 to 1900 pppmV, Li et al., 2014). Nevertheless, the slower rate 
of increase in CO2 concentration in comparison to the OAE 1a could 
account for a balance with continental weathering. 

6. Conclusions 

This study presents the first direct evidence that volcanic activity 
continued beyond the OAE 1a during the late Aptian. Our new Os- 
isotope data from the Cau Core confirm an extended time frame for 
the volcanic input of unradiogenic Os during the Aptian, likely due to 
emplacement of LIP and their continued activity, influencing composi
tion of seawater Os for ~2.8 Myr. 

The Cau Osi data provide strong evidence to more accurately 
establish a high-resolution record of magmatic episodes and pulses of 
accelerated hydrological cycle, and exhibits the climatic instability that 
occurred before (Ap2 segment) and during the onset of the OAE 1a (Ap3 
segment). This study confirms the temporal relationship of LIP mag
matism with the OAE 1a, demonstrating that the magmatism was active 
550–750 kyr prior to the Selli Event, was sustained through the entire 
OAE, and ceased ~300 kyr after the end of the event. The maximum 
duration calculated from the Osi excursion linked to the main phase of 
the OJP is 1.6–1.75 Myr. Inference from the Osi data suggests a mini
mum and maximum duration of LIP magmatism of 2.8 and 3.6 Myr. 

The sequence of events recorded at Cau starts with a first volcanic 

pulse predating the OAE 1a, reflected in an abrupt negative shift in C- 
isotopes that may have been triggered by a pulse of methane emissions. 
This first event was followed by the main abrupt shift in non-radiogenic 
Osi, followed by deposition of marine organic-rich sediments, indicating 
an increase in productivity and reduction of oxygenation due to the 
immense volcanism via CO2 input, temperature increase and activation 
of hydrological cycle, resulting in nutrient-rich waters. 

This record confirms the relation between the accumulation of 
organic matter, the development of anoxia/dysoxia and the productivity 
increase, with the initial pulses of volcanism that predate the main 
phase, as previously shown for other OAE 1a records (Tejada et al., 
2009; Bottini et al., 2012). 

During the late Aptian, the carbon cycle underwent a slow-paced 
change reflected in the long-term isotope excursion of the δ13C record, 
although the Osi record remained relatively stable, showing only 
punctual changes associated to volcanic pulses. 

The expanded Aptian record at Cau highlights the different behav
iour of the carbon cycle throughout the recorded time interval. In the 
early Aptian, the onset of the OAE 1a is associated with a rapid carbon 
negative isotope excursion produced in less than 25-kyr, which was 
followed by a strong change in the Osi composition and perturbations 
recorded in multiple other proxies. In comparison, the negative carbon 
isotope excursion during the upper early Aptian-lower late Aptian 
transition, took place over a duration of ca. ~1 Myr, in which time, Osi 
composition and other proxies remain stable. The delay between vol
canic CO2 outgassing in the ocean and enhanced continental weathering 
due to increased pCO2 has to be considered when assessing different 
episodic pulses and the reflection of these changes in the δ13C record. 
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Weissert, Helmut, Molina, José M., Nieto, Luis M., Pancost, Richard D., 
Quijano, María L., Reolid, Matías, Skelton, Peter W., López-Rodríguez, Carmina, 
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Lorenzen, J., Kuhnt, W., Holbourn, A., Flögel, S., Moullade, M., Tronchetti, G., 2013. 
A new sediment core from the Bedoulian (Lower Aptian) stratotype at Roquefort–La 
Bédoule, SE France. Cretaceous Research 39, 6–16. https://doi.org/10.1016/j. 
cretres.2012.03.019. 

Mahoney, J., Fitton, G., Wallace, P., 2001. ODP Leg 192: Basement drilling on the 
Ontong Java Plateau. JOIDES Journal 27 (2), 2–6. 

Malinverno, A., Erba, E., Herbert, T.D., 2010. Orbital tuning as an inverse problem: 
chronology of the early Aptian oceanic anoxic event 1a (Selli Level) in the Cismon 

R. Martínez-Rodríguez et al.                                                                                                                                                                                                                  

https://doi.org/10.1016/j.cretres.2014.06.002
https://doi.org/10.1016/j.cretres.2018.07.010
https://doi.org/10.1016/0012-821X(80)90177-6
https://doi.org/10.1016/0012-821X(80)90177-6
http://refhub.elsevier.com/S0921-8181(21)00237-X/rf0045
http://refhub.elsevier.com/S0921-8181(21)00237-X/rf0045
http://refhub.elsevier.com/S0921-8181(21)00237-X/rf0045
http://refhub.elsevier.com/S0921-8181(21)00237-X/rf0045
http://refhub.elsevier.com/S0921-8181(21)00237-X/rf0050
http://refhub.elsevier.com/S0921-8181(21)00237-X/rf0050
http://refhub.elsevier.com/S0921-8181(21)00237-X/rf0050
http://refhub.elsevier.com/S0921-8181(21)00237-X/rf0050
http://refhub.elsevier.com/S0921-8181(21)00237-X/rf0055
http://refhub.elsevier.com/S0921-8181(21)00237-X/rf0055
https://doi.org/10.1594/PANGAEA.786953
https://doi.org/10.1002/2015PA002835
https://doi.org/10.5194/cp-14-1147-2018
https://doi.org/10.1130/G33140.1
https://doi.org/10.5194/cp-11-383-2015
https://doi.org/10.1016/j.cretres.2008.05.012
https://doi.org/10.1016/j.cretres.2008.05.012
http://refhub.elsevier.com/S0921-8181(21)00237-X/rf0110
http://refhub.elsevier.com/S0921-8181(21)00237-X/rf0110
http://refhub.elsevier.com/S0921-8181(21)00237-X/rf0110
http://refhub.elsevier.com/S0921-8181(21)00237-X/rf0110
https://doi.org/10.1029/2020PA004004
https://doi.org/10.1029/2020PA004004
https://doi.org/10.1016/j.epsl.2012.03.017
https://doi.org/10.1016/j.epsl.2012.03.017
http://refhub.elsevier.com/S0921-8181(21)00237-X/rf0125
http://refhub.elsevier.com/S0921-8181(21)00237-X/rf0125
http://refhub.elsevier.com/S0921-8181(21)00237-X/rf0125
https://doi.org/10.1093/petrology/43.7.1121
https://doi.org/10.1016/S0031-0182(03)00451-6
http://refhub.elsevier.com/S0921-8181(21)00237-X/rf0155
http://refhub.elsevier.com/S0921-8181(21)00237-X/rf0155
http://refhub.elsevier.com/S0921-8181(21)00237-X/rf0155
http://refhub.elsevier.com/S0921-8181(21)00237-X/rf0160
http://refhub.elsevier.com/S0921-8181(21)00237-X/rf0160
http://refhub.elsevier.com/S0921-8181(21)00237-X/rf0160
https://doi.org/10.1093/petrology/43.7.1109
http://refhub.elsevier.com/S0921-8181(21)00237-X/rf0175
http://refhub.elsevier.com/S0921-8181(21)00237-X/rf0175
http://refhub.elsevier.com/S0921-8181(21)00237-X/rf0180
http://refhub.elsevier.com/S0921-8181(21)00237-X/rf0180
http://refhub.elsevier.com/S0921-8181(21)00237-X/rf0185
http://refhub.elsevier.com/S0921-8181(21)00237-X/rf0185
http://refhub.elsevier.com/S0921-8181(21)00237-X/rf0185
http://refhub.elsevier.com/S0921-8181(21)00237-X/rf0190
http://refhub.elsevier.com/S0921-8181(21)00237-X/rf0190
http://refhub.elsevier.com/S0921-8181(21)00237-X/rf0190
http://refhub.elsevier.com/S0921-8181(21)00237-X/rf0190
https://doi.org/10.1126/science.1188886
https://doi.org/10.1130/2015.2511(15)
http://refhub.elsevier.com/S0921-8181(21)00237-X/rf0205
http://refhub.elsevier.com/S0921-8181(21)00237-X/rf0205
http://refhub.elsevier.com/S0921-8181(21)00237-X/rf0205
https://doi.org/10.2973/odp.proc.sr.183.015.2003
http://refhub.elsevier.com/S0921-8181(21)00237-X/rf0220
http://refhub.elsevier.com/S0921-8181(21)00237-X/rf0220
https://doi.org/10.1007/s11430-016-0095-9
https://doi.org/10.1007/s11430-016-0095-9
https://doi.org/10.1016/S0012-821X(03)00646-0
https://doi.org/10.1016/j.gca.2010.09.030
https://doi.org/10.1130/0091-7613(2001)029<0159:TROMHD>2.0.CO;2
https://doi.org/10.1130/0091-7613(2001)029<0159:TROMHD>2.0.CO;2
https://doi.org/10.1098/rsta.2003.1240
https://doi.org/10.1098/rsta.2003.1240
https://doi.org/10.1029/2009GC002788
https://doi.org/10.2475/ajs.301.2.112
https://doi.org/10.1130/B35594.1
https://doi.org/10.1130/B35594.1
http://refhub.elsevier.com/S0921-8181(21)00237-X/rf0290
http://refhub.elsevier.com/S0921-8181(21)00237-X/rf0290
http://refhub.elsevier.com/S0921-8181(21)00237-X/rf0290
http://refhub.elsevier.com/S0921-8181(21)00237-X/rf0295
http://refhub.elsevier.com/S0921-8181(21)00237-X/rf0295
http://refhub.elsevier.com/S0921-8181(21)00237-X/rf0295
http://refhub.elsevier.com/S0921-8181(21)00237-X/rf0300
http://refhub.elsevier.com/S0921-8181(21)00237-X/rf0300
http://refhub.elsevier.com/S0921-8181(21)00237-X/rf0300
https://doi.org/10.1016/j.epsl.2011.04.021
https://doi.org/10.1016/j.epsl.2011.04.021
https://doi.org/10.1002/2015PA002853
https://doi.org/10.1002/2015PA002853
https://doi.org/10.1029/1999PA900040
https://doi.org/10.1029/1999PA900040
http://refhub.elsevier.com/S0921-8181(21)00237-X/rf0325
http://refhub.elsevier.com/S0921-8181(21)00237-X/rf0325
http://refhub.elsevier.com/S0921-8181(21)00237-X/rf0325
http://refhub.elsevier.com/S0921-8181(21)00237-X/rf0330
http://refhub.elsevier.com/S0921-8181(21)00237-X/rf0330
http://refhub.elsevier.com/S0921-8181(21)00237-X/rf0330
http://refhub.elsevier.com/S0921-8181(21)00237-X/rf0340
http://refhub.elsevier.com/S0921-8181(21)00237-X/rf0340
http://refhub.elsevier.com/S0921-8181(21)00237-X/rf0340
https://doi.org/10.1016/j.cretres.2012.03.019
https://doi.org/10.1016/j.cretres.2012.03.019
http://refhub.elsevier.com/S0921-8181(21)00237-X/rf0350
http://refhub.elsevier.com/S0921-8181(21)00237-X/rf0350


Global and Planetary Change 207 (2021) 103652

12

APTICORE. Palaeoceanography 25. https://doi.org/10.1029/2009PA001769. 
PA2203.  

Malinverno, A., Hildebrandt, J., Tominaga, M., Channell, J.E.T., 2012. M-sequence 
geomagnetic polarity time scale (MHTC12) that steadies global spreading rates and 
incorporates astrochronology constraints. J. Geophys. Res. 117, B06104 https://doi. 
org/10.1029/2012JB009260. 

Martín-Chivelet, J., Berasategui, X., Rosales, I., Vilas, L., Vera, J.A., Caus, E., Gráfe, K.U., 
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