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Abstract Super greenhouse temperatures at the onset of the Cenomanian�Turonian oceanic anoxic
event (OAE 2) have been widely linked with large igneous province (LIP) volcanic activity. However, the
extent to which volcanism in�uenced subsequent climate changes throughout OAE 2, such as global cooling
during the Plenus Cold Event (PCE) early in the OAE, and the subsequent return to very warm
conditions through the second part of the crisis remain less clear. Here, new osmium�isotope (187Os/188Os)
data are presented from the northeastern margin of the proto�North Atlantic Ocean (ODP Leg 174AX
Bass River, NJ, USA). The results are consistent with previously published OAE 2 records and are similarly
interpreted as documenting LIP activity while further demonstrating the ability to use osmium�isotope
stratigraphy as a global chemostratigraphic marker in open�ocean records. Correlations of 187Os/188Os and
sea�surface temperature trends at Bass River and other sites show that the earliest PCE cooling coincided
with intense volcanism, but that LIP activity began to decline during or soon after the cold pulse. These
temporal relationships support previous hypotheses that the PCE was regionally diachronous and likely
caused by enhanced carbon sequestration via organic�matter burial and silicate weathering, rather than a
period of volcanic quiescence, while the persistently warm conditions later in OAE 2 were linked to reduced
silicate weathering rather than sustained volcanism. These �ndings highlight the complex interactions
between LIP emplacement and climate responses during OAE 2, reemphasizing the need for similar
correlations between volcanism and paleotemperature proxy data for other major events in Earth's history.

1. Introduction
The mid�Cretaceous Cenomanian�Turonian oceanic anoxic event (OAE 2: ~94 Ma) represented one of the
most severe environmental perturbations of the Mesozoic Era and was characterized by the development
of oxygen�depleted water columns throughout much of the global ocean (see review by Jenkyns, 2010).
The widespread anoxic/euxinic conditions greatly promoted the burial of organic matter in sea�oor sedi-
ments, resulting in the depletion of isotopically light carbon (12C) in seawater. This phenomenon is
expressed in sedimentary records of the Cenomanian�Turonian boundary (CTB) by a globally documented
positive carbon�isotope excursion (CIE) of up to 7� (Vienna Peedee belemnite) in carbonate material and
both bulk and compound�speci�c organic matter, which is currently used to de�ne the base of the OAE 2
stratigraphic level (e.g., Arthur et al., 1988; Jarvis et al., 2011; Owens et al., 2018; Tsikos et al., 2004;
van Bentum et al., 2012). Several CTB archives further illustrate this enhanced drawdown of biotic carbon
through the preservation of meter�thick, millimeter�laminated, organic�rich shales that record the positive
CIE and mark the OAE 2 level lithologically (e.g., Arthur & Premoli�Silva, 1982; Dickson et al., 2017;
Jarvis et al., 2011; Schlanger & Jenkyns, 1976; Tsikos et al., 2004). In addition to widespread anoxia/euxinia,
the OAE was marked by numerous other environmental perturbations. Most notably, a sea�surface tempera-
ture (SST) rise during OAE 2 has been documented from records in both hemispheres and spanning multiple
ocean basins, likely occurring as an abrupt warming around the onset of the OAE following an increase in
atmospheric pCO2 (e.g., Barclay et al., 2010; Forster et al., 2007; Robinson et al., 2019; Sinninghe Damsté
et al., 2010; Voigt et al., 2006). These warm conditions and high pCO2 levels were largely sustained
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throughout the remainder of OAE 2 and into the earliest Turonian times that followed (Forster et al., 2007;
Jarvis et al., 2011; O'Brien et al., 2017; Robinson et al., 2019; van Helmond et al., 2014, 2015), apart from a
transient spell of climate cooling during the early part of the OAE, called the Plenus Cold Event (PCE).

The PCE is named for the belemnite species Praeactinocamax plenus, which was one of many boreal fauna
that spread southward into Europe, the Western Interior Seaway, and northern parts of the Tethys and
proto�North Atlantic oceans at that time (e.g., Gale & Christensen, 1996; Jefferies, 1962, 1963; Kuhnt
et al., 1986; van Helmond et al., 2016). A shift to colder climates is also evidenced by SST drops that have
been documented in several stratigraphic archives of OAE 2 and is generally considered to re�ect a tempor-
ary reduction in atmospheric pCO2 levels during the PCE (e.g., Barclay et al., 2010; Forster et al., 2007; Jarvis
et al., 2011; Paul et al., 1999; Sinninghe Damsté et al., 2010; van Helmond et al., 2014, 2015). However, the
exact timing of the cooling has been proposed as being diachronous across individual geographic regions as a
result of local processes and/or ocean�circulation patterns (O'Connor et al., 2020). The shift to cold condi-
tions apparently stimulated localized water�column reoxygenation (Clarkson et al., 2018; Friedrich
et al., 2006; Jenkyns et al., 2017; Leckie et al., 1998; van Bentum et al., 2009), leading to a reduction in
organic�matter burial, at least in some settings. This decrease in organic�carbon burial during the PCE is
clearly shown at several sites by a reduction in organic�carbon content and/or a decline in � 13C values back
toward pre�OAE 2 ratios in strata broadly correlative with evidence for the climate cooling (e.g., Eastbourne,
Anglo�Paris Basin, UK, and Pont d'Issole, Vocontian Basin, SE France; Jarvis et al., 2011; O'Connor
et al., 2020; see also overview by Tsikos et al., 2004).

This study evaluates the possible links between global temperature changes during OAE 2 and the emplace-
ment of one or more large igneous provinces (LIPs) during the latest Cenomanian. Representing the forma-
tion of millions of cubic kilometers of magmatic material (chie�y tholeiitic basalts) into/onto the Earth's
crust within a geologically short space of time (Bryan & Ferrari, 2013; Kerr, 2014), LIPs have been linked
to several Phanerozoic environmental crises/extinction events (see reviews by Bond & Wignall, 2014;
Courtillot & Renne, 2003). Radioisotopic dating of basalts from the Caribbean�Colombian Plateau and
High Arctic LIP suggests that at least some of the volcanic activity on those provinces was broadly coeval
with the Cenomanian�Turonian transition (e.g., Kingsbury et al., 2018; Snow et al., 2005; Tegner et al., 2011),
with eruptions possibly also occurring on the Greater Ontong�Java Plateau and Madagascan Province
around that time (Kuroda et al., 2007; Neal et al., 1997; Storey et al., 1995). However, the relative inaccessi-
bility of preserved material from those LIPs for precise dating means that the main evidence of LIP emplace-
ment immediately prior to and during OAE 2 comes from a range of geochemical proxies of volcanism that
show excursions in uppermost Cenomanian strata (e.g., Holmden et al., 2016; Jones & Jenkyns, 2001;
Kuroda et al., 2007; Scaife et al., 2017; Snow et al., 2005; Sweere et al., 2018). In recent years, sedimentary
records of seawater osmium (Os) isotope compositions (speci�cally 187Os/188Os) have been increasingly uti-
lized as the most reliable of these geochemical markers for Cenomanian�Turonian records (Du Vivier
et al., 2014; Du Vivier, Selby, et al., 2015; Jones et al., 2020; Schröder�Adams et al., 2019; Sullivan et al., 2020;
Turgeon & Creaser, 2008).

1.1. Os Isotopes as a Marker of LIP Emplacement Prior to and During OAE 2

Past seawater Os�isotope compositions (187Os/188Os(i)) are calculated from the modern�day 187Os/188Os ratio
measured in a sedimentary rock by accounting for the amount of postdepositional decay of rhenium (speci-
�cally 187Re) to 187Os, assuming that the age of the sample is known and that the sedimentary system
remained closed with respect to the two elements throughout its burial history (Cohen et al., 1999).
Primitive Os derived from the mantle or meteorite material has 187Os/188Os ~ 0.13 (Allègre et al., 1999;
Meisel et al., 2001), whereas riverine Os sourced from weathering of the continental crust is typically much
more radiogenic (modern�day average riverine 187Os/188Os ~ 1.4; Peucker�Ehrenbrink & Jahn, 2001). For all
studied stratigraphic archives of OAE 2, spanning multiple ocean basins around the world, there is a clear
shift in recorded 187Os/188Os(i) values from approximately 0.6�1 down to ~0.2 just below the base of the
OAE level sensu stricto as de�ned by the positive CIE, indicating an increased �ux of mantle�derived
Os from LIP activity to the global ocean relative to riverine runoff of the element from weathering
of the continental crust and the comparatively consistent mid�ocean ridge and cosmogenic inputs
(Du Vivier et al., 2014; Du Vivier, Selby, et al., 2015; Jones et al., 2020; Schröder�Adams et al., 2019;
Sullivan et al., 2020; Turgeon & Creaser, 2008). A global�scale documentation of this shift is consistent
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with the seawater�residence time of Os (on the order of tens of kiloyears; Peucker�Ehrenbrink &
Ravizza, 2000; Rooney et al., 2016), longer than the mixing time of the ocean (~1 kyr today). Thus, the
187Os/188Os seawater composition is generally homogenous throughout the global ocean while still respond-
ing to geologically rapid changes in the sources to that inventory, except in hydrographically restricted
basins with a very low basin�ocean water�mass exchange, where the Os�isotope composition might be domi-
nated by local inputs (e.g., Dickson et al., 2015; Du Vivier et al., 2014; Paquay & Ravizza, 2012; Rooney
et al., 2016).

Strata recording an unradiogenic seawater Os�isotope composition persist throughout the lower part of the
OAE 2 level and typically also feature a relatively high concentration of �common� 192Os (the best represen-
tation of the sedimentary Os content at the time of deposition). The elevated 192Os contents are typically
manifested as distinct peaks, which have been interpreted as re�ecting multiple pulses in LIP volcanism
(see Jones et al., 2020; Sullivan et al., 2020; Turgeon & Creaser, 2008). Os released from nonvolcanic
basalt�seawater interactions might have acted as an additional source of the element to the ocean and con-
tributed toward the documented peaks in sedimentary 192Os content, but the relatively low Os concentration
of basaltic rocks compared to submarine volcanic emissions suggests that such interactions were unlikely to
have been the sole cause of the 192Os spikes or shift to unradiogenic isotopic compositions (see Du Vivier
et al., 2014). Recently, the PCE was proposed as having occurred during a spell of volcanic quiescence
between two pulses of LIP volcanism evidenced from stratigraphic 192Os peaks recorded in the Iona #1 core
(Maverick Basin, TX, USA), with the resultant decrease in CO2 emissions causing the climate cooling
(Sullivan et al., 2020). However, an alternative model stipulates that there was a pulse (or at least a continua-
tion) of intense volcanic activity throughout the time of the PCE (see Jenkyns et al., 2017; Zheng et al., 2013),
in which case the climate cooling is more likely to have resulted from increased carbon sequestration via
enhanced organic�matter burial and silicate weathering during the earliest part of the OAE, which offset
the volcanic CO2 emissions. Carbon� and lithium�isotope excursions in basal OAE 2 strata support an inten-
si�cation in both of these potential carbon sinks, consistent with this second model (Blättler et al., 2011;
Kuypers et al., 1999; Owens et al., 2018; Pogge von Strandmann et al., 2013).

The shift toward unradiogenic 187Os/188Os(i) values just below the base of the OAE 2 level has been widely
used to infer that intense LIP volcanism was the cause of the climate warming immediately prior to OAE 2
via volcanic CO2 emissions, thereby acting as the ultimate trigger of the OAE itself through both the warm-
ing and a large�scale release of trace�metal nutrients to the global ocean that stimulated enhanced primary
productivity and consequently widespread marine anoxia/euxinia (see Jenkyns, 2010; Robinson et al., 2017;
Snow et al., 2005). The OAE sensu stricto is estimated as commencing ~60 kyr after the initiation of intense
LIP activity (Du Vivier et al., 2014; Jones et al., 2020), although some other environmental perturbations
(such as localized marine redox changes) appear to have begun more rapidly (Jenkyns et al., 2017;
Ostrander et al., 2017). Intriguingly however, while 187Os/188Os(i) values remain low throughout the PCE
strata, they start to become more radiogenic again (from ~0.2 to typically ~0.6) in sediments stratigraphically
below the top of the OAE 2 level (e.g., Du Vivier et al., 2014; Du Vivier, Selby, et al., 2015). Such trends sug-
gest that LIP emplacement (and the associated �ux of mantle Os to the global ocean) was already declining
prior to the end of the environmental crisis, even though a very warm climate was maintained (Robinson
et al., 2019). Thus, the extent to which LIP activity played a role in PCE climate cooling via reduced volcanic
intensity and the length of time for which the emplacement continued into the later stages of OAE 2 and was
able to sustain the persistently warm climate that characterized the second half of the crisis remains less
resolved. Crucially, the Os�isotope records of the latest Cenomanian LIP emplacement/activity have not
been robustly correlated to paleotemperature trends that document the OAE 2�associated climate changes
from the same sites, greatly limiting conjecture regarding causal links between those phenomena, especially
for the PCE and later part of OAE 2.

1.2. Study Area and Aims

Here, a new record of seawater Os�isotope changes is presented from a stratigraphic archive of OAE 2 for
which paleotemperature data already exist: the bottommost part of the ODP Leg 174AX Bass River core
(New Jersey Shelf, NJ, USA; Figure 1). The sedimentary lithology is relatively homogeneous and consists
chie�y of very �ne�grained (silt�clay) siliciclastics deposited in an inner neritic setting on the northeastern-
most continental�shelf margin of the proto�North Atlantic Ocean (Miller et al., 1998). Consequently,
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anoxic�euxinic conditions did not develop at this location; no lithological change to organic�rich shales
or geochemical evidence of severe water�column oxygen depletion is observed (Miller et al., 1998;
van Helmond et al., 2014). Nonetheless, the OAE 2 strata are marked by a clear positive CIE of up to 3�
that spans uppermost Cenomanian�lowermost Turonian sediments 593�580.5 m below the surface (mbs),
which is recorded in both bulk organic material (� 13Corg) and foraminiferal carbonate (� 13Ccarb

Epistomina and � 13Ccarb Gavelinella). The base of this CIE is stratigraphically just below the last
appearance of planktonic foraminferal Rotalipora greenhornensis (R. greenhornensis) fossils, broadly
consistent with other sites (Bowman & Bralower, 2005; Sugarman et al., 1999; van Helmond et al., 2014;
see also Figures 2, 3, and S1 in the supporting information). The precise position of the CTB level itself is
less clearly de�ned due to the relatively poor preservation of ammonites and calcareous microfossils in
the siliciclastic sedimentary rocks, including the major marker taxa. A lower limit of 590.6 mbs has been
suggested for the boundary based on the limited biostratigraphy (Sugarman et al., 1999). However, a
stratigraphically higher placement of this horizon at 581.5 mbs has also been proposed, following
correlation of the positive CIE in the Bass River core with other archives of the CTB interval
(van Helmond et al., 2014).

SST trends in the paleoenvironment recorded by the Bass River core have been reconstructed using the
biomarker�based TEX86 paleothermometer and indicate very warm conditions (~37°C) throughout much

Figure 1. Paleogeographic map of the Cenomanian�Turonian world, indicating the large igneous provinces that have been suggested as having been active during
those times, adapted from Percival et al. (2018). The locations of stratigraphic archives of OAE 2 that feature both established Os�isotope trends and
paleotemperature data sets, or at least a de�nition of the PCE level based on carbon�isotope correlations, are as follows: A = ODP Leg 174AX at Bass River (New
Jersey Shelf, NJ, USA; van Helmond et al., 2014; this study); B = ODP Site 1260 (Demerara Rise, Atlantic Ocean; Du Vivier et al., 2014; Forster et al., 2007;
Turgeon & Creaser, 2008); C = Wunstorf core (Lower Saxony Basin, NW Germany; Du Vivier et al., 2014; van Helmond et al., 2015); D = Pueblo section and
Portland #1 core (Western Interior Basin; CO, USA; Desmares et al., 2016; Du Vivier et al., 2014); E = Pont d'Issole and Vergons composite record (Vocontian
Basin, SE France; Du Vivier et al., 2014; Jarvis et al., 2011); F = Iona #1 core (Maverick Basin, TX, USA; Sullivan et al., 2020). Note that the Pueblo section and
Portland #1 core are distinct records but counted as one stratigraphic archive since they are proximal enough to be directly correlated on a
bed�to�bed level. LIPs proposed to have potentially been active during Cenomanian�Turonian times are indicated as follows: C�C = Caribbean�Colombian Plateau;
HA = High Arctic LIP; O�J = Greater Ontong�Java Plateau; M = Madagascan Province. See Figure S1 for the paleogeographic positions of other sites
referred to in this study but not illustrated on this �gure.
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of OAE 2 and subsequent early�Turonian times (van Helmond et al., 2014). A cooling pulse from 37°C to
33°C during the early part of the event is documented between 592 and 590 mbs by the TEX86 data and is
supported by a spike in boreal�fossil abundance between 591 and 590 mbs, largely consistent with other
studies (i.e., Forster et al., 2007; Sinninghe Damsté et al., 2010) and interpreted by van Helmond
et al. (2014) as marking the stratigraphic level of the PCE. In this context, a 2� negative � 13C excursion
within the overarching positive CIE (between 589.5 and 586 mbs; see Figure 2 and van Helmond
et al., 2014), stratigraphically just above the evidence for SST cooling, might be equivalent to the negative
CIE broadly correlative with the PCE in several other OAE 2 records.

Thus, establishing a record of seawater Os�isotope changes in the Bass River core and directly correlating it
with the previously published evidence for SST changes from that site gives new insights into the temporal
and causal relationships between the global climate changes during OAE 2 and the beginning and end of the
latest Cenomanian LIP emplacement and volcanism. Because trends in seawater 187Os/188Os(i) values for the
CTB interval have been robustly correlated stratigraphically across several ocean basins (see Du Vivier
et al., 2014; Du Vivier, Selby, et al., 2015), the recorded 187Os/188Os(i) trends from the Bass River core also
tighten stratigraphic constraints for that site, such as the position of the CTB horizon and whether the nega-
tive CIE between 589.5 and 586 mbs is truly equivalent to the excursion associated with the PCE level in
other records. Additionally, similar correlations between Os�isotope and paleotemperature data are per-
formed for three records where both data sets exist but have not been previously compared (Figure 1):
ODP Site 1260 (Demerara Rise, Atlantic Ocean), the Wunstorf core (Lower Saxony Basin, NW Germany),
and the Portland #1 core and nearby Pueblo section (Western Interior Basin, CO, USA). The two Western
Interior Basin sites are suf�ciently proximal to each other to permit bed�to�bed correlation (see Sageman
et al., 2006); thus, they can be treated as a single record when stratigraphically comparing the Os�isotope
and paleotemperature trends of the two archives. These comparisons allow any differences in the timing

Figure 2. Geochemical data plots for � 13Ccarb, � 13Corg, 187Os/188Os(i), [192Os] concentrations, and sea�surface temperatures reconstructed using the
biomarker�based TEX86 paleothermometer for the ODP Leg 174AX Bass River core. The stratigraphic depth is in meters; stage refers to the stage in geological
time. The thick, gray dashed line marks the CTB horizon; the dark gray area indicates the stratigraphic extent of the OAE 2 level; the pale blue area shows
the strata that record cooling interpreted as the PCE. The lowest natural terrestrial value of 187Os/188Os (0.13; Allègre et al., 1999) is indicated. � 13Ccarb data are
from Sugarman et al. (1999); � 13Corg data are from van Helmond et al. (2014) and this study; all osmium data are from this study; sea�surface temperature
data are from van Helmond et al. (2014). Biostratigraphic information is from Sugarman et al. (1999).
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of the PCE cooling or return to warm conditions across locations spanning the northern and equatorial
proto�North Atlantic, the central Western Interior Seaway, and northern European area to be established.
Con�rming whether there was a geographical pattern in the postulated diachroneity of cooling during the
PCE, how those differences were related to the latest Cenomanian LIP formation, and determining for
how long LIP volcanism continued into OAE 2 and was able to sustain the documented warm
temperatures advances our understanding of the climate changes and associated environmental
perturbations during one of the most severe global crises of the Mesozoic Era.

2. Methods
Concentrations and isotopic compositions of Re and Os were determined by combining isotope dilution
with negative thermal ionization techniques using a ThermoScienti�c Triton at the University of
Durham (UK). Sample preparation was carried out using Carius�tube digestion with CrVIO3�H2SO4, with

Figure 3. Correlation of the ODP Leg 174AX Bass River stratigraphic archive of OAE 2 with those from northern Europe, the Western Interior Seaway, and the
Vocontian Basin, based on carbon�isotope trends and ammonite and microfossil biostratigraphy. The geographic locations of the SH #1 core are
approximately the same as that of Pueblo/Portland #1 core in Figure 1. Stage refers to the stage in geological time. Cg, Mg, Nj, Wd, Mm, Sg, Pf, and Vb refer to the
C. guerangeri, M. geslinianum, N. juddii, W. devonense, M. mosbyense, S. gracile, P. � exuosum, and V. birchbyi ammonite zones, respectively. The thick, gray
dashed line marks the CTB horizon; the thin, black dashed line (X) marks a postulated correlation between negative CIEs in the N. juddii ammonite zone just
below the CTB; the dark gray area indicates the stratigraphic extent of the OAE 2 level. The lowest natural terrestrial value of 187Os/188Os (0.13; Allègre
et al., 1999) is indicated. Pueblo and the Portland #1 core are directly correlated with each other by bed number. Carbon�isotope and biostratigraphic data are
sourced as follows: ODP Leg 174AX Bass River from Sugarman et al. (1999); van Helmond et al. (2014) and this study; Wunstorf from Voigt et al. (2008);
SH #1 from Jones et al. (2019); Pont d'Issole from Jarvis et al. (2011). Osmium�isotope data are sourced as follows: ODP Leg 174AX Bass River from this study;
Wunstorf, and Pont d'Issole from Du Vivier et al. (2014); SH #1 from Jones et al. (2020).
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Os puri�cation achieved following established solvent extraction (by CHCl3) and microdistillation methods
(Selby & Creaser, 2003). Rhenium puri�cation utilized single�bead anion chromatography, following treat-
ment with NaOH and acetone (Cumming et al., 2013; Selby & Creaser, 2003). Procedural blanks were
19.4 ± 2.0 pg for Re and 0.07 ± 0.01 pg for Os, with a 187Os/188Os ratio of 0.16 ± 0.05 (1� ; n = 4). In�house
standards were used to monitor analytical reproducibility (see Nowell et al., 2008, and supplementary
information in Du Vivier et al., 2014). Mean standard 187Os/188Os (50 pg DROsS) and 187Re/185Re
(125 pg ReSTD) values generated during the sample analyses were 0.16075 ± 0.00016 (1� ; n = 23) and
0.59820 ± 0.00082 (1� ; n = 19), respectively, consistent with running averages for the lab. Full details of
measurements for all samples, in�house standards, and blanks are reported in the supplementary data
tables published in PANGAEA (see Data Availability Statement below).

Ten additional Bass River sedimentary rock samples between 580 and 592 mbs were analyzed for � 13Corg on
a Thermo Delta�V coupled to an EA Isolink CN mass spectrometer at Utrecht University (Netherlands), fol-
lowing decarbonation via the method outlined in van Helmond et al. (2014). A graphite�quartz mixture cali-
brated against several international reference materials (USGS�24, NBS�22, IAEA�CH�3, and IAEA�CH�7)
was used as an in�house standard, with a nicotinamide sample measured as a further control. The average
value determined for the in�house standard measurements was � 26.77 ± 0.20� (1� ; n = 6), consistent with
expected values for the lab (� 26.68�). The new data are combined with the previous 42�sample data set of
van Helmond et al. (2014) and reported as per mil (�) relative to the Vienna Peedee belemnite standard
(see data tables published in PANGAEA).

3. Results
The base of the studied interval (below 591 mbs) features concentrations between 79 and 314 ppt of
�common� 192Os, which are markedly higher than those for the remainder of the investigated strata
(10�45 ppt 192Os; Figure 2). The Os�enriched samples below 591 mbs also feature a very unradiogenic initial
isotopic composition (187Os/188Os(i) = 0.16�0.26) following age correction to 94 Ma (Figure 2). From 591 mbs
upward, the recorded 187Os/188Os(i) values rise toward levels indicative of an increasingly radiogenic sea-
water composition, reaching ~0.5 just above 590 mbs, ~0.6 by 585 mbs, and 0.8 by 580 mbs (equivalent to
the top of the OAE 2 strata as de�ned by the positive CIE excursion). Above the OAE 2 level, this rise in
the recorded 187Os/188Os(i) values continues, albeit more gradually, eventually exceeding 0.9 in the topmost
studied samples (Figure 2). As with most other OAE 2 records, rhenium contents show a lower degree of
variability than do Os concentrations (0.88�4.48 ppb), although there is a trend toward lower Re abundances
higher in the studied stratigraphic interval.

The new � 13Corg data determined from Bass River samples for this study are used to increase the resolution
of the 2014 carbon�isotope curve from that site (van Helmond et al., 2014), as well as to con�rm and extend
previously observed trends. The stratigraphic extent of the positive CIE (and consequently the OAE 2 level)
is unchanged based on the new data. However, a negative CIE from � 22.5� to � 24.5� within the overarch-
ing positive (between 589.5 and 586 mbs) that was previously indicated by only a single data point is now
much more clearly de�ned by nine samples (Figure 2). This excursion in � 13Corg might also be matched
by a shift � 13Ccarb ratios of Epistomina fossils between 590.5 and 586.3 mbs, although the much lower mag-
nitude of the � 13Ccarb shift means that the conclusion of a common cause for the two CIEs can only be made
tentatively.

4. Discussion
4.1. OAE 2 Os�Isotope Stratigraphy of the Bass River Core

The presence of 192Os�enriched samples that record unradiogenic 187Os/188Os(i) values in the lowest
OAE 2 and pre�OAE strata (below 591 mbs) of the Bass River core is consistent with previous
Cenomanian�Turonian Os data sets and is likewise interpreted as indicating a major �ux of
mantle�derived Os to the global ocean during LIP emplacement prior to and during the early part of OAE
2. However, the base of the Os enrichment and shift to unradiogenic 187Os/188Os(i) compositions (reported
just below the OAE level in previous studies; e.g., Du Vivier et al., 2014; Jones et al., 2020; Sullivan et al., 2020;
Turgeon & Creaser, 2008) is not documented from the stratigraphic interval of the Bass River core studied
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here. Therefore, based on the global 187Os/188Os(i) pro�le for just prior to OAE 2, the stratigraphically low-
ermost samples investigated in this study must have been deposited after the onset of intense
latest�Cenomanian LIP emplacement, with sediments recording that time interval potentially preserved
below the bottom of the drilled Bass River core (base 596.3 mbs).

The return toward a pre�event Os�isotope seawater composition during the later stages of the OAE is clearly
documented in the Bass River core, with recorded 187Os/188Os(i) trends that are highly comparable to those
of previously studied sites, particularly Wunstorf and the Western Interior Seaway archives (e.g., Du Vivier
et al., 2014; Jones et al., 2020; Sullivan et al., 2020; see also Figures 3 and 4). The similarity in recorded
187Os/188Os(i) trends from this study to previously published data sets from sites spanning other marine
basins, combined with the open�marine setting of the New Jersey Shelf facing the proto�North Atlantic
Ocean, strongly suggests that the Bass River core does not record a hydrographically restricted paleoenvir-
onment. Thus, this archive should reliably document the changes in global�ocean seawater Os�isotope com-
position that took place during OAE 2. In this case, the Bass River Os�isotope stratigraphy can both be
utilized as a robust chemostratigraphic tool to correlate the New Jersey Shelf strata with other OAE 2 records
and illustrate the temporal relationship between latest� Cenomanian LIP emplacement and climate changes
on the New Jersey Shelf during that time interval. Thus, the turning point in 187Os/188Os(i) values within the
OAE 2 level, where they begin to return toward pre�OAE Os�isotope ratios, can be used as a stratigraphic
anchor point in Cenomanian�Turonian stratigraphic archives (see Os�isotope chronology of Du Vivier,
Selby, et al., 2015), together with both the CTB level and globally recorded features of the positive CIE.

Based on a whole OAE 2 CIE duration of 430�450 kyr (derived from the Wunstorf core; Voigt et al., 2008),
van Helmond et al. (2014) calculated a deposition rate of ~3 cm/kyr for the lowest part of the Bass River core.
Sedimentation on the New Jersey Shelf was likely broadly constant during OAE 2, based on both the rela-
tively homogenous lithology and the assumed control on sediment deposition by basin subsidence (which
would be expected to have changed little over the timescales of OAE 2). Thus, for a ~220 kyr time interval
recorded by sediments deposited between the CTB and the turning point in 187Os/188Os(i) (also derived from
the Wunstorf core; Voigt et al., 2008), a ~3 cm/kyr sedimentation rate would place the CTB level in the Bass
River core at 584.5 mbs. Alternatively, an 800�1,000 kyr duration for the whole of the OAE 2 CIE (as deter-
mined for most Western Interior Seaway records; e.g., Eldrett et al., 2015; Jones et al., 2020; Meyers
et al., 2012; Sageman et al., 2006; Sullivan et al., 2020) yields a deposition rate of 1.25�1.56 cm/kyr for the
Bass River core OAE 2 strata. In this case, utilizing a time interval of ~350�400 kyr for the sediments between
the CTB and turning point in 187Os/188Os(i) values of those Western Interior Seaway sites (Du Vivier
et al., 2014; Du Vivier, Selby, et al., 2015; Jones et al., 2020; Sullivan et al., 2020) places the CTB level between
586.7 and 584.8 mbs in the Bass River core. Consequently, combining global Os�isotope stratigraphy with
cyclostratigraphic age models of OAE 2 records around the world allows the CTB level to be constrained
between 586.7 and 584.5 mbs in the Bass River core and probably toward the upper end of that range based
on similar site�to�site carbon�isotope correlations (Figures 2 and 3). Recorded 187Os/188Os(i) values of ~0.6 for
samples between 586 and 583 mbs in the Bass River core are comparable to seawater Os�isotope ratios
recorded at the CTB horizon at other sites and may further support this placement. This slightly revised posi-
tion of the CTB level in the Bass River core is broadly consistent with, but slightly lower than, the estimate of
van Helmond et al. (2014) but is signi�cantly higher than the lower limit postulated by Sugarman et al. (1999)
based on (admittedly limited) planktonic foraminiferal and calcareous nannofossil biostratigraphic
information.

Furthermore, the negative � 13Corg excursion between 589.5 and 586 mbs, which looks super�cially similar to
the negative CIE associated with the PCE level at many other sites globally, is stratigraphically too high with
respect to the 187Os/188Os(i) turning point to actually be equivalent to that excursion (Figure 3). The CIE
associated with the PCE (correlative with the highest appearance of R. cushmani fossils) is clearly correlative
with very unradiogenic 187Os/188Os(i) ratios at all of Wunstorf, Pont d'Issole, and the SH #1, Iona, and
Portland cores. By contrast, the pronounced negative CIE within the overarching positive shift in the Bass
River core occurs in strata that record the rise in 187Os/188Os(i) back toward radiogenic values.
Consequently, the negative � 13Corg excursion in the Bass River core is more likely equivalent to a subsidiary
negative CIE documented just below the CTB in some, though not all, records of OAE 2 (e.g., Pont d'Issole
and Clot Chevalier, SE France; Wunstorf core, Germany; SH #1 core, CO, USA; and Oued Mellegue, Tunisia;
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Figure 4. Correlation of osmium�isotope and paleotemperature trends from stratigraphic archives of OAE 2. Pueblo and the Portland #1 core are directly
correlated with each other by bed number. For the Bass River core, ODP Site 1260, and Wunstorf, paleotemperature trends are directly reconstructed from
TEX86 proxy data; at Pueblo, evidence for cooling is from combined oxygen�isotope data and foraminiferal morphology changes, which when taken together are
assumed to re�ect relative changes in temperature, rather than salinity variations or diagenetic processes (Desmares et al., 2016). The thin black line Y marks the
turning point in recorded trends of 187Os/188Os(i) values, assumed to be time equivalent for all Cenomanian�Turonian records of open�marine environments.
The thick, gray dashed line marks the CTB horizon; the dark gray area indicates the stratigraphic extent of the OAE 2 level; the pale blue area shows the strata that
record cooling interpreted as the PCE. The lowest natural terrestrial value of 187Os/188Os (0.13; Allègre et al., 1999) is indicated. Stage refers to the stage in
geological time. Osmium�isotope data are sourced as follows: ODP Leg 174AX Bass River from this study; ODP Site 1260 from Turgeon and Creaser (2008) and Du
Vivier et al. (2014); Wunstorf and Portland #1 core from Du Vivier et al. (2014). Sea�surface temperature data are sourced as follows: ODP Leg 174AX Bass River
from van Helmond et al. (2014); ODP Site 1260 from Forster et al. (2007); and Wunstorf from van Helmond et al. (2015). Pueblo oxygen�isotope data are from
Desmares et al. (2016).
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Caron et al., 2006; Falzoni et al., 2016; Gale et al., 2018; Jarvis et al., 2011; Jones et al., 2019; Nederbragt &
Fiorentino, 1999; Voigt et al., 2008; see also Figures 3 and S1), and which also correlates with trends of
increasing 187Os/188Os(i) values in all of the Wunstorf, Pont d'Issole, and SH #1 records (Figure 3).
However, if the negative � 13Corg excursion in the Bass River core is indeed equivalent to such a subsidiary
CIE, it is not clear why no stratigraphically lower negative excursion in � 13Corg is preserved between 592
and 590 mbs, correlative with the evidence for SST cooling. The presence of a stratigraphic hiatus at that
level cannot be excluded, but there is no clear evidence for such a break in sediment deposition.
Interestingly, negative CIEs in benthic foraminiferal calcite have been reported from between 592 and
590 mbs, although they likely result from diagenetic alteration, at least to some degree (Bowman &
Bralower, 2005; Sugarman et al., 1999).

4.2. Timing of OAE 2 Paleotemperature Changes Compared to 187Os/188Os(i) Fluctuations and
LIP Activity

As noted above, the 187Os/188Os(i) stratigraphic anchor points can also be utilized to assess the temporal rela-
tionships between recorded paleotemperature changes, carbon�cycle perturbations, and LIP emplacement
during OAE 2. Figure 4 compares the stratigraphic relationships between 187Os/188Os(i) and paleotempera-
ture trends of both the Bass River core and the previously published data sets from ODP Site 1260, the
Wunstorf core, and the Portland #1 core/Pueblo section. Only one of the four presented archives (ODP
Site 1260) features stratigraphically complete trends that record both the onset of climate warming asso-
ciated with OAE 2 and the initiation of LIP emplacement as recorded by the shift in 187Os/188Os(i) values
to ~0.2. While a correlation between the evidence of pre�OAE warming and the start of LIP activity at that
site supports the accepted causal link between the two phenomena, further Os�isotope and paleotempera-
ture studies from the basal OAE strata at other locations are needed to verify a global�scale synchronicity
between these phenomena.

However, assuming that the turning point in recorded 187Os/188Os(i) from lower OAE 2 strata is globally time
equivalent (see above), useful observations can still be made from these site�to�site comparisons regarding
how SSTs developed with respect to LIP activity (and the global�ocean Os�isotope composition) during the
PCE and later part of OAE 2. Most strikingly, the SST minima documented in sediments from the
Wunstorf core and Pueblo lie signi�cantly stratigraphically below the turning point in 187Os/188Os(i) back
toward radiogenic values, whereas the lowest temperatures reconstructed from the Bass River and ODP
Site 1260 records are documented at or even slightly above that level (Figure 4). Moreover, SSTs for
Wunstorf and Pueblo had returned to almost pre�PCE conditions by the time that seawater 187Os/188Os
ratios began to increase; whereas at Bass River and ODP Site 1260, the return to warmer conditions did
not begin until after the seawater 187Os/188Os composition had already become more radiogenic. Thus, both
the cooling to the coldest temperatures during the PCE and the return to warm conditions afterward appear
to have taken place noticeably later at the two Atlantic locations than in the central Western Interior Seaway
and northern Europe. This pattern supports the hypothesis of regional diachroneity in the PCE climate
change proposed by O'Connor et al. (2020), who also noted the apparent �earliness� of the cooling in parts
of Europe and the Western Interior Seaway.

Similar correlations can be attempted for Pont d'Issole (Vocontian Basin, SE France) and the Iona #1 core
(Maverick Basin, TX, USA), for which the turning points in 187Os/188Os(i) values are above the top of and
in the middle of the PCE level, respectively (see Figure S2). This observation might indicate that SST cooling
and/or water�column reoxygenation took place relatively early during OAE 2 in the Vocontian Basin, as for
nearby northern Europe. In contrast, the PCE apparently occurred later in the Maverick Basin at the south-
ern end of the Western Interior Seaway, more akin to the timing of cold conditions in the proto�North
Atlantic realm than to the central part of the Western Interior Seaway. However, such interpretations can
only be made tentatively for these two sites, as the stratigraphic placement of the PCE level in those records
is not based on direct evidence of cooling temperatures at those locations, but primarily via carbon�isotope
correlations with other OAE 2 archives such as Eastbourne (Anglo�Paris Basin, UK). While the geographical
proximity of the Ango�Paris and Vocontian basins and the recorded southward migration of cool�water
belemnites do support synchronous cooling across those two locations, there is no guarantee that cold con-
ditions developed at the same time in the Anglo�Paris and Maverick basins.
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If northern Europe and the central Western Interior Seaway were indeed among the earliest locations to
experience PCE cooling, then the temperature declines recorded at Wunstorf and Pueblo should have
occurred during or soon after the reduction in atmospheric pCO2 thought to have triggered the cold condi-
tions (Jarvis et al., 2011; Sinninghe Damsté et al., 2010). In this context, it is notable that the SST drops at
both Pueblo and Wunstorf are recorded in strata with an elevated 192Os concentration (Figure 4).
Assuming that peaks in 192Os do re�ect pulses in volcanic activity, as previously suggested (Jones et al., 2020;
Sullivan et al., 2020; Turgeon & Creaser, 2008), this correlation implies that intense volcanic activity was tak-
ing place at the time of the earliest known PCE cooling. Consequently, based on direct correlation of
Os�isotope and paleotemperature data, the model of PCE cooling caused by elevated carbon sequestration
appears to be more plausible than the alternative scenario whereby volcanic quiescence led to a reduction
in CO2 emissions. This conclusion is reinforced by the placement of the PCE level in the Iona #1 core strati-
graphically above the evidence for cooling at Pueblo and in the Wunstorf core (relative to the 187Os/188Os(i)

turning point), indicating that the PCE level postulated for the Iona #1 core likely does not record the time of
the earliest drop in temperatures across the globe (see above). As noted in section 1, rates of both organic�
carbon burial and silicate weathering (the most probable carbon sinks to have strongly in�uenced atmo-
spheric pCO2) likely increased signi�cantly during the earliest part of OAE 2 (Blättler et al., 2011;
Jenkyns, 2010; Owens et al., 2018; Pogge von Strandmann et al., 2013). Thus, both processes would have
been capable of acting as ef�cient sinks of CO2 from the ocean�atmosphere system, leading to the cooling
that characterized the PCE.

Continued LIP volcanism could have caused the return to a globally warm climate that marked the end of
the PCE, likely aided by a decrease in organic�carbon burial in locally reoxygenated marine environments
that acted to reduce CO2 drawdown. The coeval return of widespread marine anoxia/euxinia may have been
stimulated both by the warming and a proposed micronutrient perturbation that took place during the PCE
(Sweere et al., 2018). However, the observation that the turning point in 187Os/188Os(i) back toward higher
values is found within or just above the PCE level at all four of the correlated sites shown in Figure 4 indi-
cates that LIP emplacement (and, presumably, the associated volcanism) started to decline around the time
that the cooling pulse ended. Thus, while volcanic CO2 emissions may have helped stimulate the tempera-
ture rise at the end of the PCE, they were unlikely to have played much of a role in sustaining the persistently
warm conditions prevalent through the second half of OAE 2.

Maintaining a globally warm climate throughout the second part of OAE 2, even as CO2 emissions were fall-
ing, would have required the global carbon sinks to have also been muted during that time interval
(Robinson et al., 2019). Although there are several different age models for the duration of the OAE (e.g.,
Eldrett et al., 2015; Ma et al., 2014; Sageman et al., 2006; Voigt et al., 2008), all of them agree that the second
half of OAE 2 lasted for hundreds of kiloyears after the PCE. While carbon sequestration via organic�matter
burial might have been lower during the second half of the OAE than at its onset, organic�carbon deposition
must still have been relatively high (at least in some areas) to maintain relatively high sedimentary � 13C
values across strata recording hundreds of kiloyears of time (e.g., Arthur et al., 1988; Jarvis et al., 2011;
Tsikos et al., 2004). Consequently, the reduction in carbon sequestration during the second half of OAE 2
was more likely linked to a signi�cant fall in silicate weathering rates, as previously postulated (Robinson
et al., 2019). In this context, it is noteworthy that most studied archives feature signi�cantly lower sedimen-
tary 187Os/188Os(i) values in and above uppermost OAE 2 strata compared to sediments below the event
level. This pattern supports a less radiogenic oceanic Os�isotope composition post�OAE 2 than prior to it,
potentially resulting from a reduced runoff of continental material.

Intense silicate weathering during the earliest part of the OAE, which subsequently declined as the event
progressed, is further supported by lithium�isotope trends from Eastbourne (Pogge von Strandmann
et al., 2013; see also Figure 5). Shifts to isotopically lighter lithium� and calcium�isotope ratios at Raia de
Pedale (Italy) and South Ferriby (UK) both suggest a signi�cant pulse of weathering during the latest part
of the OAE as well (Blättler et al., 2011; Pogge von Strandmann et al., 2013), although positive excursions
in calcium isotopes have also been noted for some OAE 2 sites and linked to a change in oceanic carbonate
content caused by increasingly acidic marine conditions (Du Vivier, Jacobson, et al., 2015). However, basal
OAE 2 strata are missing from at least the South Ferriby site, and stratigraphically correlating Raia de Pedale
with other OAE 2 archives is nontrivial.
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Assuming that silicate weathering rates did indeed fall during the later stages of OAE 2 and that the
Eastbourne lithium�isotope trends are the most globally representative archive of those changes, an intri-
guing observation is that lithium�isotope values at Eastbourne return sharply toward pre�event compositions
in the lowermost part of the W. archaeocretacea foraminiferal zone, broadly correlative with the level of the
turning point in 187Os/188Os(i) values back toward radiogenic compositions at Wunstorf, Pont d'Issole, and
the SH #1, Iona, and Portland cores (see Figure 5). Thus, it appears that the intensity of silicate weathering
began to drop around the same time that LIP volcanism and the interaction of those newly erupted basalts
with the global ocean began to decline. A coeval onset in the waning of those two processes would support a
major contribution toward global silicate weathering during OAE 2 from the erosion of juvenile LIP basalts
(which are known to be highly weatherable; see Dessert et al., 2001), consistent with the original hypothesis
of Pogge von Strandmann et al. (2013). While a contribution from the erosion of continental material toward
silicate weathering during OAE 2 cannot be ruled out, continental weathering rates are highly dependent on
global temperatures (Kump et al., 2000). Consequently, the comparably warm conditions during the earliest
and later parts of OAE 2 are not consistent with a reduction in continental weathering as the OAE pro-
gressed. Indeed, it has been proposed that enhanced hydrological cycling and terrestrial runoff took place
on the New Jersey Shelf during the later stages of OAE 2 (van Helmond et al., 2014), although the increased
weathering in that area may have only been a local phenomenon.

Thus, the erosion of juvenile LIP basalts was probably the greater contributor toward silicate weathering
during OAE 2, either through the breakdown of exposed LIP rocks or submarine alteration of
oceanic�plateau basalts. At least some parts of the Caribbean�Colombian Plateau are known to have become
emergent above the sea surface (Buchs et al., 2018), and the rapid weathering of such rocks in the Central
Atlantic Magmatic Province has been proposed as a signi�cant CO2 sink during the Triassic�Jurassic transi-
tion (Schaller et al., 2012). Submarine�basalt alteration has also been advocated as a signi�cant sink within
the modern carbon cycle, although this remains debated (see Alt & Teagle, 1999; Berner, 2004). In either

Figure 5. Correlation of osmium� and lithium�isotope trends from the stratigraphic archives of OAE 2. The geographic location of Eastbourne is shown in
Figure S1. The thick, gray dashed line marks the CTB horizon; the thin, black line (Y) marks the turning point in recorded trends of 187Os/188Os(i) values; the
dark gray area indicates the stratigraphic extent of the OAE 2 level. Ammonite�zone abbreviations as for Figure 3; for microfossil zones, Wa and Hh indicate
W. archaeocretacea and H. helvetica, respectively. Stage refers to the stage in geological time. The lowest natural terrestrial value of 187Os/188Os (0.13; Allègre
et al., 1999) is indicated. Osmium�isotope data are sourced as follows: Wunstorf and Pont d'Issole from Du Vivier et al. (2014); Iona #1 core from Sullivan
et al. (2020). Eastbourne lithium�isotope data are from Pogge von Strandmann et al. (2013). Carbon�isotope and biostratigraphic information as for Figure 3,
except for Eastbourne (from Tsikos et al., 2004) and the Iona #1 core (from Eldrett et al., 2015).
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case, both processes would have been greatly enhanced while LIPs were volcanically active during their
emplacement and would have rapidly declined once LIP emplacement started to wane around the end of
the PCE. This decline would have weakened the in�uence of silicate weathering as a carbon sink and
aided the continuation of a very warm global climate throughout the second part of OAE 2 despite the
reduction in volcanic CO2 emissions and resumption of high rates of organic�matter burial (see Figure 6).
Clearly, the relationship between LIP formation and environmental perturbations during OAE 2 was
highly complex following the rise in global temperatures when the volcanism began, incorporating both
volcanic emissions of CO2 and sequestration of that greenhouse gas during silicate weathering of newly
erupted basalts.

5. Conclusions
This study has presented a new Os�isotope record of LIP emplacement from the OAE 2 archive of the ODP
Leg 174AX Bass River core and performed the �rst direct correlation of those trends with evidence for coeval
sea�surface temperature changes from the same site, including the cooling associated with the PCE and the
return to sustained warm conditions during the second half of the OAE. The changes in seawater Os�isotope
composition recorded from the Bass River core are consistent with those documented from other marine
basins around the world, aiding stratigraphic constraints on that record, and are likewise interpreted as hav-
ing been caused by a major �ux of mantle Os to the global ocean from one or more igneous provinces that
were emplaced during the latest Cenomanian. Comparing four OAE 2 archives (including the Bass River
core) featuring both Os�isotope records of LIP emplacement and paleotemperature data that can be directly
correlated and utilizing the globally documented trends in seawater Os�isotope compositions during OAE 2
allow the temporal and causal relationships between LIP activity and global climates during the OAE to be
evaluated. The comparisons highlight that the earliest cooling coincided with a pulse of LIP volcanism, sug-
gesting that the shift to colder climates was more likely to have been caused by increased carbon sequestra-
tion than to have occurred because of a spell of volcanic quiescence. Rates of LIP emplacement are also
shown to have started declining before the midpoint of OAE 2, supporting a reduction in silicate

Figure 6. Timeline of processes in�uencing global temperatures during OAE 2, with idealized curves of seawater � 13C and sea�surface temperature, and
schematic indications of the qualitative trends in rates of LIP volcanic activity, organic�matter burial, and silicate weathering (bolder color = higher rate).
The dark gray area indicates the duration of OAE 2; the pale blue area shows the generalized duration of the Plenus Cold Event.

10.1029/2020PA004016Paleoceanography and Paleoclimatology

PERCIVAL ET AL. 13 of 17



weathering rates rather than continued volcanism as the major cause of a persistently warm climate
throughout the second half of the OAE, with the cessation of LIP eruptions and production of readily eroded
juvenile basalts potentially key in this regard. Moreover, comparisons of the four sites support previous
hypotheses of a regional diachroneity in the sea�surface cooling associated with the PCE, likely resulting
from globally heterogeneous heat transfer by oceanic/atmospheric circulation and/or other regional con-
trols. Taken together, these �ndings emphasize a profoundly nuanced relationship between latest
Cenomanian LIPs and the global climate during OAE 2. Future studies are needed to further investigate
the complexities of LIP�environmental interactions during other major events in Earth's history by directly
correlating records of paleotemperature changes to robust proxies of volcanism.

Data Availability Statement
Geochemical data are available in the repository PANGAEA (https://doi.org/10.1594/PANGAEA.920743).
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