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The Mesozoic Era is characterized by numerous oceanic anoxic
events (OAEs) that are diagnostically expressed by widespread
marine organic-carbon burial and coeval carbon-isotope excur-
sions. Here we present coupled high-resolution carbon- and sulfur-
isotope data from four European OAE 2 sections spanning the
Cenomanian-Turonian boundary that show roughly parallel posi-
tive excursions. Significantly, however, the interval of peak mag-
nitude for carbon isotopes precedes that of sulfur isotopes with an
estimated offset of a few hundred thousand years. Based on geo-
chemical box modeling of organic-carbon and pyrite burial, the
sulfur-isotope excursion can be generated by transiently increas-
ing the marine burial rate of pyrite precipitated under euxinic (i.e.,
anoxic and sulfidic) water-column conditions. To replicate the ob-
served isotopic offset, the model requires that enhanced levels of
organic-carbon and pyrite burial continued a few hundred thou-
sand years after peak organic-carbon burial, but that their isotope
records responded differently due to dramatically different resi-
dence times for dissolved inorganic carbon and sulfate in seawater.
The significant inference is that euxinia persisted post-OAE, but
with its global extent dwindling over this time period. The model
further suggests that only ~5% of the global seafloor area was
overlain by euxinic bottom waters during OAE 2. Although this
figure is ~30x greater than the small euxinic fraction present to-
day (~0.15%), the result challenges previous suggestions that one
of the best-documented OAEs was defined by globally pervasive
euxinic deep waters. Our results place important controls instead
on local conditions and point to the difficulty in sustaining whole-
ocean euxinia.

carbonate-associated sulfur | geochemical modeling

he Mesozoic stratigraphic record, particularly the Creta-
ceous, is populated with numerous intervals of widespread
marine organic-rich facies. Because of the approximately coeval
stratigraphic occurrence of these organic-rich mudrocks (black
shales) in multiple ocean basins, Schlanger and Jenkyns (1) re-
ferred to the causative paleoceanographic phenomena as oceanic
anoxic events (OAEs). During the OAEs the enhanced burial
of organic carbon (OC) led to major perturbations of the carbon
cycle (2-4), which is recorded globally as positive isotope excursions
in sedimentary organic and inorganic carbon (1, 2). Throughout
the Cretaceous, elevated atmospheric carbon dioxide concentra-
tions (5, 6) contributed to high temperatures (7-9). However,
during the relatively short time interval of OAE 2 (Cenomanian—
Turonian boundary event [~93.9 Ma]), which lasted ~500 ka
(10-12), there are multiple lines of evidence for fluctuations in
atmospheric partial pressure of CO, (13, 14), sea-surface tem-
peratures, and redox conditions (13, 15, 16). Such fluctuations
are mostly linked to widespread but nonuniform burial of vast
amounts of OC (as reviewed in ref. 17) and enhanced continental
weathering (18, 19).
Accelerated burial of OC and the accompanying positive
carbon-isotope excursion are generally linked to two controls
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acting singly or in combination: increased primary production (1)
and enhanced organic-matter preservation under oxygen-deficient
depositional conditions (4). Currently, increased primary produc-
tion is favored (20) as at least the initial driver, but both mecha-
nisms likely played a role in carbon sequestration that affected the
isotopic composition of the ocean—atmosphere system. Further-
more, Cretaceous oceans were primed for major episodes of
anoxia and associated carbon burial because of generally ele-
vated temperatures and thus lower oxygen solubility in seawater.
A previously unquantified portion of the ocean became suffi-
ciently reducing to allow hydrogen sulfide to accumulate in the
water column during OAE 2, leading to at least regionally per-
sistent euxinic conditions (17) marked by organic-rich, laminated
black shales across the basins, particularly in the southern por-
tion of the proto-North Atlantic Ocean. Unlike many OAEs in
the Mesozoic, OAE 2 has been documented from multiple drill
cores and outcrop sections and, in the Indian, Pacific, and At-
lantic Ocean basins, at various depths, latitudes, and depositional
settings (4). The most renowned lithological manifestation of OAE
2 is the so-called “Bonarelli Level” that crops out in the Marche—
Umbrian Apennines of central Italy (1).

Sustained increases in primary production during OAE 2 re-
quire at least transient enhanced delivery of nutrients and bio-
essential metals (N, P, Fe, etc.) to the ocean. Identification of
the mechanisms behind such increased nutrient delivery has
been a major topic of investigation (21), and three main mech-
anisms have been proposed: (i) hydrothermal activity (22, 23,
24), (ii) enhanced continental weathering (18, 19), and (iii)
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600 Mya, coinciding with the first proliferation of animals.
However, numerous biotic events followed when oxygen con-
centrations in the younger ocean dipped episodically. The Cre-
taceous is famous for such episodes, and the most extensive of
these oceanic anoxic events occurred 93.9 Mya. Our combined
carbon- and sulfur-isotope data indicate that oxygen-free and
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increased phosphorus recycling due to reduction of iron-bearing
phases with bound phosphate (25, 26). The hydrothermal model
for supplying Fe is challenged by the assumption of widespread
euxinia in the water column and the insolubility of iron under
those conditions; not surprisingly, the record of hydrothermal Fe
signal does not correlate in a straightforward manner with the
distribution of organic-rich facies throughout the entire North
Atlantic (20, 27). However, neodymium isotope ratios in fish
teeth from the western equatorial Atlantic (Demerara Rise) and
the north European Chalk Sea may reflect hydrothermal input
from the Caribbean and/or Arctic Large Igneous provinces (23,
28). Alternatively, geochemical box modeling suggests that en-
hanced P from continental weathering was important for the
initiation of OAE 2, followed, as a positive feedback, by its sus-
tained availability due to the widespread reduction of P-bearing
iron oxides (29) and more generally enhanced P recycling under
anoxic conditions (26).

OAE 2 is the most studied of the oceanic anoxic events, yet
considerable gaps remain in our understanding of its causes and
effects. Evidence from organic biomarkers from multiple sites in
the proto-North Atlantic indicates photic-zone euxinia just be-
fore and during OAE 2 (as reviewed in ref. 17), and evidence for
local oxygen depletion in seawater has been documented using
Mn/Ca (30), I/Ca ratios (31), and trace-metal enrichments (as
reviewed in ref. 17). Recent modeling by Monteiro et al. (32)
suggests that 50% of the global ocean was anoxic. Nevertheless,
the spatial extent of anoxic and more specifically, euxinic de-
position, remains poorly constrained, particularly for the Pacific
and Indian Oceans. Much of the work to date has focused on
the proto-North Atlantic, the Western Interior Seaway (WIS),
a handful of Pacific sites, and various continental margins (6).
The data are limited, but the equatorial Pacific appears to have
been a locus for OC burial (ref. 4 and references therein).
Certain, contemporaneous, marginal Pacific sites show evidence
for oxic conditions (33, 34), and the redox state of the vast ma-
jority of the ocean, specifically the Pacific Ocean, remains un-
known. Here, we present sulfate S-isotope data from multiple
sites spanning several ocean basins recording OAE 2. By com-
bining our dataset with existing sulfate-S and carbonate-C iso-
tope data, we explore the dynamics of the global sulfur cycle
during OAE 2 and ultimately gain a unique global perspective
on the extent of euxinic conditions during one of the best-
studied OAEs.

Sulfur Biogeochemistry Background

Most studies of the Cretaceous sulfur cycle have focused on
broad, 10%-y secular trends seen in the marine sulfate-S isotope
record (35). However, two high-resolution investigations have
specifically targeted the sulfur cycle during OAE 2 (36, 37).
Much of this past work has focused on regional aspects of sulfur
cycling (36, 37), including the possibility of enhanced hydro-
thermal sulfur delivery to the WIS before OAE 2 (36). We present
a comprehensive, geographically widespread sulfate-S isotope data
set and apply a numerical box model to constrain the history of the
global redox state of the ocean during OAE 2.

The concentration and isotopic composition of the marine
sulfate reservoir is a reflection of the inputs and outputs of sulfur
to the ocean. The significant inputs are weathering of sulfide- and
sulfate-bearing minerals from continental rocks and emissions
from volcanic/hydrothermal systems (as reviewed in ref. 38). The
magnitudes of these input fluxes vary temporally and spatially,
but their isotopic signatures are similar and cluster in a relatively
narrow 5°*S (definition below) range of 0-8%o, and it is unlikely
that this isotopic range has changed significantly through time.
The primary outputs of sulfur from the ocean are through the
precipitation and burial of gypsum, organic-S compounds (which
may be particularly important during OAEs), and pyrite in sedi-
ments. Over geologic time scales, gypsum burial can exert a control
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on marine sulfate concentrations (39), but this burial mechanism
has little effect on the global isotopic composition of seawater
sulfate due to the small fractionation (1-2%o) during gypsum
precipitation (40). In stark contrast, pyrite burial has a large
effect on the isotopic composition of the marine sulfate reservoir
(ref. 41 and references therein). The large isotopic offset be-
tween pyrite-S and the starting sulfate reflects the preference for
lighter sulfur isotopes during microbial sulfate reduction and the
concomitant production of isotopically light hydrogen sulfide.
This sulfide combines with reactive Fe to form pyrite within the
water column or below the sediment/water interface. The iso-
topic offset between sulfate-S and sulfide (A**S) is captured and
preserved in the sedimentary pyrite and can be as great as 70%o
(e.g., ref. 42). At times in the geologic past, pyrite burial was the
dominant sink for dissolved sulfate (43, 44), especially during
episodes of widespread reducing conditions within the ocean,
such as OAEs (43, 45). Organic sulfur could be an additional
reduced sulfur sink particularly when pyrite formation is limited
by the availability of iron (i.e., under euxinic conditions). The
isotopic offset between organic S and sulfate is generally less
than that of pyrite. Within this framework, shifts to more positive
&S values recorded stratigraphically in tracers of ancient sea-
water, most commonly gypsum (anhydrite), barite, and carbon-
ate-associated sulfate (CAS), reflect enhanced pyrite burial,
whereas negative 5°*S shifts indicate the greater relative im-
portance of input fluxes. Ultimately, the size of the seawater
sulfate reservoir (and, by association, its residence time) controls
the magnitude and the potential rate of isotopic change.

Carbon- and Sulfur-Isotope Trends

The 8°*Scas profiles from all four sections (Fig. 1) show positive
excursions that coincide roughly with the positive carbon-isotope
excursion (Figs. 2 and 3). The preevent (baseline) values for all
of the sections are between 19%o and 21%eo (see below). These
values are relatively close to the published seawater value of
19.4%o0 for the Cenomanian and Turonian based on the analysis
of barite collected from open-ocean sediments (35), although the
pre-OAE sulfur-isotope values for CAS from the WIS (36) and
Italy (37) are less positive (14-16%o). A return to pre-OAE
53*Scas values after the event is observed only at Raia del Pedale
and South Ferriby, where relatively extended stratigraphic sec-
tions are available.

The northernmost section, South Ferriby, shows a relatively
stable 5°*Scas profile (average of 20.7%¢) with no obvious
positive isotope excursion during the OAE interval (Dataset S1)
that corresponds to South Ferriby. A positive shift does, however,
occur after the event, with a peak value of 22.1%o. This peak
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Fig. 1. Paleogeographical reconstruction [generated using GEOMAR (www.
odsn.de/odsn/services/paleomap/paleomap.html)] for OAE 2 showing all
sample locations used for analysis of CAS sulfur isotopes: (@) locations an-
alyzed in this study, (M) Gorgo a Cerbara (Marche-Umbria, Italy deep-
marine Tethyan continental margin) of Ohkouchi et al. (37), and (#) USGS
Portland Core from the Western Interior Seaway of Adams et al. (36). The
dark-gray color indicates the landmasses, the light-gray color represents
shallow-marine settings, and white designates deep-marine settings for the
Late Cretaceous.
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Fig. 2. Chemostratigraphic plots of 5'3C (white circles) and §3*Scas (gray squares) for the three UK Chalk sites. The gray bar indicates the previously labeled
OAE as defined by the positive carbon-isotope excursion. See SI Materials and Methods for further chemostratigraphic details.

coincides stratigraphically with a return to the carbonate carbon-
isotope baseline value following the positive excursion. 5°*Scas
values nearly return to the pre-OAE baseline at the top of the
section, 1.8 m above the termination level of the OAE.

The next section to the south, Trunch, is the most condensed
and has an unconformity just below the OAE interval, although
it still captures a significant portion of the upper Cenomanian
leading into the OAE. The baseline values at this locality trend
more positively before the event, but the average pre-OAE val-
ues are typical of those from the other sections (19.4%o). Once
again, the most positive 8>*Scas values (21.8%o0) postdate the
OAE (as defined by the carbon-isotope data), with a **Scas
excursion of 2.4%o (Dataset S2) that corresponds to Trunch.

Eastbourne is the southernmost section in the United King-
dom and the most expanded stratigraphically due to comparably
high sedimentation rates (46); the OAE spans nearly 10 m of
section. This site shows relatrvely high variability in the 8**Scas
comp0s1t10n whereas the 8'3C,y, record shows a more system-
atic increase and subsequent decrease durlng the OAE. Specif-
ically, the pre-OAE baseline for §**Scag is comparatlvely stable
with an average value of 19.9%o, but there is pronounced vari-
ability in the first half of the OAE interval with many of the data
points departing from the overall positive trend (SI Materials and
Methods). The most positive 5%*Scas value after the event (21.8%0)
yields a maximum magnitude for the excursion of 1.9%o, al-
though there is very little available section postdating the OAE
(Dataset S3) that corresponds to Eastbourne Given that the
other sites show maxima well after the peak §'3Carp, values, the
most positive 5°*Scag values may not have been captured at
this section.

The Italian section, Raia del Pedale, is a shallow-water equiv-
alent to the deep-sea pelagic section that contains the Bonarelli
Level black shale characteristic of OAE 2 (17, 37). Importantly,
our sample set from Raia del Pedale has the added benefit of
high-resolution sampling throughout the entire carbonate sec-
tion deposited during the OAE, allowing for continuous CAS
analysis and stratigraphic coverage that extends well after the
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Fig. 3. Chemostratigraphic plot for Raia del Pedale of §'3C (white circles),
534Scas (gray squares), and 87Sr/%sr (gray circles). The gray bar indicates the
previously labeled OAE defined by the §'C positive carbon-isotope excursion.
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event, as determined by the carbonate C- and Sr-isotope records
(Fig. 3). The Sr-isotope data from Raia del Pedale can be com-
pared with the long-term composite record (ref. 47 and refer-
ences therein) to determine the best age correlation for this
section following the OAE Although there is some scatter be-
fore the event, the & SCAS baseline at this locality, with an av-
erage value of 21.1%o, is similar to preevent data from the other
UK sections (Dataset S4) that corresponds to Raia del Pedale.
Once again, the peak &’ SCAS value (25.7%o) occurs strati-
graphically well after the §'3C_..pp, excursion that defines the OAE,
and the return to pre-OAE values is captured well after the event.
Interestingly, the magnitudes of the positive sulfur-isotope excur-
sions among the various stratigraphic sectlons suggest a regional
trend, with the UK sites showing lower 5%*Scas values relative
to the other sections. Specifically, the average shifts are ~2%o
in the United Kingdom, whereas the section at Raia Del Pedale
shows a ~5%o shift, similar to §>*Scag excursion from the WIS
and the Italian pelagic deep-sea section that contains the Bonarelli
Level (36, 37).

Modeling C and S

The observed carbon- and sulfur-isotope trends demand dra-
matic perturbations to the geochemical cycles of both elements
during OAE 2. To elucidate the coupled dynamics of the carbon
and sulfur cycles, we constructed a forward box model. In our
model, we prescribed the initial boundary conditions for the two
cycles and then perturbed the fluxes until we were able to rec-
reate the observed isotopic excursions, similar to previous studies
(36, 41, 43, 45). The initial boundary parameters for the model
are given in Table S1. Important but poorly constrained param-
eters were explored through sensitivity tests (Fig. 4). These in-
fluential factors include the magnltude of pyrlte fractionation
during microbial sulfate reduction (A*'S), increasing pyrite
burial, and initial marine sulfate concentrations. In this model we
do not explicitly delineate burial of organic sulfur, which does
increase during OAE 2 (48); however, because it represents
a reduced sulfur phase, it is lumped with pyrite burial. The dif-
ference between pyrite-S and organic-S fractionation relative to
the parent sulfate could be a source of some error; however, this
assumption does not change our results significantly.

Our model confirms that recreating the observed C- and S-
isotope trends can be generated through increasing OC and
pyrite burial (Fig. 5). An increase of 1.6x the modern OC flux is
necessary to simulate a C-isotope excursion of ~3.5%o (the ap-
proximate average of all published OAE 2 excursions, which
range from 2%o to 6%o, was used for all models). A twofold
increase in the total pyrite buried is required to simulate a sulfur-
isotope excursion of 5%o. The duration of OAE 2 has been
shown to be ~0.5 Ma (10), a time interval that we adopt for all
model runs. The magnitude of the excursions can be dampened
or amplified by changing the magnitude of OC and pyrlte burial,
the initial sulfate concentration, and the assumed A3*S. Note
that these modeling results are not unique solutions because of
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Fig. 4. Sensitivity tests for the modeled sulfur cycle. Here we simulated
variations (A) in increased pyrite burial and the corresponding C/S ratio, (B)
increased isotope fractionation during microbial sulfate reduction (A34S),
and (C) initial marine sulfate concentrations. Key parameters were treated
the same in each simulation: initial marine sulfate concentration of 7 mM,
a twofold increase in pyrite burial, and a change in A3%S from —30%o (non-
OAE) to —40%o during the OAE unless the impact of varying a specific pa-
rameter was explored in the simulation.

the high degrees of freedom in key assumptions; they do, however,
represent the most plausible circumstances for the generation of
the observed geochemical records based on sensitivity tests and
observations from the geologic record.

Fig. 4 shows the sensitivity of the model to transient changes in
pyrite burial, A**S, and initial marine sulfate concentrations. The
magnitude of pyrite burial has a large influence on the magni-
tude of the sulfate isotope excursion captured by 5°*Scas. For
example, a 1.5-fold increase in pyrite produces an excursion of
~3%o, whereas a threefold increase generates a 12%o excursion
(Fig. 44) using an initial sulfate concentration of 7 mM and
a A**S of —40%o during the OAE. We modeled a range of A>*S
values (—20%o to —60%o0) with a twofold increase in pyrite burial
and initial marine sulfate of 7 mM, which predicts a range in the
'S excursion of 2-10%o for seawater sulfate, respectively (Fig.
4B). As expected, varying the initial marine sulfate reservoir has
an effect on the magnitude of the S-isotope excursion, with 3 mM
and 12 mM yielding excursions of 12%oc and 3%o, respectively,
based on a twofold increase in pyrite burial and a A**S of —40%o
(Fig. 4C).

We also used the model to simulate the observed offset in the
C- and S-isotope records. To replicate the observed trends most
successfully, we adopt a doubling of pyrite burial during the
OAE, a A*S of —40%o, and an initial marine sulfate concen-
tration of 7 mM as our boundary conditions. The value for A*S
was chosen based on the global mean A**S defined by an average
pre-OAE marine 8>*Squttate Of ~+20%0 [from average CAS and

sut 3
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% 20k b
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Fig. 5. Modeling of the positive carbon- (black) and sulfur- (gray) isotope
excursion, with the gray bar indicating OAE 2 represented from 1.0 to 1.5 Ma
as delineated by the characteristic C-isotope profile. In this model the initial
marine sulfate concentrations were 7 mM, A34S was increased to —40%o,
pyrite burial was doubled, and OC burial was increased 1.6-fold during the
OAE. The burial of OC and pyrite was decreased progressively, and A34S was
immediately returned to —-30%o. for 300 ka after the OAE.
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the barite values of Paytan et al. (35)] and an adjusted average
pyrite 8°*S of —20%o. In fact, the average reported pyrite 5°'S
values during OAE 2 is ~-30%o (35, 47); however, the majority
of those data are derived from euxinic localities (which tend to
show relatively large fractionations because of dominantly open
system, water column pyrite formation). Pyrite formation in
euxinic settings generally has larger fractionations that have the
potential to exaggerate the global A**S average (41), and the
inclusion of organic sulfur would also reduce the global frac-
tionation. Therefore, we use a value of —20%o0 for reduced
sulfur or, specifically, a A**S of ~—40%o, reflecting some bal-
ance between oxic and euxinic deposition and the importance of
organic-S burial during the OAE. The sulfate concentration was
chosen based on our model runs—specifically, the length of time
for the isotope record to recover to the pre-OAE baseline (see
Global Implication from the Sulfur Cycle below), and the amount
of pyrite buried was determined by reproducing an ~5%o excursion.

Global Implication from the Sulfur Cycle

We used a geochemical box model to simulate the observed C-
and S-isotope excursions, using sensitivity tests (Fig. 4) to inform
the unconstrained variables in the sulfur cycle. This exercise
sheds light on the ocean redox evolution during OAE 2. In the
modern ocean, euxinic settings cover only ~0.15% of the seafloor
(similar to ref. 49) and bury reduced sulfur at a rate of ~3.1 x
10'® mol of sulfur per Ma—mostly in the Black Sea (50). For
OAE 2, the entire transient increase in pyrite burial is attrib-
uted to increased euxinic deposition, which yields a burial rate of
~4.7 x 10" to 9.3 x 10'7 mol of sulfur per Ma during OAE 2
(representing the observed §°*Scas excursions of 3-6%o, re-
spectively, with all other parameters held constant as in Fig. 44).
These rates equate to 15-30x the modern global flux of euxinic
pyrite burial. Assuming conditions during Cretaceous deposition
were comparable to those of modern euxinic sites, including
mass accumulation rates and Fe availability, our model predicts
that roughly 15-30x more of the seafloor was overlain by euxinia
during OAE 2. Relative to the 0.15% of euxinic seafloor today,
this equates to ~2.5-5% euxinic deposition during OAE 2. This
prediction assumes pyrite burial under oxic and/or oxygen-deficient
but noneuxinic environments remained constant throughout the
event. In other words, we assume that the entire increase in pyrite
burial occurred only within euxinic settings. This assumption is
undoubtedly an oversimplification, and any concomitant increase
in pyrite burial in oxic and other noneuxinic environments would
decrease the estimated extent of euxinia during OAE 2, thus our
estimate represents a maximum. Consistent with the possibility of
overestimating the extent of euxinia, the negative S-isotope ex-
cursions seen in the Eastbourne profile and in the Raia del Pedale
profiles close to the onset of the positive carbon-isotope excursion
correspond in time with the Plenus Cold Event/Benthic Oxic
Event (16), which affected at least the northern hemisphere. This
event would have oxidized water-column sulfide where present
and marine pyrite, transiently returning isotopically light sulfur to
the oceans (SI Materials and Methods).

Observations have shown that the southern portion of the North
Atlantic was euxinic for much of the event, and the northern
portion of the Atlantic appears to show a periodic development
of euxinia (as reviewed in ref. 17). Although redox conditions in
the Pacific Ocean during the OAE are poorly known, three
equatorial sites are documented with increased OC burial (4).
Overall, the possibility of transient global expansion of oxygen
minimum zones alone could account for the increased areal
extent of euxinia during OAE 2 and correlates well with observed
OC burial patterns. Whereas our modeled estimate of area of
euxinic deposition is much larger than that seen in the modern
ocean, the implication is that the majority of the ocean was either
oxygen-deficient (but not euxinic) or oxic. Our result, once we
also consider the WIS, suggests that euxinia in the Pacific may
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have been limited to equatorial regions characterized by high
primary productivity and vigorous upwelling and perhaps other
regions of coastal upwelling. This reconstruction is much like the
modern ocean but likely with overall lower levels of oxygen and far
more euxinia spread more broadly across productive regions during
OAE 2.

Various factors suggest that our estimate of the increased
extent of euxinic deposition might be somewhat conservative.
Increases of continental weathering and runoff have been in-
voked as a mechanism for the enhanced primary production that
catalyzed the initiation of OAE 2 (18, 24, 47). Enhanced runoff
would also increase the flux of **S-depleted sulfate to the marine
reservoir, and as our model sensitivity test shows (Fig. 4C),
would thus act to dampen the positive isotope shift caused by
increased burial of pyrite. For example, a doubling of continental
weathering, while holding all other parameters the same, would
require a 2.5-fold increase of pyrite-S to replicate a comparable
~6%o 8*'S excursion. Using a similar calculation to the one
above, such a shift would require ~7% of the seafloor to have
been euxinic, which is not substantially different from our initial
estimate of 2.5-5%.

The observed offset between the §'°C and &*Scas positive
excursions is a pronounced feature of OAE 2. Previously pub-
lished sulfate-S data for OAE 2 show a similar pattern (36, 37).
On a related note, a more subtle offset is also observed during
the Toarcian OAE (45). Only two variables in the model can
reproduce this observation: (i) an increase in A**S fractionation
during pyrite burial post-OAE or (if) a slow, simultaneous de-
crease of OC and pyrite burial. There is evidence, albeit scant,
for a A**S change during the OAE (36, 48), but there is no ev-
idence for a persistence of higher A**S Eost-OAE; a more likely
prediction would be a decrease in A*S in the face of lower
amounts of euxinic pyrite formation. Therefore, we prescribe
a transient increase in A**S (=40%o) during the OAE but an
immediate return to pre-OAE baseline values following the
event (—30%o). More importantly, however, even if A**S is held
at the OAE value (—40%o) while decreasing OC and pyrite
burial (300 ka post-OAE), the model generates a slightly larger
offset (~20 ka). To reproduce the observed offset in the isotope
records, the OC and pyrite sulfur burial must be decreased slowly
for ~300 ka after the OAE (from 1.5 to 1.8 Ma in the model)
(Fig. 5). The simultaneous waning of OC and pyrite burial has
a more immediate effect on the carbon cycle due to its shorter
residence time compared with that of sulfur. The starting res-
ervoirs for each element are relatively similar, 3.3 x 10'® mol of
inorganic C and 3.16 x 10'® mol (7 mM sulfate) of S, but the
input flux for C (25 x 10" mol/Ma) is an order of magnitude
greater than sulfur’s (1.50 x 10'® mol/Ma). Using our pre-OAE
fluxes and initial marine reservoir concentrations yields C and S
residence times of ~150 ka and ~2 Ma, respectively. In other
words, decreasing extents of euxinia continue to drive the S-
isotope excursion heavy, whereas the marine C-isotope compo-
sitions rebound faster because the input-to-reservoir ratio is
dramatically larger relative to sulfur. The model predicts a small
drawdown of sulfate during the OAE, namely a 1-mM decrease
based on an initial concentration of 7 mM and doubling of pyrite
burial—and so the resulting effect on the residence time of
sulfate would be modest (Fig. S1). In sum, the most plausible
driver for the observed offset between carbon- and sulfur-isotope
ratios are parallel, incremental decreases in OC and pyrite burial
after the OAE in the face of very different residence time rela-
tionships (see SI Materials and Methods for more details).

Additionally, the time it takes the 8°*S for sulfate to return to
pre-OAE values is strongly tied to the size of the sulfate reser-
voir. Fig. 4C demonstrates that the lower the sulfate concen-
tration the more rapid the return to the pre-OAE baseline. The
Raia del Pedale section is the only location with enough strati-
graphic coverage to record the full return to the S-isotope baseline
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after the OAE, which appears to take ~3-5 Ma. Modeling sug-
gests that a protracted recovery of this duration demands an initial
pre-OAE sulfate reservoir of ~7 mM. This concentration is at the
lower limits estimated for marine sulfate for the Late Cretaceous
based on fluid inclusions from marine halite (51) but is above the
upper limit of 2.1-4mM suggested by Adams et al. (36) for the WIS.

The model predicts a global mean C/S burial ratio of 5.7
(molar ratio) using the 1.6-fold increase in OC burial and two-
fold increase in pyrite burial. The modern normal (oxic) marine
C/S ratio is ~7.5, whereas modern euxinic settings exhibit both
very low (<2) and high (>10) C/S ratios, where the high C/S ratio
is indicative of euxinic settings where pyrite formation is severely
limited by the supply of reactive Fe in combination with high
organic-matter availability (52). The average modeled C/S ratio
of 5.7 is consistent with a global expansion of euxinic pyrite
burial with comparatively significant inputs of reactive Fe on
a global scale. However, at the local/regional scale, there is ap-
preciable spatial variability in measured C/S ratios, suggesting
heterogeneity in reactive Fe inputs (euxinic pyrite formation, by
definition, is Fe-limited, and so the amount of pyrite largely
reflects the delivery of Fe to the site of deposition). For example,
Demerara Rise in the western equatorial Atlantic records an
average C/S ratio of ~12 (48, 53), which suggests that pyrite-S
burial was strongly limited by reactive Fe inputs relative to high
burial of OC. In contrast, the WIS records an average C/S ratio
of ~2 (54), suggesting, at least locally, somewhat low OC avail-
ability and relatively high fluxes of reactive iron, possibly due to
increased hydrothermal activity (22, 55). Our calculated mean
C/S ratio thus captures the balance between these extremes
across the spatial landscape of varying organic production and
Fe delivery.

Conclusions

Paired C- and S-isotope records illuminate the timing of envi-
ronmental change and spatial expansion and contraction of
euxinia during OAE 2. Our measurements show that the intersite
magnitude of the positive S-isotope excursion during OAE 2
varies from 2%o to 7%o, whereas the magnitude of the C-isotope
excursion varies from 2%o to 5%o. Modeling of the isotope
records suggests that the excursions were driven by increased
burial of pyrite and OC. Although generally coupled, these C- and
S-isotope excursions show a pronounced offset between peak
magnitudes. The observed offset between these isotope signatures
may not be unique in the geologic record but is certainly a pro-
nounced characteristic of OAE 2. Our modeling links this re-
lationship to continued euxinic burial of OC and pyrite-S after the
OAE proper, but at decreasing rates, with carbon rebounding at
a faster rate due to its shorter residence time compared with that
of sulfur. The spatial variability in the excursion magnitudes could
be due to local watermass differences and/or varying riverine
fluxes to an ocean with substantially lower than modern sulfate
concentrations, an effect noted also for the Toarcian OAE (56).

The spatial extent of euxinia predicted during OAE 2 is also
estimated through our modeling. To reproduce the observed
geochemical signatures, the model demands a 15- to 30-fold
increase in the area of euxinic deposition during the event:
equivalent to ~2.5-5% of the seafloor. Importantly, this estimate
is still relatively small and implies that much of the ocean was
devoid of hydrogen sulfide in the water column and was pre-
dominantly anoxic (but nonsulfidic), suboxic, and/or oxic. Par-
allel modeling of trace-metal and isotopic geochemistry could
help resolve the global extent of oxygen-deficient settings with
sulfide limited to the pore waters and seafloor oxic deposition
during the event. Nevertheless, this spatial increase in euxinia
during OAE 2 would likely have major implications for other
biogeochemical elements, such as Fe and Mo, which could even-
tually limit primary production and thus trigger the termination of
the OAE through feedback processes.
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Materials and Methods

We used a CAS extraction method similar to traditional approaches. In
summary, 20 g of powdered sample were treated with NaCl and bleach
solutions, followed by distilled water rinses. The intent was to remove any
sulfate and organic-sulfur compounds that might otherwise be incorporated
into the extracted CAS record. The samples were then dissolved with 4 M HCI
and filtered to isolate the CAS-bearing solute from the insoluble fraction
within 1 h. Through addition of BaCl, the extracted sulfate precipitated as
barite, which was then analyzed through on-line combustion using a Thermo
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S| Materials and Methods

We present results from four localities in Europe spanning
intervals before, during, and after Oceanic Anoxic Event 2 (OAE
2). The sample locations were selected with an eye toward sites
that had direct connection to the open ocean and a spatial dis-
tribution that encompasses multiple marine basins (Fig. 1). All
sample sites have been previously documented to record the OAE
2 interval by means of biostratigraphy, chemostratigraphy (Sr-and
C isotopes), or a combination of both (1-5). A comprehensive
discussion of the sedimentology, age relationships, and tectonic
settings of the sampled localities is already available (2, 5-7). All
of the sections are dominated by carbonate lithologies with
abundant microfossils, along with some macrofossils, and are
characterized by low organic carbon contents (2, 5-7), with one
exception. The section at South Ferriby contains a 10-cm-thick
organic-rich interval deposited during OAE 2 (2, 4), which was
avoided for carbonate-associated sulfate (CAS) analysis. We
chose these carbonate sites because they can capture evolving
global seawater chemistry, which tracks ocean-scale redox pro-
cesses. Importantly, because organic-lean sites typically provide
lithologic uniformity before, during, and after the OAE, they
potentially represent the best isotopic archives of global marine
conditions. Briefly, three of the four localities (Eastbourne cliff
section, South Ferriby Quarry, and the Trunch borehole: all
United Kingdom) illustrate poorly lithified pelagic foraminif-
eral-nannofossil-rich chalk facies with similar diagenetic histo-
ries and consistently good carbonate preservation. The fourth
sample site, Raia del Pedale, is a well-lithified platform-car-
bonate section in southern Italy, rich in rudist fragments and
benthic foraminifera and formerly located on the margin of the
Tethys Ocean (Fig. 1). Fig. 2 shows lithostratigraphic sections
and carbon isotopes for South Ferriby from Jenkyns et al. g4),
stratigraphy for Trunch borehole from Jarvis et al. (3) (note 8'°C
from bulk pelagic carbonate), and stratigraphic data and carbon
isotopes for the Eastbourne section from Tsikos et al. (1).

All samples analyzed for the 534Scas were dominated by high
carbonate contents (60-80 wt%). We followed a standard pro-
cedure extracting CAS from the carbonate-rich samples (8, 9).
Briefly, the samples were trimmed to eliminate weathered sur-
faces, including surficial Fe oxidation. Then, 10-20 g of pow-
dered sample were treated with NaCl and NaOCI solutions
and rinsed with multiple deionized rinses to prevent the in-
corporation of any non-CAS sulfur-bearing phases. The samples
were then dissolved using 4 M HCl and vacuum-filtered less than
1 h later to minimize the pyrite oxidation, which was further
limited in the samples by low pyrite and ferric iron concen-
trations. A BaCl, solution was added to precipitate sulfate as
BaSO4.

The precipitated and homogenized BaSO, from each sample
was loaded into tin capsules with excess V,0s and analyzed for
its 3*S/*?S ratio at the University of California, Riverside. Sulfur-
isotope ratios were measured using a Thermo Delta V gas-source
isotope-ratio mass spectrometer coupled to a Costech 4010 ele-
mental combustion system for on-line sample combustion and
analysis. All sulfur-isotope compositions are reported in standard
delta notation as per mil (%o0) deviation relative to Vienna Can-
yon Diablo Troilite and were corrected to a suite of international
reference materials using a linear regression (e.g., refs. 8, 9) based
on replicate analyses of international standards [International
Atomic Energy Agency (IAEA) SO-5 [0.49], IAEA SO-6 [-34.05],
and NBS 127 [21.1]] agreed to within 0.2%0 of their pub-
lished values.
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Cand S Modeling. The values used in the coupled carbon and sulfur
model were based on the combination of available geochemical
data and on the sensitivity tests (Fig. 4) to help constrain unknown
parameters for the sulfur cycle. As previously stated, there are
several possibilities to replicate the observed trends by mixing and
matching unconstrained parameters, but we have attempted to
bracket a few of these factors using data in combination with esti-
mates for these values in the modern cycles. For instance, the A*S
used in the model during non-OAE intervals is close to the
modern value and was necessary to achieve steady state with the
inputs, whereas the AS during the OAE itself was chosen based
on the known starting sulfate value (~+20%o; ref. 10) and an
average pyrite value of —20%o [the average pyrite value during
the OAE based on the available data is ~—30%o (11-14), but
this is exclusively from euxinic settings and we assume a global
average closer to —20%o], which provides a A%*S of —40%o.
Consequently, the A**S is transiently shifted in the model from
—30%o0 to —40%o0 and back to —30%eo for the intervals prior to,
during, and after the OAE, respectively. The starting sulfate
concentration was based on the length of time it takes for the
S-isotope profile of the Raia del Pedale section to indicate re-
covery to the pre-OAE baseline and seems to fit best with values
between 5 and 9 mM and thus we used the average of 7 mM. The
values for continental weathering were held constant with the
exception of the enhanced weathering scenario (discussed pre-
viously), which would only dampen the positive excursion.
Therefore, the only parameter to further adjust is the amount of
pyrite burial, which can have dramatic effects on the magnitude
of the excursion.

To model the carbon isotope excursion in the modeling exer-
cises, all parameters are held constant in the carbon cycle and the
burial of organic carbon is increased to 1.6 the pre-excursion rate.
For the sulfur cycle portion of the model, we used the values
discussed above and increased the pyrite burial rate to 2x the
starting rate because it best replicated a 5-6%o excursion; how-
ever, adjusting this value does not affect the offset between the
carbon- and sulfur-isotope excursions. Replicating this offset re-
quires a waning of the carbon and sulfur burial rates (shown in
Fig. S1). The longer the transient decay back to the pre-OAE
baseline burial rates, the larger the offset because of the differ-
ences of sizes of dissolved inorganic carbon (DIC) and sulfate
reservoirs and relative magnitude of the fluxes in the cycles
compared with this reservoir size. Consequently the peak car-
bon-isotope values occur closer to the time of maximum organic-
carbon burial (i.e., near the end of the OAE), but the sulfur
excursion continues to rise until the return to normal pyrite
burial as seen in Fig. S1.

Eastbourne Sulfur Geochemical Preservation. The &°*Scxs at this
site shows several negative shifts during the first half of the OAE,
although the overall trend of the data shows progressively more
positive values. Eastbourne shows small negative excursions within
the OAE, although the Raia del Pedale section seems to indicate
similar features. These negative excursions in the Eastbourne
section seem to be correlated with the most positive 33Ceurt,
values before the slight decreases in carbon-isotope values. It is
difficult to pinpoint the exact origin of the negative excursions at
Eastbourne but there are three possibilities to explain the ob-
served phenomena: (i) later pyrite oxidation skewing the primary
CAS signal, (ii) enhanced delivery of sulfate, or (iii) a paleo-
ceanographic circulation change.
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A concern for the validity of the data for CAS has been the
oxidation of pyrite either during the burial of the rock, outcrop
weathering, or during the chemical extraction of CAS (15, 16).
Due to the slight decrease in carbonate concentration leading
into the OAE (on average 83 wt% in OAE chalk sediment and
~91 wt% in non-OAE chalk sediment) this could be a concern.
With this in mind, we measured the amount of pyrite in most
samples postfiltration of the CAS dissolution step and performed
a standard chromium chloride extraction (17). The low amounts
of pyrite measured for all sections (Fig. S2), with Eastbourne
having the highest values but relatively low compared with pre-
viously published CAS data sets (8, 9, 18-21), suggest this effect
played a limited role during the extraction procedure. In addi-
tion, cross-plots of sulfate isotopes and sulfate concentrations
against the pyrite concentration show no trends for individual
sections (Fig. S2) or all samples combined. Also, CAS isotope
vs. pyrite concentration for Eastbourne shows no linear corre-
lation or obvious trends. Linear correlations with pyrite would
imply a mixed signal of primary CAS and pyrite-contaminated
sulfate (9, 15, 16); therefore, we believe this signal is a primary
5*Scas signal.

Geochemical proxies suggest there was an increase of conti-
nental weathering during the OAE (22-24) or increased volcanic
activity (13), phenomena which could have delivered isotopically
depleted sulfur to the marine reservoir. This model seems un-
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likely, because a simple mass-balance calculation would suggest
that a massive delivery of sulfate would have had to enter the
system to account for the isotopic shift. Furthermore, there is no
evidence for increased marine sulfate concentrations during the
OAE that would necessarily have affected all localities equally.

The third possibility for the §**Scags record that the negative
excursions observed at Eastbourne are changes in the paleo-
ceanographic circulation patterns due to climatic processes. There
is mounting evidence for a cooling episode during the early part
of the OAE, not only due to silicate weathering but also to the
global burial of organic carbon, thus decreasing atmospheric CO,
(25-28). The fall in temperature is documented by the paleo-
temperature proxy tetracther index (TEX)gs (29, 30) in the
Northern proto-Atlantic and by invasion of boreal faunas (the so-
called “Plenus Cold Event”) in the north European Chalk Sea
(31), both accompanied by excursions in Nd-isotope ratios, sug-
gesting introduction of watermasses of possible Arctic derivation
(32-34). In the proto-Atlantic region and the Western Interior
Seaway, the invasion of cooler, more oxygenated waters during the
same time interval was characterized by population of the seafloor
by benthic foraminifera: the so-called “Benthic Oxic Event” (35,
36). Such oxygenated waters as these would have oxidized sub-
seafloor surficial pyrite and introduced isotopically depleted sul-
fate into the water column and thus lowered the S-isotope
composition of ambient seawater.
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Fig. S1. Sensitivity test for the modeled offset of the coupled carbon and sulfur cycle by varying the amount of time it takes to return to pre-OAE values. This
model shows the sensitivity of a waning carbon burial with an increase in the offset of the carbon and sulfur cycles. An increase in time allows for a greater
offset and a larger magnitude sulfur-isotope excursion (A) whereas having very little effect on the sulfate concentration (B). The black lines represent all of the
carbon models and blue represents the sulfur models; the dashes for A and B are shown in the legend of A. The models use a twofold increase in pyrite burial,
AS of —40 during the OAE, and a starting marine concentration of 7 mM.
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Fig. S2. Cross-plots of geochemical data for Eastbourne (A and B) and all four sections analyzed in this study (C and D). In A and B, pyrite concentrations vs.
5°*Scas (A) and carbonate contents (B) show no correlation, indicating that pyrite concentrations have not systematically affected the 53%Scas values at
Eastbourne. Similarly, C and D show no correlation for pyrite concentration and 83%Scas (C) or sulfate concentration (D).
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Table S1. Initial parameters for the C and S model

Carbon
Flux (inputs and outputs) concentration 8'3C, %o 534S, %o
Starting marine reservoir 3.3 +1.8 +19
Weathering flux 25 -4 0.52* and 0.98" +5.5
Organic burial 5 -28 —
Inorganic burial 20 — 0.67* and 0.83% -11* and —*

All fluxes are in 10"® mol/Ma, whereas the reservoir sizes are 10'® mol. The weathering flux for both cycles
combines both the fluxes from volcanic (*) and continental (t) weathering. The isotopic composition of the
weathering flux was calculated through isotopic mass balance. The inorganic flux for carbon is based on the
burial of carbonates, whereas the sulfur burial portion of the model includes pyrite (¥) and evaporite minerals
(8). Em-dashes indicate phases that do not impart a major fractionation on the isotope reservoirs (1), and the

524 value for pyrite gives a A3%S of —30%.

1. Kurtz AC, et al. (2003) Early Cenozoic decoupling of the global carbon and sulfur cycles. Paleoceanography 18:(4)1090.
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