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A B S T R A C T

The Earth system experienced a climatic transition from a greenhouse state to an icehouse state over the
Cenozoic, which may have been induced by tectonic and orbital processes. This transition has triggered many
environmental changes including fluctuations in sea levels, seawater chemistry, and biogeochemical cycles of
carbon, sulfur, and other elements. Owing to a better-resolved biostratigraphic framework and analytical
techniques, high temporal resolution seawater sulfate S-isotope data (δ34Ssw) have become available through the
analysis of marine barite and carbonate associated sulfate (CAS). These data provide new insight into changes in
global biogeochemical cycles over this time interval and their potential causes. This study presents a review of
recent work on the δ34Ssw for the past 65 million years, with a focus on the most salient perturbation of the
Cenozoic sulfur cycle, a 5‰ rise over a 15-million-year period in the early-middle Eocene. We discuss the
possible causes suggested to date for the δ34Ssw excursion, which include changes in the magnitude, location, or
fractionation associated with pyrite formation and burial, changes to the input of sulfate to the ocean, and
changes in ocean circulation. We suggest how some new geochemical data and models can improve our un-
derstanding of the various Earth's surface processes that affect the global sulfur cycle and outline a framework
for interpreting other geologic intervals where δ34Ssw has fluctuated.

1. Introduction

Sulfur is ubiquitous in the Earth's lithosphere, hydrosphere, atmo-
sphere, and biosphere. Sulfur, with an average atomic weight of 32.06,
has four stable isotopes 32S, 33S, 34S, and 36S with abundances of ap-
proximately 95.02%, 0.75%, 4.21%, and 0.02%, respectively
(MacNamara and Thode, 1950; Meija et al., 2016). Due to a broad
range of valence states (Table 1), from the fully reduced state (-II) to the
fully oxidized state (+VI), sulfur reacts with both metals and non-metal
elements. Sulfate is an important oxidant in the present day ocean,
predominantly present as dissolved sulfate (SO4

2−) in seawater and as
sulfate-bearing minerals (e.g., gypsum, barite) in marine sediments. The
dissolved sulfate concentration in the ocean at present is ~29 mM
(Millero, 2005), and based on the size of the marine sulfate reservoir
(approximately 4 × 1019 mol) and sulfate input and output fluxes, the
residence time of sulfate in the present-day ocean is on the order of 10
million years (Claypool et al., 1980; Walker, 1986; Jørgensen and
Kasten, 2006). Consequently, dissolved sulfate concentrations (nor-
malized to salinity) and the isotopic compositions of sulfate are
homogeneously distributed throughout the global open oceans (Rees

et al., 1978; Tostevin et al., 2014). However, the concentration of sul-
fate in seawater and sulfur and oxygen isotopic ratios of dissolved
sulfate have changed over Earth's history in response to changes in
input/output fluxes of sulfur to/from the ocean and isotopic fractio-
nation associated with chemical transformations of sulfur (e.g.,
Claypool et al., 1980; Horita et al., 2002; Kampschulte and Strauss,
2004; Paytan et al., 2004; Turchyn and Schrag, 2006; Johnston, 2011;
Wu et al., 2015; Rennie et al., 2018).

The biogeochemical cycle of sulfur has been an area of extensive
research because changes in the size of the reduced and oxidized re-
servoirs of sulfur (together with carbon) determine the redox state of
the ocean and the level of atmospheric oxygen through time (Berner
and Raiswell, 1983; Garrels and Lerman, 1984; Berner, 1989; Petsch
and Berner, 1998; Wortmann and Chernyavsky, 2007; Hurtgen, 2012).
Transformations between reduced and oxidized sulfur take place pri-
marily in subseafloor anoxic sediments where much of the organic
carbon is buried. Under these conditions, sulfate serves as the terminal
electron acceptor to remineralize organic matter (OM) through micro-
bial sulfate reduction (MSR: 2CH2O + SO4

2−→ 2HCO3
−+ H2S;

Froelich et al., 1979; Jørgensen, 1982; Reeburgh, 1983) and drives
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anaerobic oxidation of methane (AOM: CH4 + SO4
2−→

HCO3
−+ HS−+ H2O; Valentine, 2002; Kasten and Jorgensen, 2000;

Jørgensen and Kasten, 2006). These respiration processes are accom-
panied by large fractionation of sulfur isotopes, leaving the residual
seawater sulfate pool enriched in heavy sulfur isotopes. As such, tem-
poral variations in seawater sulfate S-isotope ratios (δ34Ssw) can shed
light on the nature of changes in the biogeochemical sulfur cycle over
geologic time and the processes that control these changes (e.g.,
Claypool et al., 1980; Paytan et al., 1998; Kampschulte et al., 2001;
Kampschulte and Strauss, 2004; Paytan et al., 2004; Bottrell and
Newton, 2006; Rennie et al., 2018; Yao et al., 2018; Toyama et al.,
2020).

Over the past decades, scientists have utilized various archives for
reconstructing δ34Ssw over the Cenozoic (Claypool et al., 1980; Paytan
et al., 1998; Paytan et al., 2004; Turchyn et al., 2009; Markovic et al.,
2015; Markovic et al., 2016; Masterson et al., 2016; Rennie et al., 2018;
Yao et al., 2018; Toyama et al., 2020; Yao et al., 2020; Toyama et al.,
2020). Although these relatively high temporal resolution data from
multiple sites have constrained the changes in δ34Ssw over the Cenozoic,
the underlying drivers that cause these changes remain controversial.
This review summarizes the currently available high-resolution δ34Ssw
data for the Cenozoic, presents the various forcing mechanisms put
forth to explain the secular variations in δ34Ssw, and suggests some
future research needs that could better constrain possible interpreta-
tions.

2. The global sulfur cycle

The concentration of sulfate in seawater and δ34Ssw are controlled
by the riverine and volcanic sulfur input to the ocean and the sulfur
output via burial of sulfur-bearing minerals and their respective S-iso-
tope signatures (Fig. 1). Terrestrial weathering and transport of dis-
solved sulfur species to the ocean constitutes the dominant sulfur
source. Tectonic uplift and sea-level changes expose buried minerals to
oxidative weathering environments, where pyrite oxidation and eva-
porite dissolution contributes about 1.5 × 1012 to 3.5 × 1012 mol
sulfur per year to seawater via river runoff (Holland, 1974; Meybeck,
1979; Garrels and Lerman, 1984; Kump and Garrels, 1986; Canfield,
2004; Calmels et al., 2007; Tostevin et al., 2014; Burke et al., 2018).
Since sulfate-bearing evaporites (e.g., gypsum, anhydrite) precipitate

with little or no S-isotope fractionation from coeval seawater sulfate,
weathering and precipitation of evaporites usually exert minor influ-
ence on δ34Ssw (Claypool et al., 1980, but see Wortmann and
Chernyavsky, 2007; Wortmann and Paytan, 2012). Conversely, sedi-
mentary pyrite inherits the 34S-depleted signature of sulfide produced
by MSR where fractionation between sulfate and sulfide can be as high
as 72‰ (Kaplan et al., 1963; Strauss, 1997; Rudnicki et al., 2001;
Wortmann et al., 2001; Canfield et al., 2010; Wu et al., 2010). Thus,
pyrite burial plays a key role in governing δ34Ssw (e.g., Berner and
Raiswell, 1983; Garrels and Lerman, 1984; Walker, 1986; Berner and
Berner, 1987; Berner, 1989; Petsch and Berner, 1998). The estimated
annual burial of pyrite and evaporite removes 1.5 × 1012 to
4.3 × 1012 mol sulfur per year, respectively, from the ocean (Garrels
and Lerman, 1984; Kump and Garrels, 1986; Walker, 1986; Tostevin
et al., 2014; but see Halevy et al., 2012). In addition, volcanic and
hydrothermal activities transfer 0.2 × 1012 to 1.5 × 1012 mol sulfur
per year to seawater with δ34S values of 0‰ to 5‰ (Ohmoto and Rye,
1979; Sakai et al., 1982; Walker, 1986; Stoiber et al., 1987; Eldholm
and Thomas, 1993; Hansen and Wallman, 2003; Canfield, 2004).

Assuming the sulfur cycle is in mass and isotopic steady state, the
flux and isotopic ratio of sulfur delivered into the ocean should equal
the flux and isotopic ratio of the total sulfur sink as pyrite and evaporite
burial (Eqs. (1) and (2)):

= = +F F F Fin out evaporite pyrite (1)

= +F ·δ S F ·δ S F ·δ Sin
34

in evaporite
34

sw pyrite
34

pyrite (2)

This can also be expressed as the time-dependent seawater sulfate
concentration and δ34Ssw:

= − −dM /dt F F Fsw in evaporite pyrite (3)

= − − −d(M ·δ S )/dt F ·δ S F ·δ S F ·(δ S Δ)sw
34

sw in
34
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34
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where Msw is the concentration of seawater sulfate; Fin is the total influx
of sulfur to the ocean, with contributions from evaporite dissolution,
oxidative weathering of sedimentary and igneous sulfide minerals, and
volcanic degassing of sulfur volatiles; δ34Sin is the S-isotope ratio of this
influx, which depends on the relative contributions of these three
components; Fevaporite and Fpyrite are the burial fluxes of sulfate as

Table 1
Valences of sulfur and representative respective species. Selected species shown are sulfur phases commonly observed in natural environments and laboratory
experiments (e.g., S2O3

2- and SO3
2- are important intermediate sulfur compounds associated with microbial sulfate reduction (MSR), Brunner and Bernasconi, 2005;

SF6 is a greenhouse gas and can produce toxic byproducts S2F2 and S2F10, Dervos and Vassiliou, 2000; SF6 is also used in S-isotope analyses using the fluorination
method; Gao and Thiemens, 1993).

Valence -II -I 0 I II III IV V VI

Species H2S H2S2 S S2F2 S2O3
2− HS2O4

2− H2SO3, SO3
2− S2O6

2−, S2F10 SO4
2−, SF6

FeS2 oxidation and
CaSO4 dissolution

hydrothermal H2S

         volcanic S oxidation

      FeS2 burialand FeS2 burial

SO4
2-

(0.1-1.4e12mol/yr, 0-5‰)

(~0.1e12mol/yr, 0-5‰)(<1e12mol/yr)

CaSO4 burial

(0.5-1.6e12mol/yr, 34Ssw-  )

(0.5-2.7e12mol/yr, 34Ssw)

(1.5-3.5e12mol/yr, 0-10‰)

Fig. 1. Simplified sketch of global sulfur cycling in the present-day ocean. References for the concentrations and fluxes depicted in the figure are provided in the text
above.
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evaporites and pyrite, respectively; δ34Ssw is the S-isotope ratio of
seawater sulfate; Δ is the average difference (in permil) between the
δ34S values of contemporaneous seawater sulfate and the pyrite sedi-
mentary sink. Notably, the only parameters that can be directly and
accurately obtained for the geological past are the δ34Ssw value (as
measured in sulfate minerals from marine sediments, e.g., evaporites,
barite, carbonate associated sulfate) and the rate of change in δ34Ssw
(i.e., dδ34Ssw/dt) if the ages of the analyzed samples are well con-
strained and the temporal resolution of the samples is sufficient to
define the rate of change. All other parameters are either derived from
low-resolution datasets (e.g., fluid inclusions for Msw; Horita et al.,
2002), from laboratory experiments (e.g., Δ; Sim et al., 2011; Wing and
Halevy, 2014), or assumed based on knowledge of the present-day
sulfur cycle and the geological, geochemical, and biological processes
that control it (e.g., spreading rate, volcanic activity, shelf area,
weathering rate and exposure of weathered rocks; Holser et al., 1988;
Canfield, 2004; Paytan et al., 2004; Halevy et al., 2012; Markovic et al.,
2015; Burke et al., 2018). As a result, multiple solutions to the mass
balance equations are possible, and several solutions can explain the
prominent fluctuations in the secular δ34Ssw as emphasized in Paytan
et al. (2004). Here we focus on the Cenozoic record and the various
interpretations that have been proposed to explain the fluctuation in
δ34Ssw over this time interval, as it represents a period for which the
available data are of high fidelity and temporal resolution.

3. The Cenozoic δ34Ssw record of seawater sulfate

The Cenozoic δ34Ssw has been reconstructed using marine evapor-
ites, carbonate associated sulfate (CAS), and marine pelagic barite as
archives. The evaporite-based δ34Ssw data initially presented by
Claypool et al. (1980) with further work (Utrilla et al., 1992; Strauss
et al., 2001; Kampschulte and Strauss, 2004; Orti et al., 2010) reveal
fluctuations in δ34Ssw during the Cenozoic. However, due to the inter-
mittent occurrence of evaporites and a scarcity of microfossils in eva-
poritic basins, these records are often plagued by large age un-
certainties. Marine pelagic barite and CAS often provide more
continuous and robust records with better constraints on age (e.g.,
Paytan et al., 1998; Turchyn et al., 2009; Rennie et al., 2018; Yao et al.,
2018; Toyama et al., 2020; Yao et al., 2020). The current CAS and
barite derived δ34Ssw records for the Cenozoic have a temporal re-
solution of< 1 million years with data spread of approximately 0.2‰
within each time interval (Yao et al., 2019 and references therein).

Here we present a compilation of δ34Ssw data derived from CAS and
pelagic barite sampled from deep-sea sediments from worldwide loca-
tions (Fig. 2; Paytan et al., 1998; Turchyn et al., 2009; Markovic et al.,
2015; Markovic et al., 2016; Masterson et al., 2016; Rennie et al., 2018;
Yao et al., 2018; Toyama et al., 2020; Yao et al., 2020). We recalculate
the ages of these samples in accordance with the GTS2012 timescale
(Gradstein et al., 2012) using the Neptune database (Lazarus, 1994;
Spencer-Cervato, 1999). This database provides an extensive review of
microfossil occurrence records from Deep Sea Drilling Project (DSDP),
Ocean Drilling Program (ODP), and Integrated Ocean Drilling Program
(IODP) publications for each core and converts biostratigraphic zones
into absolute ages.

The δ34Ssw over the past 65 million years varies between 16‰ and
24‰ (Fig. 2). The δ34Ssw value decreases from ~19‰ to ~17‰ be-
tween 65 and ~ 55 Ma. Following this minimum, the δ34Ssw value
shows a pronounced positive 5‰ shift to ~22.5‰ at 40 Ma. The gra-
dient of the increase is approximately 0.4‰/Myr. From 40 Ma until
~3 Ma the δ34Ssw value stays relatively constant, and during the last 3
million years, the δ34Ssw value declines by ~1‰ to the present-day
value of 21‰. Data from different ocean basins exhibit a good agree-
ment on the overall shape, timing, and magnitude of the excursion (see
Supplementary file), indicating that such variations in δ34Ssw are pri-
mary and, most importantly, global.

The δ34Ssw record shows a clear offset between the CAS and barite

data for each time interval. To estimate the δ34Ssw value at any given
time, we use a “local regression smoothing” module (LOESS; Cleveland,
1979) in the statistical software package R (R Core Team, 2012) for
each respective data set. The “span” value for the regression is 0.5. We
calculate the 95% confidence interval for each datum point from the
standard errors returned by the LOESS function.

Our results demonstrate that the compiled CAS (blue) and marine
barite (red) derived δ34Ssw records track each other with high fidelity
(Fig. 3). However, an offset of up to 1‰ exists between the two data
sets. This points to either 1) effects of using different analytical
methods, 2) effects of diagenetic alteration on one or both of the re-
cords, or 3) S-isotope fractionation during precipitation of one or both
minerals. Most of the studies use isotope ratio mass spectrometry
(IRMS) for the δ34Ssw analyses, where sulfate in the solid phase is
converted to sulfur hexafluoride (SF6) in an offline mode (e.g., Paytan
et al., 1998; Masterson et al., 2016) or to sulfur dioxide (SO2) in a
continuous-flow mode (e.g., Turchyn et al., 2009; Toyama et al., 2020;
Yao et al., 2020). The single-species foraminifera samples reported by
Rennie et al., (2018) are analyzed by a recently developed multi-col-
lector inductively coupled plasma mass spectrometry (MC-ICP-MS)
method for CAS analyses, which allows measurements of samples of just
a few nmol sulfur (Paris et al., 2013; Paris et al., 2014). The analytical
accuracy of all of the above methods is approaching 0.1‰ (Grassineau
et al., 2001; Paris et al., 2013; Paris et al., 2014; Yao et al., 2020) and
all laboratories report data relative to the Vienna Cañon Diablo Troilite
(VCDT) standard using international reference materials (e.g., IAEA-SO-
5 (0.49‰), NBS 127 (21.12‰); Coplen et al., 2001), so the offset be-
tween records is unlikely due to the use of different analytical proce-
dures.

Positive S-isotope offsets from contemporaneous seawater can be
due to diagenetic overprinting. In sediments where microbial sulfate
reduction occurs, the residual porewater sulfate becomes enriched in
34S relative to contemporaneous seawater sulfate and can be in-
corporated into carbonate or barite that forms diagenetically post
burial. Under such reducing conditions, carbonate and even barite
(which is resistant to diagenesis as long as the interstitial water is sa-
turated with respect to barium sulfate) are prone to dissolution and
recrystallization (Dymond et al., 1992; Torres et al., 1996; Paytan et al.,
2002; Kampschulte and Strauss, 2004; Rennie and Turchyn, 2014).
However, mineral morphology, porewater geochemistry (e.g., sulfate
concentrations, organic matter and pyrite contents, sedimentation
rates) of the cores, and the foraminiferal tests used in Fig. 2 have been
carefully examined to avoid diagenetically recrystallized samples (e.g.,
Paytan et al., 2002; Rennie et al., 2018; Toyama et al., 2020; Yao et al.,
2020). Moreover, diagenesis depends on local conditions in the pore-
water and hence is unlikely to exert a constant effect on CAS and barite
δ34Ssw across a variety of locations and for 65 million years back in
time.

Recent studies suggest that the offset between CAS and barite δ34Ssw
values can be a consequence of S-isotope fractionation during biomi-
neralization (Rennie et al., 2018; Toyama et al., 2020). Toyama et al.
(2020) report the S-isotope compositions of CAS and marine barite of
the same age from the same cores (i.e., IODP Site U1331 and U1333).
The observed CAS δ34Ssw values are consistently 0.5‰ to 1.1‰ higher
than the coexisting barite δ34Ssw with no temporal change in the
magnitude of the offset. This suggests that the original signals are re-
tained in both phases. Indeed, the formation of CAS involves species-
specific S-isotope fractionation of up to±1‰ from the coeval seawater
sulfate (Kampschulte and Strauss, 2004; Paris et al., 2014) and between
different foraminiferal species (Rennie et al., 2018), which may account
for the constant offset in Fig. 3. Therefore, correction for vital effects is
required in future studies by utilizing single-species foraminifera for
CAS δ34Ssw analyses and/or through direct comparisons between CAS
and barite δ34Ssw from the same sample.

W. Yao and A. Paytan



4. Potential mechanisms for the 5‰ rise in the early Cenozoic

The most pronounced perturbation of the Cenozoic sulfur record is
the 5‰ rise in δ34Ssw over an approximately 15-Myr period in the early
to middle Eocene (Fig. 2). Existing explanations for the cause of the
+5‰ δ34Ssw shift include a) a change in the dominant locus of pyrite
burial and the associated pyrite S-isotope composition (δ34Spyrite) cor-
responding to sea-level and tectonic changes (Rennie et al., 2018), b)
extensive pyrite burial under euxinic conditions in epicontinental seas
(Kurtz et al., 2003) or in the Arctic Ocean (Ogawa et al., 2009; Toyama
et al., 2020), c) increased pyrite burial rates as a result of increasing
seawater sulfate concentrations associated with punctuated sulfur in-
puts from basin-scale evaporite dissolution (Wortmann and Paytan,
2012) or Large Igneous Provinces (PI; Laakso et al., 2020). Alternative
trigger mechanisms, based on recent interpretations of sulfur cycle
evolution derived from novel approaches (e.g., Halevy et al., 2012;
Canfield, 2013; Tostevin et al., 2014; Burke et al., 2018), are also
possible.

4.1. Sea-level variations and pyrite burial

It is traditionally assumed that with abundant sulfate in seawater,
microbial sulfate reduction (MSR) rates and the dominant pathway of
sulfide reoxidation depend chiefly on the availability of organic matter
(OM) and microbial activity (Goldhaber and Kaplan, 1975; Berner,
1982; Jørgensen, 1982; Berner and Raiswell, 1983; Jørgensen, 1987;
Thamdrup et al., 1994; Jørgensen and Nelson, 2004). In areas where
sedimentation rates are fast, OM concentrations are high, and OM de-
gradation can readily deplete oxygen (as well as dissolved nitrate, iron,
and manganese) in the interstitial water, allowing for the occurrence of
MSR and pyrite burial (Goldhaber and Kaplan, 1975; Berner, 1982;
Jørgensen, 1982). Consequently, burial rates of OM and pyrite sulfur
appear to be positively correlated in modern marine sediments (Berner,
1982; Berner and Raiswell, 1983; Raiswell and Berner, 1985). Con-
tinental shelves are characterized by high sedimentation rates and high
productivity and are thus loci of pyrite burial. When sea-level is low,
pyrite in the exposed continental shelves will be subjected to oxidative
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weathering (Turchyn and Schrag, 2006; Markovic et al., 2015; Kölling
et al., 2019). Hence, both pyrite weathering and pyrite burial are sen-
sitive to the size of continental shelves. During sea-level high stands,
shelf areas expand, and pyrite burial becomes more prevalent, whereas
during sea-level low stands, shelf areas shrink, and the previously
buried pyrite is reoxidized.

However, the marine sulfur and carbon isotopic records indicate the
decoupling of OM and pyrite burial over the Cenozoic (Paytan et al.,
1998; Zachos et al., 2001; Kurtz et al., 2003; Rennie et al., 2018). One
possibility to reconcile this observation is spatial decoupling in which
the location of pyrite burial changes without substantial changes in the
pyrite burial flux (Rennie et al., 2018). Due to tectonic reorganization
and a rapid sea-level decline in the early Eocene (Golonka, 2004;
Bouilhol et al., 2013; Miller et al., 2005), the loss of epicontinental seas
and shallow shelves drives the depositional depth of pyrite from
shallow to deep waters. Subaerial exposure of previously submerged
shallow sedimentary basins enhances carbon and iron delivery to the
ocean, resulting in an increase in pyrite burial in the deeper ocean at
the expense of burial at shallower depths (i.e., shelves and epiconti-
nental seas). Based on the assumption of a larger fractionation of pyrite
burial and hence a more negative δ34Spyrite in the deep ocean relative to
nearshore environments (Fike et al., 2015), the global average S-isotope
difference between seawater sulfate and pyrite has to increase from
approximately −30‰ to−41‰ in the early Eocene and stay at around
−41‰ for the remainder of the Cenozoic (Rennie et al., 2018). These
combined changes (in the location of pyrite burial and δ34Spyrite) may
have been the cause for the irreversible 5‰ rise in δ34Ssw.

While the above scenario provides a possible explanation, it is
currently not clear why δ34Spyrite values will be different in different
marine sedimentary settings (Kaplan et al., 1963; Strauss, 1997; Fike
et al., 2015). In particular, a decrease in δ34Spyrite value (hence an in-
crease in δ34Ssw) during lower sea-level periods seems to be in-
compatible to the −1‰ shift in δ34Ssw during the Quaternary
(Markovic et al., 2015; Rennie et al., 2018), where a comparable
magnitude of sea-level decline is demonstrated (Miller et al., 2005).
Direct evidence for the influence of changing deposition areas and re-
levant redox conditions, and isotope fractionation associated with mi-
crobial ecology, MSR and sulfide reoxidation, and pyrite formation is

further required. This evidence can be obtained in experimental tests
representing the natural environments or via observations at different
oceanic settings today. Moreover, the relationship between minor sulfur
isotopes (33S and 36S) and δ34S within the range of mass-dependent
fractionation can be an additional tool to identify different metabolic
processes and to shed light on the underlying environmental informa-
tion (Farquhar and Wing, 2003; Johnston et al., 2005; Johnston et al.,
2008; Zerkle et al., 2009; Zerkle et al., 2010; Johnston, 2011; Sim et al.,
2011; Wing and Halevy, 2014; Kunzmann et al., 2017).

The oxygen isotopic record of seawater sulfate (δ18Osw) can also
trace the effect of sea-level variations on sulfur cycling (Turchyn and
Schrag, 2006; Markovic et al., 2016). Abiotic sulfide oxidation is
dominant in abyssal oxic sediments, whereas microbial sulfur dis-
proportionation and microbial sulfide oxidation are more favorable in
low-oxygen sediments on continental shelves (Jørgensen et al., 1991;
Zopfi et al., 2001; Turchyn and Schrag, 2006; Markovic et al., 2016).
Since different pathways impart distinct fractionations of oxygen iso-
topes in sulfate (Van Stempvoort and Krouse, 1994; Böttcher and
Thamdrup, 2001; Böttcher et al., 2001; Böttcher et al., 2005; Balci
et al., 2012; Antler et al., 2013; Antler et al., 2017), interpreting δ18Osw

(together with δ34Ssw) records may provide additional constraints on
the possibility of the above changes in burial loci and δ34Spyrite scenario.

4.2. Pyrite burial in euxinic environments

Pyrite can precipitate directly in the water column under euxinic
(i.e., anoxic and sulfidic) conditions (Raiswell and Berner, 1985;
Rickard, 2012). In normal marine environments where bottom water is
well oxygenated (Fig. 4A), the organic carbon to pyrite sulfur (Corg/Spy)
ratio is approximately 2.8 on a weight basis (i.e., a molar ratio of 7.5;
Berner and Raiswell, 1983). In euxinic environments, MSR occurs both
in sediments and in the water column, resulting in excess dissolved H2S
and the subsequent pyrite formation directly from seawater (Fig. 4B).
The Corg/Spy ratio under euxinic conditions is lower than 2.8 (Berner
and Raiswell, 1983). Hence, the Corg/Spy ratio can serve as an indicator
of different marine environments. Moreover, a lower Corg/Spy ratio
would imply that for each carbon available as a substrate, potentially
more pyrite is buried, removing more 32S and thus inducing an increase

Fig. 3. The LOESS curves for the marine barite and CAS de-
rived δ34Ssw records for the last 65 million years. The red and
the blue envelopes denote the 95% confidence intervals of the
LOESS regressions for the barite and CAS data, respectively.
The relatively large uncertainty for the CAS curve between 65
and 60 Ma is likely due to the low resolution of the data. Both
curves are mapped on the GTS2012 timescale (Lazarus, 1994;
Spencer-Cervato, 1999; Gradstein et al., 2012). Note that the
LOESS curves smooth out finer fluctuations that may be
present, which may lead to bias in determining isotopic va-
lues and age resolution. Major geologic events are highlighted
on the top (see Fig. 2 caption for details). (For interpretation
of the references to color in this figure legend, the reader is
referred to the web version of this article.)
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in the residual sulfate δ34S.
Kurtz et al. (2003) attribute the rapid rise in δ34Ssw to a pulse of

pyrite burial in widespread euxinic environments along inland seas and
continental shelves in the early Eocene. They suggest that the rise in
δ34Ssw coincides with a period of low organic carbon burial and a de-
cline in Corg/Spy burial in response to an increase in euxinic marine
environments. This in turn will increase δ34Ssw. However, applying this
modeling approach to the current high-resolution updated δ34Ssw data,
the excursion spans a broader period than originally reported
(~55–40 Ma in this study compared to 56–47 Ma in Paytan et al.
(1998)). This adjustment shifts the timing of the δ34Ssw rise towards the
middle Eocene, a time that is characterized by a long-term trend of
falling sea level, rather than being confined to the early Eocene marine
transgression (Miller et al., 2005). In other words, the maximum in
pyrite burial may no longer coincide with a minimum in organic carbon
burial and a low Corg/Spy ratio. Rather, the Corg/Spy ratio may be more
in line with normal marine environments in the early and middle Eo-
cene. Additional observations of Corg/Spy ratios in various locations and
more modeling tests are required to reevaluate the timing and extent of
ocean euxinia.

Another concern for this hypothesis is a lack of evidence for an
increase in sedimentary pyrite burial rates in marine sediments of the
appropriate age. Geological records for high pyrite burial in the early
and middle Eocene are only reported for the Arctic basin (Newell, 2001;
Stein et al., 2006; Ogawa et al., 2008; Dickson and Cohen, 2012).

4.3. Pyrite burial in the Arctic Ocean

Ogawa et al. (2008) report an average total sulfur (%TS) of ~6.7%
(ranged from 2.6% to 19.4%) in sediments of early-middle Eocene age
on the Lomonosov Ridge in the central Arctic. This value is substantially
higher than seen in Mediterranean sapropels (≤2%), modern Black Sea
(euxinic) sediments (~2%), and in Cretaceous black shales (up to 6%;
Brumsack, 1980; Berner, 1982; Böttcher et al., 2003). Taking sediment
mass accumulation rates into account, the coeval total sulfur accumu-
lation rate reaches as high as 1 g cm−2 kyr−1 (Ogawa et al., 2008). The
presence of framboidal pyrite as the main sulfur form and the low Corg/
Spy ratio for the early and middle Eocene intervals in these sediments
support the idea that intensive MSR has occurred under euxinic bottom
water environment in the Arctic Ocean (Berner, 1970; Kohn et al.,
1998; Ogawa et al., 2008). The S-isotope ratio of this pyrite is on
average approximately −40‰ and can be more depleted, reaching a
value of −58.5‰ (Ogawa et al., 2008).

The idea of extensive pyrite burial in the Eocene Arctic basin is
intriguing because of its unique paleogeographic and paleoceano-
graphic features. The Arctic has been nearly disconnected from the
other ocean basins in the early-middle Eocene (Fig. 5A), and seawater is

exchanged via “estuarine circulation” developing strong salinity stra-
tification in the surface waters (Berger, 1970; Akhmetiev and
Beniamovski, 2004). Unlike the modern euxinic Black Sea where iron
input is limited (Lyons and Berner, 1992), the “estuarine circulation”
pattern allows sufficient nutrients and iron input from river runoffs into
the Arctic basin (Fig. 5B; Ogawa et al., 2008). This mechanism enables
OM production and accumulation and the consequent anoxic condition
in the bottom water, supporting the continuous formation of pyrite.
When tectonic processes facilitate the connection between the Arctic
Ocean and the North Atlantic (Akhmetiev and Beniamovski, 2004), the
34S-enriched Arctic seawater mix with the rest of the world oceans,
leading to a global increase in δ34Ssw. Subsequently, the local euxinia in
the Arctic Ocean ceases.

Using the present-day seawater sulfate concentration of 29 mM
(Millero, 2005), Ogawa et al. (2008) estimate a local deposition of
approximately 7 × 1013 tons sulfur in the euxinic Arctic basin between
54 and 44 Ma. They conclude that this amount of reduced sulfur burial
can explain a 3‰ rise in the global δ34Ssw at that time. If the con-
centration of sulfate in seawater during the Eocene is lower as some
evidence suggests (~14 mM; Horita et al., 2002; Halevy et al., 2012),
the discharge of this 34S-enriched Arctic seawater to the global oceans
may explain the entire 5‰ increase (Toyama et al., 2020). In addition,
the revised δ34Ssw rise towards younger ages (55–40 Ma) now agrees
better with the documented time interval (~44 Ma) of pyrite burial in
the Arctic basin.

4.4. Tectonic uplift and basin-scale evaporite dissolution

On geologic timescales, the sulfur cycle responds to changes in the
relative proportion of sulfate and sulfide input and output to and from
the ocean. Tectonic processes uplift buried sediments into terrestrial
environments where sulfur-bearing minerals undergo weathering re-
leasing sulfate. Unlike pyrite that is insoluble without exposure to
oxidants (e.g., O2, Fe3+; Moses et al., 1987), sulfate-bearing evaporite
minerals are very soluble and can readily release sulfate into solution.

Wortmann and Paytan (2012) interpret the δ34Ssw rise as evidence
for an increase in pyrite burial caused by an increase in marine sulfate
concentrations in the early Eocene. They suggest that the initial colli-
sion between India and Eurasia may have intensified basin-scale eva-
porite dissolution, releasing approximately 2 × 1019 mol of CaSO4 from
continents to the ocean between 51 and 47 Ma (Wortmann and Paytan,
2012). Because the seawater sulfate concentration in the early-Cenozoic
is low (Horita et al., 2002), this dissolution event can effectively in-
crease δ34Ssw for two reasons. First, the sulfate released from Neopro-
terozoic to Early Cambrian evaporite deposits along the Paleotethys
margins (Zharkov, 1981) is characterized by high δ34Ssw values relative
to the early Eocene seawater sulfate (Claypool et al., 1980; Yao et al.,
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Fig. 4. Schematic diagram of the development of marine
euxinic conditions. (A) Normal marine environment: pyrite
precipitates in anoxic sediments in the zone of microbial
sulfate reduction, Corg/Spy ≈ 2.8 (Berner and Raiswell,
1983). (B) Euxinic environment in a stratified ocean: pyrite
formation takes place both in the sulfidic water column and
in euxinic sediments, Corg/Spy < 2.8 (Raiswell and Berner,
1985; Meyer and Kump, 2008).
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Fig. 5. Reconstruction of the early-middle Eocene Arctic Ocean. (A) Paleogeography of the Arctic region between ~50 and 45 Ma (after Stickley et al., 2009). (B)
Illustration of the estuarine circulation pattern and pyrite formation under euxinic conditions in the Eocene Arctic basin (after Ogawa et al., 2008).
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2019 and references therein). Second, the intensive evaporite dissolu-
tion can drastically increase the availability of sulfate – which is re-
quired for MSR as well as AOM – in the ocean (from ~8 mM to over
28 mM; Wortmann and Paytan, 2012). Assuming there is sufficient OM
and reactive iron in marine sediments, seawater sulfate concentrations
may become the dominant parameter controlling pyrite burial rates in a
non-linear way (from ~7 × 1011 to ~1 × 1012 mol/yr; Wortmann and
Chernyavsky, 2007). Although the timing of the India-Eurasia collision
is uncertain, the result is still consistent with the refined δ34Ssw curve by
lowering the flux estimate for a more extended period (Yao et al.,
2020).

4.5. Sulfur injections from Large Igneous Provinces (LIPs)

Unlike studies that presume a pulse event with no change to the
background equilibrium state of the sulfur cycle, Laakso et al. (2020)
hypothesize a slow decrease in the burial efficiency of total sulfur
dominated by a reduction in absolute sulfide deposition over the past
120 million years. This will lead to a gradual increase in the sulfate-to-
sulfide burial ratio and seawater sulfate concentration (from 5 mM in
the late Cretaceous to> 26 mM today), driving a parallel gradual in-
crease in δ34Ssw. The superimposed perturbations of the δ34Ssw signal
are then satisfied by large pulses of sulfur (on the scale of 1 × 1018 mol
sulfur on million-year timescales) injected to the Earth's surface from
the eruption and emplacement of large igneous provinces (LIPs). The
isotopically depleted sulfur input from LIPs can transiently lower δ34Ssw
and subsequently increase sulfate concentrations and pyrite burial rates
(Paytan et al., 1998; Laakso et al., 2020). Most notably, the emplace-
ment of the North Atlantic Igneous Province and explosive circum-
Caribbean volcanism between 63 and 50 Ma (Rea et al., 1990; Eldholm
and Thomas, 1993; Bralower et al., 1997; Schmitz et al., 2004; Svensen
et al., 2004; Storey et al., 2007; Svensen et al., 2010) coincide with the
2‰ decline and the following 5‰ rise in δ34Ssw in the early Cenozoic
(Fig. 2). In the early-Eocene ocean with a sulfate concentration of
~15 mM, mass balance calculations capture the observed δ34Ssw signal
by forcing volcanic input of 1.06 × 1019 mol sulfur into the ocean, with
the influx culminating at ~1.7 × 1012 mol S/yr around 55 Ma. Similar
processes apply to the sulfur cycle from the late Cretaceous to present
(Laakso et al., 2020), such as the gradual δ34Ssw decrease by 1‰ since
the mid-Miocene is partially due to the increase in sulfur input
(6.6 × 1018 mol) from Columbia River Flood Basalt volcanism (Hooper
et al., 2002; Self et al., 2006). Although the assumption of a long-term
change in the background equilibrium state of sulfate is under debate,
the role of SO2 outgassing during LIPs emplacements indeed provides a
possible explanation to the complex δ34Ssw.

The LIPs-derived perturbations to the global sulfur cycle can be
quantitatively assessed through the analysis of the triple oxygen isotope
(17O) in sulfate. Sulfate oxygen derived from atmospheric O2 via oxi-
dative weathering of pyrite carries a strong negative mass-independent
17O anomaly, while the tropospheric oxidation of outgassed SO2 can
pick up a large positive 17O anomaly (Waldeck et al., 2019). Integrating
this novel, emerging isotope system in the context of the global bio-
geochemical sulfur cycle can further provide an opportunity to con-
strain weathering, volcanism, pyrite burial, sulfur concentration, and
isotope fractionation through time, as well as aid to predict the past
atmospheric pO2/pCO2 ratio.

4.6. Alternative possible triggers and further work

While the above scenarios are all plausible to explain the early-
Eocene δ34Ssw excursion, the question of what changes in the sulfur
cycle actually occurred remains open because the system is under-
constrained. A recent study based on macrostratigraphic data describes
a sulfur cycle in which pyrite weathering and burial fluxes are less
variable on a long timescale and are more important than previously
thought (Halevy et al., 2012). As such, a large increase in the fraction of

sulfur removed from the ocean by pyrite burial, ƒpyrite = Fpyrite /
(Fevaporite + Fpyrite), may be associated with low evaporite burial rates
rather than high pyrite burial. Notably, evaporate burial is more
sporadic and primarily governed by the episodic availability of marine
environments suitable for evaporite formation and preservation. The
estimated decrease in evaporite precipitation in the early Eocene (Hay
et al., 2006; Halevy et al., 2012) is in line with a loss of the area of
shallow seas in response to the sea-level decline (Miller et al., 2005).
Although a decrease in evaporite burial itself does not directly alter
δ34Ssw, it may result in a subsequent increase in sulfate concentrations
(assuming constant sulfur influxes) and thereby pyrite burial rates. In
contrast to a sulfide-dominated sulfur cycle (Halevy et al., 2012),
Canfield (2013) propose a sulfate-dominated sulfur cycle as constrained
by coal S-isotope data. Regardless of different interpretations of the
operation of sulfur cycling in a longer timeframe, both model predic-
tions reach the expected agreement on an increase in the fractional
pyrite burial flux (i.e., ƒpyrite) in the early Eocene.

It is noteworthy that in a steady-state sulfur cycle model, a lower
ƒpyrite is required to compensate for a larger contribution from evaporite
weathering and that an overestimate of riverine sulfate δ34S composi-
tion will artificially bias the sulfur cycle towards a lower ƒpyrite (Halevy
et al., 2012; Tostevin et al., 2014). Indeed, Burke et al. (2018) question
the validity of assuming a constant δ34S of riverine input to the ocean
through time and suggest that secular variations in basin lithologies
exposed to weathering can exert a strong control on riverine δ34S va-
lues, in turn driving δ34Ssw changes. Some of the scenarios above (e.g.,
Wortmann and Paytan, 2012; Laakso et al., 2020) also indicate that the
5‰ rise in δ34Ssw in the early-middle Eocene can be a result of com-
bined effects of changes in the inputs (fluxes and their isotopic values)
and changes in pyrite burial rates. As these changes are expected to be
large, it is necessary to reassess the relative contributions from
weathering of evaporite (associated with the basin-scale evaporite
dissolution events), volcanic sulfur (from LIPs) and sedimentary pyrite,
and the resulting riverine δ34S composition. Complications of ancient
sulfur-bearing mineral deposits may provide direct evidence (e.g., dis-
tributions of sulfate/sulfide minerals on the continents, weathering
rates, volcanisms) to constrain sulfur fluxes and their isotopic values
(e.g., Hay et al., 2006; Halevy et al., 2012; Canfield, 2013). With the
advancement of multiple S-isotope analyses, investigation of the re-
lationship between δ34Ssw and δ33Ssw can also improve estimates of the
global pyrite burial flux (Tostevin et al., 2014) and the understanding of
the processes involved in the global sulfur cycle. In addition, given the
large range of estimates of the difference between seawater sulfate and
sedimentary pyrite (i.e., Δ), more work constraining global variations in
Δ from modern marine sediments (on continental shelves, slopes, rises,
and abyssal environments) will help to resolve this issue.

5. Summary

Significant climatic and tectonic perturbations over the Cenozoic
may have influenced the global sulfur cycle that is intricately linked to
the cycling of carbon, iron, and nutrients. In response to changes in the
redox state and biogeochemical processes on the Earth's surface, the
δ34Ssw oscillates through time. Compilation of marine pelagic barite and
carbonate associated sulfate data from worldwide deep-sea sediments
provides precise information of secular fluctuations in δ34Ssw for the
Cenozoic. This record with much improved biostratigraphy confirms
the positive 5‰ shift in the early-middle Eocene at a rate of approxi-
mately 0.4‰/Myr. Several scenarios have been proposed to explain the
5‰ rise in δ34Ssw between ~55 and 40 Ma. Many of these scenarios are
plausible because the parameters defining δ34Ssw are not well con-
strained for past geological time. However, while the trigger mechan-
isms vary, current understanding suggests that changes in pyrite burial
in the early Eocene, through changing the burial flux and/or the S-
isotope composition of pyrite, are involved (although other changes are
not necessarily excluded). The former requires a shift in the dominant
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locus of pyrite burial towards a deep ocean setting in response to a
rapid sea-level drop, while the latter calls for changes in the average
global S-isotope fractionation between seawater sulfate and pyrite
through yet unknown controls. Changes in pyrite burial rates globally
or locally in the euxinic Eocene Arctic basin and/or input of large pulses
of sulfur from basin-scale evaporite dissolution events or Large Igneous
Provinces can satisfy the observed increases in δ34Ssw.

Additional information from different mass-dependent and mass-
independent isotopic systematics (e.g., 33S, 36S, 18O, 17O), better as-
sessment of the amount and distribution of pyrite burial, and additional
constraints on other potential variables (e.g., changes in input fluxes or
their isotopic signatures) may provide new insights into the evolution of
microbial ecology and the reconstruction of the global sulfur cycle.
Although this study targets the story of sulfur in seawater for the
Cenozoic, similar models are applicable where perturbations of δ34Ssw
are seen throughout Earth history. High precision δ34Ssw records can
further be utilized for stratigraphic correlations, especially during times
of rapid perturbations (e.g., Yao et al., 2019).
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