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Atmospheric 0, and CO; levels inform us of the changes in chemical and biological environments, yet
the history of atmospheric compositions, and pO; in particular, is not well-constrained. The triple oxygen
isotope ('®17:180) composition of marine SO2~ has been proposed to directly record the ratio pO;/pCO;
in the contemporaneous atmosphere. To resolve this atmospheric signal, both a precise measurement of
the 170 composition of sulfate and a model with which to interpret the measurement are needed. Here

we present precise measurements of the triple oxygen isotope composition of modern marine sulfate and
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then forward a novel sulfur cycle model that deconvolves the potential atmospheric and microbial inputs
to this signal. Our interpretation of marine sulfate oxygen isotope composition provides a framework
for calculating atmospheric composition, relative rates of biogeochemical activity, and can be applied to
geologic records of marine sulfate to constrain the pO,/pCO, ratio over time.
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1. Introduction

Atmospheric composition has evolved throughout the Phanero-
zoic (542 million years to present), with data informed model es-
timates serving as the gold standard for the presumed histories of
pO> and pCO, (Berner, 2006; Bergman et al., 2004). These mod-
els fundamentally differ in their predictions for when and how
the evolution of land plants influenced Phanerozoic pO,. This dif-
ference is one example that reveals a need for direct method of
determining past pO; and pCO,. No geochemical proxy record can
directly access the evolution of the Phanerozoic atmosphere, how-
ever the 170 composition of seawater sulfate may provide such a
window (Bao et al., 2009, 2008).

Seawater sulfate 170 composition is increasingly used as a
tool for assaying atmospheric composition on the Precambrian
Earth. As interpreted in the Precambrian (Bao et al., 2008, 2009;
Crockford et al.,, 2016), the sulfate produced by oxidative weath-
ering in terrestrial environments carries a much lower 70/160
than would be predicted from '80/'0 (that is, it can be mass-
independent). The >1%o (parts per thousand) depletion observed
in 170 relative to '80 from ancient sulfate minerals (Bao et al.,
2008, 2009) is interpreted as being derived from reactions that
generate and consume O, in the atmosphere, and the magnitude
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of this depletion proportional to the relative amounts of O, and
CO, gases in the stratosphere. This O, isotopic signal is assumed
to be incorporated into sulfate during oxidative pyrite weathering
(Killingsworth et al., 2018). Riverine sulfate then carries a mass-
independent isotopic composition reflective of atmospheric O; iso-
topic composition. Excluded from these interpretations is marine
biogeochemistry. Biological reactions within marine sediments to-
day produce sulfate as a metabolite with a different oxygen iso-
topic composition than the riverine contribution. Here, sulfate pro-
duced from microbial reactions has a ratio 170/'60 that correlates
with its ratio of '80/160 (is mass-dependent) and is linked to
the oxygen isotopic composition of seawater. Thus, biological reac-
tions counteract the 170 anomaly imparted from the atmosphere
during oxidative weathering, and the degree to which this occurs
is determined by the relative magnitude of sulfate contributions
from rivers to biological cycling. Developing quantitatively accurate
models for these fluxes and their impact on marine sulfate budgets
is vital for the interpretation of ancient sulfate and climate records.

The largest sulfate input to the oceans is thought to be from
the oxidative weathering of terrestrial sulfides and dissolution of
evaporites (CaS0O4), with delivery via rivers (Halevy et al, 2012;
Wortmann et al., 2007). Sulfate is then removed from the ocean
through biological reactions and precipitation of sedimentary sul-
fides and sulfates (evaporites, anhydrite, and carbonate associated
sulfate). In the modern environment, sulfate is the second most
abundant anion in seawater and carries three times the oxidiz-
ing capacity of atmospheric oxygen (Hayes and Waldbauer, 2006).
It then follows that many metabolisms derive energy from sul-
fur reduction-oxidation reactions (Canfield, 2004). The oxidation of
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sulfides and/or reduction of sulfate through any of these processes
is often rapid, biologically mediated, and carries distinct isotopic
consequences. More specifically, biological reactions like microbial
sulfate reduction (MSR) allow for exchange of the oxygen atoms in
sulfate with oxygen atoms in water (Wankel et al., 2014). Though
there may be no net removal of sulfur from the environment, there
remains the opportunity for the oxygen isotope composition of sul-
fate to be reset through this cycling (Turchyn and Schrag, 2004).
Processes affecting the oxygen isotopic composition of sulfate are
thus integrated across the residence time of oxygen atoms in the
dissolved sulfate molecule, with previous estimates of this resi-
dence time based just on sulfide oxidation rates and weathering
fluxes on the order of 1 million years for the oxygen atoms within
sulfate (Turchyn and Schrag, 2004), versus 10 million years for the
sulfur atom within sulfate (Paytan et al., 2004, 1998).

In parallel to flux magnitudes, understanding the marine sul-
fate reservoir requires knowledge of the isotope effects of these
fluxes. Fortunately, global (modern) riverine sulfate isotopic com-
positions have been measured (see SOM, Section 8.4), however the
biological sulfate 80/160 effect is more difficult to constrain. En-
vironmental and laboratory studies point to the capacity for differ-
ent microorganisms to generate a variety of 80/160 ratios during
biological cycling of sulfate (Fritz et al., 1989; Bottcher and Tham-
drup, 2001; Bottcher et al., 2001; Brunner and Bernasconi, 2005;
Turchyn et al,, 2010). An alternative approach assumes that pore
water sulfates capture all the relevant biogeochemical and phys-
ical processes (Antler et al.,, 2013, 2015) and their study can be
used to calibrate the '80/160 ratio. This approach includes key
inorganic equilibria between water, sulfur, and phosphorus inter-
mediate species that may play a critical role in setting the com-
position of the ocean (Wankel et al., 2014; Miiller et al,, 2013;
Zeebe, 2010). While 80/160 isotope effect studies continue to
prove valuable and gain complexity (Bertran et al., 2019), unravel-
ing these complex systems is facilitated with the added constraint
of 170/160 composition.

Here we use the multiple oxygen isotope (10, 170, '80) com-
position of modern seawater sulfate in combination with a new
theoretical framework to constrain key sulfur cycle fluxes in the
modern. The 170 composition of modern marine sulfate is herein
measured in four one-dimensional water column profiles: two
long-term time series sites (BATS and SAFE), and two profiles
through the oxygen minimum zone in the Eastern Tropical South
Pacific (ETSP station 5 and 11). These measurements are enabled
via a new analytical method for measuring oxygen isotopes in sul-
fate (Cowie and Johnston, 2016). To interpret an individual isotope
composition of modern marine sulfate, we describe the data as a
mixture of two competing fluxes: weathering and marine biologi-
cal recycling. This new model framework and expanded consider-
ation of sulfate 170 composition enables the interpretation of the
modern sulfate oxygen isotope composition and provides an im-
proved framework for evaluating geological records.

2. Nomenclature

Throughout this work we use standard 8§30 notation for re-
porting '80/160 ratios. This notation is consistent with other water
buffered systems (i.e. CaCO3) and paleoclimate studies (Zeebe and
Wolf-Gladrow, 2001). Isotope ratios are reported as the abundance
of a heavy isotope divided by the abundance of the lighter, most
abundant isotope. The isotope ratio of a sample (e.g. 18Rsample) is
compared to the isotope ratio of a known reference material, here
Vienna Standard Mean Ocean Water (VSMOW), and thus §'80 is
defined as:

5180=103<18R5ﬂ_1) (1)
18 Rvsmow '

where the units are parts per thousand, or “permil” (%o). The ratio
170/160 and 6170 are calculated analogously.

Processes that isotopically fractionate materials are described
by a fractionation factor «. For a process or relationship between
two compositions (A and B), o (= 'YRs/¥Rp). For a mass-
dependent process,

17a:(18a)0 (2)

where 6 is a value close to 0.5, but can range from 0.516 to 0.531
depending on the process (Landais et al., 2008; Barkan and Luz,
2005; Pack and Herwartz, 2014; Levin et al., 2014). The calculated
high-temperature, mass-dependent triple isotope fractionation at
equilibrium is & = 0.5305 (Cao and Liu, 2011). For a given sample,
A’170 is a measure of the deviation of the 170/'0 ratio from that
predicted by the '80/160 ratio and 6g;.

/17 6 17Rsample 18 Rsample
A0 =10%(In( 522 ) — Gy xn( g S ) ) (3)

VSMOW 18 Rvsmow

where the units are parts per million, or “per meg”. In keeping
with previous work (Pack and Herwartz, 2014; Cao and Liu, 2011;
Levin et al., 2014), we use the value 0.5305 as the 0g; (Reference
Line) in the definition of A’170. Other studies have extended this
definition even further, to include non-zero intercepts in §70-580
for a chosen reference line (Levin et al., 2014). This term, often
noted as ygi, is an additive property in %o units. In this work we
chose a reference frame tied to VSMOW and set yg; = 0%c. Our
in-house VSMOW composition was calibrated based on known sil-
icate standards (Cowie and Johnston, 2016).

3. Methods

Modern seawater sulfate samples were collected from the well-
characterized oceanographic sites: BATS (Bermuda-Atlantic Time
Series Site), SAFE, and ETSP (Eastern Tropical South Pacific) sta-
tions 5 and 11, across a range of depths. Complementary metadata
is provided in Johnston et al. (2014). All samples were processed
through an established chemical protocol that was thoroughly cal-
ibrated with sulfate standard materials (Johnston et al., 2014;
Cowie and Johnston, 2016). First, all water column sulfate sam-
ples were precipitated as barite. Further purification of precipitates
was achieved via dissolution and reprecipitation by addition of a
0.05 M solution of diethylenetriaminepentaacetic acid (DTPA) and
base (1 M NaOH). Re-precipitation was achieved upon addition
of HCl to pH<3, after which the solution was centrifuged, super-
natant decanted, and residual barite dried for 24 h at 110°C. This
further chemical step ensures that only BaSO4 is present in the
precipitate. Note that the oxygen isotope exchange between sulfate
and water occurs with an extremely long half-life (>10° h at 25°C
and pH 1 (Rennie and Turchyn, 2014)).

The §'80 value of sulfate was first measured by High-Tempera-
ture Conversion Elemental Analyzer (TC/EA) techniques. Here,
400450 ng of barite powder was loaded into silver cups with ex-
cess glassy carbon for analysis on a TC/EA connected to a Thermo
Scientific Delta V Plus isotope ratio mass spectrometer config-
ured in continuous flow mode. The combustion generates CO as
the analyte gas. All samples were analyzed in at least triplicate,
and raw data were normalized to the accepted values for interna-
tional standards IAEA-SO-5, IAEA-SO-6, and NBS-127 (see Johnston
et al, 2014; Cowie and Johnston, 2016 for standardization and
corrections of IAEA standards). Instrument precision for §'80 by
TC/EA was < 0.3%o (10), and the data were originally reported in
Johnston et al. (2014).

Measuring the triple isotope composition of sulfate required
fluorination of barite to generate O,. We recently developed and
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Fig. 1. Measurements of marine sulfate '80 and '70 isotopic composition from two
locations: Bermuda Atlantic Time-series Study (BATS) (red filled circles) and East-
ern Tropical South Pacific (ETSP, sites 5 and 11) (open circles). Sulfate compositions
are 5§80 = +8.67 & 0.21%¢ and A’'70 = —16 + 17 permeg (—0.016%o). The left
panel depicts both A’'70 (y-axis) and §'80 (x-axis) compositions of marine sul-
fate; the right panel confirms that the A’'70 composition (x-axis) does not vary
significantly with depth (y-axis). (For interpretation of the colors in the figure(s),
the reader is referred to the web version of this article.)

calibrated a new method (Cowie and Johnston, 2016) for mea-
suring the triple oxygen isotope composition of sulfate minerals,
requiring ~ 2 mg of barite, using fluorine gas (F») and a 50 W
infrared laser to generate analyte O;. Once O, is generated, the
analyte gas is purified via numerous cryofocus steps and the intro-
duction of an in-line gas chromatograph (GC). We fraction collect
the sample post-GC, quantify our yields via peak integration, and
pass clean O through to a Thermo Scientific MAT 253 in dual-
inlet mode. As with previous methods, our fluorination technique
still requires pairing with independent §'80 measurements made
by TC/EA. To determine A’170, or the 70 composition relative to
the 180 composition of the sample, a correction is applied that ac-
counts for the fluorination yield and fractionation therein (Cowie
and Johnston, 2016). This correction for the mass-dependent iso-
tope effect observed during barite fluorination was rigorously cal-
ibrated (as a function of O, yields) and is now available for the
treatment of environmental data sets like that presented herein.

4. Results

The oxygen isotope composition of modern marine sulfate is
statistically homogeneous, with a value of §'8Oysyow = +8.67 +
0.21%o (see Johnston et al., 2014). New measurements presented
here illustrate that A’'7Oysvow is similarly homogeneous with a
composition of —0.016 + 0.017%. (see Fig. 1). This is also true
in oxygen minimum zones, where some degree of cryptic sulfur
cycling may occur (Canfield et al, 2010; Johnston et al., 2014).
Moreover, this observation is consistent with the long residence
time of sulfate oxygen in the ocean relative to oceanic mixing
(Turchyn and Schrag, 2004). As noted above, these data are derived
from four, 1-D water column profiles in major ocean basins (Ta-
bles S2 and S3). These include two classic time series sites (BATS
and SAFE) and two profiles through OMZ-bearing water columns,
ETSP stations 5 and 11 - the same localities used in the §'8Oysyow
calibration of marine sulfate. As Fig. 1 shows, samples from differ-
ent column profiles have A’'7Oysmow values that are the same
within statistical error. Further interrogation of the information
locked within the A’!7Oysmow composition thus requires an un-
derstanding of the behavior of 170 within the sulfur cycle.

5. Model

Previous models of seawater sulfate account for the modern
composition and temporal variability in oxygen isotope distribu-
tion in sulfate by changing the size and isotope composition of the
input and output fluxes to the seawater sulfate reservoir (Turchyn

strat. 0: A'170 << 0
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Fig. 2. Schematic of the sulfur cycle with its four main fluxes: weathering J;,, sulfate
reduction Jrequc, pyrite burial Jpy, and reoxidation processes (Jpio, Jox). The atmo-
spheric anomaly (strat 0; A’'70 « 0) passes to ocean sulfate via J;,. Subsequent
microbial and abiotic reactions (Jox, Jpio) reset the O isotope composition of sulfate.

reduc

and Schrag, 2004, 2006). Using mass balance, these fluxes are ei-
ther set to accommodate the composition of the modern ocean or
modified to exert the required rate of isotopic change to satisfy the
empirical record, while accounting for the net change in the size of
the marine sulfate reservoir. The models are commonly constrained
by four fluxes (refer to Fig. 2). First, sulfate enters the ocean via
rivers (Jyy) that contain sulfate from the continental weathering
of evaporites and oxidation of pyrite minerals. Once in the ocean,
most sulfate is removed through dissimilatory sulfate reduction
(Jreduc)- This metabolism, largely located within organic-rich con-
tinental shelf sediments, transforms sulfate into sulfide through a
series of intermediate reaction steps. Some of the sulfide produced
(Jreduc) is immediately re-oxidized to sulfate (Jox), and the re-
oxidized fraction is denoted as fox (OT Jox/Jreduc) (Jorgensen, 1982).
The remaining biogenic sulfide ([1-fox]Jrequc) reacts with iron and
precipitates as pyrite in the sediments. Although these fluxes con-
stitute the bulk of the sulfur cycle, secondary sulfur sinks could
be important and include the precipitation of anhydrite (CaSO4)
and sulfide minerals (largely FeS,) in hydrothermal settings. Each
flux within the sulfur cycle carries an associated isotope effect,
which is empirically derived in almost all cases. Isotopic variabil-
ity in the environment introduces further uncertainty into these
estimates. For instance, riverine sulfate oxygen isotope composi-
tion varies spatially as a function of the terrain it is draining. This
can relate to the proportions of weathered evaporite and oxidized
pyrite minerals (see Fig. S4 & S5). More loosely constrained, the
isotopic signatures of microbial sulfate reduction and sulfide oxi-
dation appear prominently in previous models, but are not tied to
the likely significant local environmental conditions.

This work evaluates the multiple oxygen isotope compositions
(80 and 170) of global seawater sulfate as a sum of two processes:
(1) riverine sulfate input to the ocean and (2) biological (i.e. micro-
bial) recycling of sulfate within the ocean system. Here we define
marine sulfate to include the water column and pore waters within
diffusive reach of the seawater pool. We define sulfate recycling
as including the sulfate generated via reoxidation within sulfate
reducing microorganisms (Jpio) rather than canonical sulfide oxida-
tion (Jox) (see Fig. 2).

5.1. Riverine sulfate isotope composition

Oxidative weathering of pyrite and dissolution of evaporite
minerals in terrestrial environments sets the composition of river-
ine sulfate. It follows that the protolith, or terrain being weathered,
exerts a prominent control on marine sulfate isotope composition.
Isotopically depleted sulfate often indicates a higher contribution
from weathered pyrite (FeS;), whereas more enriched 5§80 values
indicate an increased contribution from weathered evaporite min-
erals (CaSO4). Previous models have used an intermediate value for
8180 of riverine sulfate to capture this mixing behavior, using an
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Table 1

These are the constraints on the ranges of each of the model parameters, summa-
rized from the text. Citations: [1] (Turchyn and Schrag, 2004) and ref therein, [2]
(Farquhar et al., 2008), [3] see SOM section 8.4, [4] (Killingsworth et al., 2018), [5]
(Bertran et al., 2019), [6] (Cao and Liu, 2011), [7] prelim. data, Johnston Lab, see
SOM section 8.2.

Variable min max Units References
log(Jriv/JIbio) -11 -0.7 - [12]

180riv +1.2 +10.9 %o 3]
A0y, —200 0 per meg 14]
5180pi0 +24 +27 Yoo (5]
"7 6bio 0.527 0.5305 - 67]

estimated ratio of 2:1 (pyrite:evaporite) and scaled with continen-
tal shelf exposure (Turchyn and Schrag, 2006). A more recent sulfur
isotope study estimated that weathered pyrite makes up close to
43% of the modern riverine sulfate budget (Burke et al,, 2018). In
parallel to these estimates, a global compilation illustrates a wide
range of potential §'80 sulfate values, consistent with the wide
range of geological terrains being drained. For our model, we use
a range of 8§80 from 1.2 to 10.9%, reflective of the 25th and 75th
percentiles from a compilation of 469 published measurements of
river sulfate (see SOM, Section 8.4).

The minor oxygen isotope composition of riverine sulfate is
poorly constrained. A single study of the Mississippi River sulfate
budget suggests an average A’170 of —90 + 40 per meg (—0.090
=+ 0.040%0), which is characteristic of a mass-independent isotope
composition (Killingsworth et al., 2018). Like the §'80 values of
sulfate, it is expected that this composition results from two com-
ponent mixing between oxidative pyrite weathering and evaporite
dissolution.

Implicit in all these studies is the degree of oxygen atom trans-
fer between tropospheric O, and product sulfate. This fraction
has been measured using both '80-labeling (Van Stempvoort and
Krouse, 1994; Tichomirowa and Junghans, 2009) and 70 inclu-
sive (Kohl and Bao, 2011) experiments that suggest that anywhere
from 0-50% of the oxygen atoms are derived from O, and this
proportion is pH and Fe3t-dependent. Given the present isotope
composition of tropospheric 0 (A’170 = —520 per meg), and as-
suming that 100% of the riverine sulfate is derived from pyrite ox-
idation would yield a river composition between 0 and —260 per
meg. Contributions from evaporite dissolution could augment this
oxidative signal, and comprehensive, time-dependent constraints
on evaporite compositions are still debated in general (Halevy et
al., 2012), and fully lacking for 170. Given these uncertainties, the
model calculations that follow allow riverine sulfate compositions
to vary widely, across the full range of measured river sulfate
A’170, from —200 to 0 per meg. This will be refined as riverine
and oxidation studies provide the needed constraints. See Table 1.

5.2. Microbial sulfate isotopic composition

The oxygen isotope composition of marine sulfate captures in-
formation from a suite of biological processes that reduce and re-
generate sulfate in the ocean. Laboratory experiments on microbial
sulfate reduction (MSR) demonstrate that this metabolism leaves
the residual sulfate pool isotopically enriched in 8'80 (Jreduc),
whereas similar work with sulfide oxidation (Jox) produces sul-
fate with a range of 580 values near (or slightly heavier than)
ambient water (Van Stempvoort and Krouse, 1994). Both vectors
carry uncertainty in isotopic consequences and in material flux.
This is especially true for the sulfide oxidation pathway, where
debate remains over the vigor of reoxidation (fox - the frac-
tion of sulfide oxidized - between 0.4 and 0.9) (Jergensen, 1982;
Masterson et al, 2016). In pore waters, the §'80 of sulfate in-
creases with sulfate consumption - directly implicating the effects
of MSR and sulfate uptake. These microbial isotope effects appear

to vary widely depending on the specific local conditions and only
loose constraints exist for the cellular-scale controls on the isotope
effect.

Sulfate reduction metabolism models are used to predict the
oxygen isotope composition of the residual sulfate pool. Though
local biological effects on sulfate oxygen isotope composition may
vary widely, these isotope effects reflect cellular-scale processes
and local environmental conditions ([soﬁ‘], [H2S], and pH). This
exact constraint was deconvolved for sulfur isotopes (Wing and
Halevy, 2014), and more recently for oxygen isotopes (Bertran et
al,, 2019). For the model described herein, we extract oxygen iso-
tope estimates for typical pore water conditions and rates based on
studies of modern pore water sulfate profiles (Burke et al., 2018;
Leloup et al., 2009; Hoehler and Jergensen, 2013). The highest
metabolic rates (where most sulfate reduction occurs) found were
present at the sediment water interface, and range from 103 to
0.2 fmol cell=! day~!, scaling with water depth. From the model of
Bertran et al. (2019), we obtain an MSR fractionation of §'80 ~
24-27% ("Bapi, = 1.024-1.027).

As previously documented (Farquhar et al.,, 2008), reoxidative
shuttles within sulfate reduction may be the largest biological con-
tributor to extracellular sulfate (in excess when compared to sul-
fide oxidation). An experiment with isotopically labeled water and
a series of sediment flow-through reactors containing sulfate re-
ducers demonstrated that the residual sulfate exiting the reactors
had incorporated the isotope label from the ambient water during
sulfate reduction. Through measurement of the label incorpora-
tion, the calculated magnitude of the sulfite-water exchange and
back reaction was 2.33- Jiequc (Farquhar et al., 2008). This indicates
that intracellular reoxidation exceeds net sulfide production. Us-
ing an independent thermodynamic modeling approach, Bertran et
al. (2019) calculated the flux of intracellular reoxidative pathways
during sulfate reduction. This flux, denoted as Fsp3, is the amount
of sulfate imported to the cell, partially reduced to sulfite (SO%’)
and then reoxidized to sulfate and exported from the cell, relative
to the amount of sulfate fully reduced to sulfide (Wankel et al.,
2014; Bertran et al., 2019):

Fso, = Joio . (4)
Jreduc

In this model framework, Fso, varies mainly with cell specific
sulfate reduction rate and pore water concentrations of sulfate
and sulfide. Values of Fso, from 0.1-10 are representative of sul-
fate reduction occurring in the middle to lower sediment column
(near the sulfate-methane transition zone) at a rates of 0.1 fmol
H,S/cell-day, and this factor increases exponentially as the rate
decreases (see Fig. S6). We define the biological flux (Jpjo) using
the net sulfate reduction flux - as it is used in previous work
- augmented by this re-oxidative coefficient (Joio = Jreduc - Fso3)-
Jbio is the reoxidation flux within a sulfate reducing microorgan-
ism. Previous estimates of the modern global rate of microbial
sulfate reduction are between 8 and 11.3 - 10'> mol/yr (Turchyn
and Schrag, 2004; Bowles et al., 2014). Combining these estimates
with the microbial recycling coefficient yields a microbial oxygen
isotope resetting flux between 0.8 and 113.0 - 10'2 mol/yr. Along
with the composition of sulfate, our approach will allow for a re-
examination of the global sulfate reduction rate.

There have been no published 70 measurements to date on
sulfate associated with the sulfate reduction pathway. MSR is a
mass-dependent process with respect to sulfur isotopes, with the
expectation that this dependence would hold for oxygen. This
means that the 170 is predictable given an 180 effect (Barkan and
Luz, 2005; Miller, 2002; Young et al., 2002; Landais et al., 2008;
Young et al., 2014), although the specific mass law (176y,) that
describes MSR is largely unknown. Preliminary measurements of
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microbial sulfate reduction effects on 170 indicate a 76y, value of
0.5285 + 0.0026 (for preliminary data see SOM). In the discussion
that follows, we use this preliminary 76y, as a guide, but still al-
low for a wider range of mass-dependent relationships, from 0.527
to 0.5305.

5.3. Model framework

The isotopic composition of modern seawater sulfate is largely
set by riverine sulfate (J;j,) and sulfate that is regenerated within
the sulfate reduction metabolism (Jpio). In a departure from previ-
ous models, we approximate that the removal of sulfate (via sulfate
reduction, for example) does not significantly affect the isotopic
composition of the sulfate reservoir, and therefore do not explic-
itly include the traditional sulfur output fluxes (i.e. pyrite burial).
Instead, the larger biological effect comes from reoxidation within
MSR. Intracellular sulfate from this biological flux exchanges oxy-
gen atoms with water, an effectively infinite isotopic reservoir.
Further, we choose not to include the traditional Jox flux (oxida-
tion of sulfides), because it is poorly constrained isotopically and is
not always significant in magnitude (at conditions representative of
average sulfate reduction: csSRR < 0.2 fmol cell=! day~! and pore-
water conditions [SO3"] = 10 mM, [H2S] = 1 mM), Fso, = 3.1).

Global river fluxes (mol/yr) are estimated either from measured
sulfate concentrations in fluvial systems or are based on alkalin-
ity measurements and stoichiometry in continental rocks (Berner
and Berner, 2012). These flux estimates vary from 2 to 3.5 - 10'2
mol/yr for sulfate (Meybeck, 1979). A more recent estimate of
2.8+ 0.8-10'2 mol/yr is based on sulfate concentration measure-
ments of rivers constituting 46% of global freshwater runoff (Burke
et al.,, 2018). In the modeling that follows, we allow riverine sulfate
to vary across this range of values.

6. Discussion

Interpretations of the surface sulfur cycle, whether in the
present or past, are limited by the level of constraint on key
mechanisms. The size of the modern river sulfate flux has been
uniquely determined through field measurements (Burke et al,
2018) and by necessity serves as the anchor point for paleo-
reconstructions (Turchyn and Schrag, 2004, 2006). Other fluxes
(biological, hydrothermal, etc.) are more difficult to directly quan-
tify. For example, the global sulfate reduction rate is often cal-
culated using scaled local reduction rate data (Canfield, 1991;
D'Hondt et al., 2002; Niewohner et al, 1998; Thamdrup et al.,
1994) and/or compilations of marine profiles (Bowles et al., 2014).
Both approaches intrinsically carry more uncertainty than empiri-
cal quantities like riverine fluxes. It is in addressing these uncer-
tainties that isotope studies are especially useful.

Because the isotope effects of various sulfate-generating mech-
anisms overlap, interpreted changes in seawater sulfate §34S (as
well as 33S and 36S (Masterson et al., 2016)) are non-unique. Sul-
fur isotope work has shown that riverine sulfate typically ranges
in 634S from 0 to 10%o (Holser et al., 1979), and sulfate formed
by oxidation of sulfides carries only a small isotope effect (Fry et
al.,, 1988). On the other hand, the isotope fractionation associated
with microbial sulfate reduction varies across a wide range, from 0
to 70%o in §34S (Leavitt et al., 2013). Through the model forwarded
in this work, we revisit the major fluxes affecting the marine sulfur
cycle using both 170 and 130. This approach is calibrated against
the composition of the modern ocean, and extended to geological
records.

The §'80 of modern marine sulfate reflects the relative sulfate
fluxes and their respective isotopic compositions. Fig. 3 shows the
combination of values for 180y, §'80pio, and Jyiv/Jbio that are con-
sistent with §'80 in seawater sulfate of 8.67%o. Imposed on Fig. 3

riv’ " bio:

Iogm(J. )

global distribution

Fig. 3. The space of solutions for modern seawater sulfate '®0-composition is shown
here. The log of the ratio of riverine to biological fluxes (colorbar), varies as a func-
tion of riverine sulfate '80-composition (x-axis) and biologically-recycled sulfate
180-composition (y-axis). The solid black lines indicate the independent estimates
for 8'80p;, (25.0%0) and 8'80, (5.3%0), with dashed lines representing the ex-
pected error. Based on these '80 constraints, the range of Jy/Jpio iS constrained to
>2.0 (log(Jsiv/Jbio)>0.30).
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Fig. 4. The gray area represents the full space of model solutions for seawater sulfate
5180 (left panel) and A’'70 (right panel), where no constraints are placed on the
flux sizes (Jyiv/Jbio,» X-axes). The horizontal blue lines represent modern seawater sul-
fate values (5'80 = 8.67 4 0.21%0 and A’'70 = —16 + 17 per meg, respectively).
In the left panel, the black curve represents a unique model solution, when 880,
= 5.3%0 and 8'80p;, = 25.0%o. The curve crosses modern seawater sulfate compo-
sition at Jyiy/Jpio = 4.8. This curve corresponds to the three lines in the right panel,
which represent A’170 of seawater sulfate. The red point indicates A’'70, = —90
per meg, to reflect average Mississippi River sulfate composition (see Fig. S5). The
three lines are adjusted so that Jyjy/Jpio is equal to 4.8, as predicted from the left
panel, and their corresponding A’170y;, are close to 0 per meg (indicating that no
anomaly is present).

is a range of 5180 estimates for modern river systems extrapolated
from a compilation of 469 measurements of the §'80 composition
of modern river sulfate. Using the estimate for biological contri-
butions (24.0-27.0%0) (Bertran et al., 2019) and a modern J,, we
solve for a contemporary Jyy/Jpio Value >2.0 that satisfies the 80
composition of the modern ocean (see Fig. 4, left panel, and Fig. 3).

Oxidative weathering in terrestrial environments may impart
a mass-independent isotope anomaly into riverine sulfate that is
not apparent in 30 alone, but is when 70 measurements are
included. Marine biological recycling may dampen the anomaly,
depending on the deviation of 6 from 6g; = 0.5305. Unlike the
180 treatment of sulfate, where rich riverine datasets are avail-
able and both models and data exist for microbial systems, the
170 predictions are less constrained. Here we consider the range
of possible magnitudes of the mass-independent anomaly incorpo-
rated into riverine sulfate and of the specific mass-dependent mass
law(s) that govern microbial recycling.

Loose constraints can be placed on 70 contributions. In the
case of modern riverine inputs, measurements from the Mississippi
River record a strongly negative composition, ranging from —200
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to 0 per meg (Killingsworth et al., 2018). This value will be re-
vised as global riverine estimates improve, but serves as a useful
first-order target for the composition of rivers. (Later, we consider
the link between this composition and atmospheric 0,/CO,.) For
the microbial contributions, this process should be governed by a
mass-dependent mass law, or 76y, which is taken to be simi-
lar to other more well-constrained systems, i.e., values of ~0.5285
(see Section 5.2), with variability of 0.0026. With this, we investi-
gate the sensitivity of marine sulfate A’170 to J5iy/Jbio as a function
of A’170,, and A’'70;,. The A’170p;, term is a product of @
and the magnitude of the microbial §'80y,. In Fig. 4 in the right
panel, the left intercept is again the microbial component, with the
value range for A’170 reflecting variable 6 values (0.527-0.5305)
combined with the range of §'80y;, (24-27%). Similarly, the right
intercept captures the range of river A’170 values (—200 to 0 per
meg). With further refinement of the global A’'70 of riverine sul-
fate, the model can predict a flux balance (J;jy/Jpio). Interestingly, if
we apply an average Jiiv/Jbic = 4.8 to the 170 mixing calculation,
the resulting A’170y, ranges from —4 to 33 per meg, depending
on the choice of 6, (0.527-0.5305) (see Fig. 4). This suggests that
the Mississippi River value is not globally representative.

We also consider that the A’170 of modern sulfate may re-
flect a purely mass-dependent signal. For example, the measured
5180 and A’170 could be generated by microbial processes that
fractionate sulfate by '8« = 1.00867 and with a mass-dependent
relationship given by 6 = 0.5285, to agree with seawater sulfate
composition. However, given the range of 8§80y, predicted from
our sulfur metabolism studies, this is not likely for '80. Here, the
isotope composition of seawater sulfate remains a balance between
riverine sulfate inputs that contribute sulfate with lighter §20, and
microbially cycled sulfate imparting more enriched §180.

6.1. Traditional sulfide oxidation

At high rates of cell-specific sulfate reduction, traditional sulfide
oxidation is a significant sulfate generating flux. Estimates of the
proportion of hydrogen sulfide produced in typical sediments that
is reoxidized via sulfide oxidation and disproportionation range
from 40 to 90% (Masterson et al., 2016; Jorgensen, 1982, 1977).
These estimates are largely considered in the absence of argu-
ments involving cell-specific sulfate reduction rates, and forwarded
based on diagenetic grounds and radio-tracer studies. Simultane-
ously, when cell specific rates are high, the relative flux of sulfate
that exchanges intracellularly with water decreases (to less than
20% of global sulfate reduction rate for cell specific rates of 5
fmol/cell day and above) (Bertran et al., 2019). As a consequence,
the magnitude of the traditional sulfide oxidation flux outweighs
that of intracellular recycling in this scenario.

For sulfide oxidation to be modeled in a meaningful way, the
magnitude and composition of the flux must be known. First, as
more work targets sulfate reduction, a more clear picture will
emerge on cellular-scale rates of sulfate consumption, addressing
the question of whether sulfide oxidation is a feasible contribu-
tor in sulfate budgets. Next, physiologically rooted constraints are
needed on the isotope effects from sulfide oxidation (current es-
timates range from +8 to +17%c (Turchyn and Schrag, 2004)). If
sulfide reoxidation is added to the model framework presented
herein, a wider range of modeled Jy/Jpio Values can satisfy modern
seawater sulfate 180.

6.2. Estimates of global sulfate reduction rates

Previous studies have used local sulfate reduction data to draw
inferences about the global rate of sulfate reduction. In situ mea-
sured reduction rates, which are posited to scale exponentially
with depth, are integrated over the area of seafloor beneath highly

productive zones (Turchyn and Schrag, 2006; Jergensen, 1982,
1977). The spatial heterogeneity of sulfate reduction rates compli-
cates this type of global estimate. In published calculations, 10% of
the ocean floor at any given depth is taken to be “highly produc-
tive”. This accounts for the correct observation that shallow, more
nutrient-rich environments with higher sedimentation rates house
much of the world’s biogeochemical activity. A log-linear regres-
sion through the compiled data allows for a sense of uncertainty
in such an estimate (see Fig. S3). Integrating over ocean floor area,
the global sulfate reduction rate is calculated to be 8- 10'2 mol/yr
(Turchyn and Schrag, 2006) with an error of more than an order of
magnitude. Using a dependence on depth, but leaning more heav-
ily on sulfate concentration profiles in pore waters and applying
an artificial neural network, Bowles et al. (2014) estimated that
global sulfate reduction is 11.3 x 10'2 moles per year. This analy-
sis used 199 sediment profiles of pore water sulfate, and predicted
sulfate metabolic rates for each cm? of the ocean floor by calibrat-
ing to the measured profiles. Reduction rates were then integrated
over the entire ocean. In contrast to this higher value, Berner and
Canfield (1989) estimated that global sulfate reduction rates were
roughly 6 x 10'" moles per year. All of these estimates are then
subjected to a further conversion, where we assume a generic rel-
ative sulfide re-oxidation flux fox of ~0.8 times sulfate reduction
(Jorgensen, 1982).

Here we estimate the global sulfate reduction rate using the
global seawater sulfate oxygen isotope reservoir, a well-mixed pool
that integrates across ocean basins. This approach is independent
of local rate measurements, relies on our new conceptualization
of oxygen in sulfate, and as discussed below, will further incor-
porate 170 data. The riverine sulfate flux is known to be within
2.8+ 0.6 - 10'2 mol/yr (Burke et al., 2018) (This error is de-
rived from the propagated errors on pyrite - opy, - and sulfate

weathering - oy, where oy, = \/a3,0p, +b§ulfgszlxlf')' the bio-

logical flux is then predicted to be < 0.8 -10'2 mol/yr (based on
Jiiv/Ibio > 2.2 (see Fig. 4 left panel). To be clear, Jpj, is the bio-
logical re-oxidation rate within sulfate reducing Bacteria and Ar-
chaea. Under environmental conditions typical of pore waters and
at cellular rates < 0.2 fmol cell"! day~! (again an expectation from
pore water chemistry), predictions for Fso, range from =~ 0.1 to
10 (see S6). This is consistent with the factor of ~ 2 extracted
from an isotope labeling study at high metabolic rates (Farquhar
et al., 2008). This then equates to global net sulfate reduction rate
of less than 8- 10'> mol/yr (based on Fso, = 0.1). This upper
bound is consistent with previous global estimates of net sulfate
reduction (Berner and Canfield, 1989; Turchyn and Schrag, 2006;
Bowles et al., 2014).

6.3. Implications for atmospheric reconstructions

Measuring the '70-composition of barite from the geological
record was popularized by (Bao et al., 2008, 2009): the 70-
composition of seawater sulfate in particular has been suggested
to relate to the atmospheric ratio pO,/pCO,. The work described
herein calibrating the A’70 in modern seawater sulfate is a di-
rect extension of that literature, now with an expanded model
framework. Our model has biogeochemistry (i.e. an ocean and river
systems) underpinning previous models used to describe the at-
mospheric dynamics (Cao and Bao, 2013). This handling of 70
includes microbial recycling and inorganic equilibrium isotope ef-
fects, all tied to the composition of seawater H,O. Predictions for
past pO,/pCO, that are based on the oxygen isotope composition
of seawater sulfate must now be considered in the context of the
global biogeochemical sulfur cycle.

We test the sensitivity of a coupled atmospheric (Cao and Bao,
2013) and biogeochemical model, starting from a range of seawa-
ter sulfate A’170 compositions. New variables are required that
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Fig. 5. This four-panel figure shows how the A’'70 of tropospheric O, and of sul-
fate (y-axes) vary as the atmospheric ratio pO,/pCO; (x-axis) varies across a range
reflective of Phanerozoic atmospheric compositions. (a) The A’!70 of tropospheric
0, is a solid curve, and the A’'70 of riverine sulfate is a dotted curve, with the y-
axis in blue in units of %o. In the three subsequent panels, for which the y-axes are
in red in units of per meg, the A’170 of seawater sulfate is shown in gray relative
to the A’170 of riverine sulfate in the dotted line. The model variables in each run
are held constant unless otherwise specified (river coefficient = 15%, 8180bi0, effective
= 25%0, and J;iy/Jbio = 4.8). (b) The river coefficient, reflecting the portion of sul-
fate oxygen atoms that derive from atmospheric Oy, is varied between 0 and 20%.
(c) The microbial 80 composition, §'8Opjo, effective, is Varied between 24 and 27%o
while 76y, is held constant at 0.530. (d) The ratio Jiy/Jbio is held at >2.0, reflecting
the estimate based on '®0 from Fig. 3. The vertical green line in each panel rep-
resents preindustrial pO,/pCO; (for pO; = 209500 ppmv and pCO, = 280 ppmv).
The horizontal blue line represents modern seawater sulfate A’'70 = —16 per meg.

describe the magnitude of the atmospheric O, isotope anomaly
and its uptake by rivers during weathering. The ratio of pO,/pCO;
carries a functional relationship to A’170 of atmospheric O, (see
Fig. 5) and A’'70 of atmospheric CO, (Cao and Bao, 2013). For
each model run, pO,/pCO, varies from 1 to 1000 in order to
express the full range of expected Phanerozoic atmospheric com-
positions (Berner, 2006).

Fig. 5 demonstrates the sensitivity of the A’170 (y-axis) com-
position of tropospheric O, riverine sulfate, and marine sulfate to
p0,/pCO, (x-axis). Here, the §'80 of seawater sulfate is fixed at
8.67%0, along with 8180, of 5.3%. In each of the analyses, Cuptakes
8180pio, and Jiiv/Jbio are allowed to vary, respectively. Note that
the modern values for marine sulfate (blue horizontal lines) and
atmosphere (green vertical lines) fall to the oxidized portion of
the Phanerozoic atmospheric range. The variable cyptake (Fig. 5b)
describes the proportion of river sulfate oxygen atoms that are
derived from atmospheric O,. Studies show that molecular oxy-
gen constitutes a small relative fraction of a new formed sulfate
molecule, ranging from 21 to 29% in laboratory experiments of
pyrite oxidation (Kohl and Bao, 2011) to 5-25% for field based ap-
proaches that incorporate the pyrite:evaporite ratio in sulfate pro-
duction (Killingsworth et al., 2018). We adopt a reasonable range
of 0 to 20%. A similar test on 80y, (Fig. 5¢) and Jiy/Jpio (Fig. 5d)
demonstrates the sensitivity of the A’170 in sulfate to changes
in these values. The input variability in §'80y;, (24-27%0) is de-
rived from the error envelope around the mean sulfate reduction
fractionation factor (Bertran et al., 2019) and assuming a 76y, of

0.5285. For the flux balance analysis, the input range is taken from
2.0 to oo.

It is clear that significantly negative A’'70 signals are uniquely
related to the A’170 composition of atmospheric 0. It remains
the case that this value is then tied to the ratio pO,/pCO,. There-
fore the A’170 of the geological sulfate record should provide a
rich history of atmospheric compositions. Some variation in sulfate
A’170 may reflect changes in other model variables, in particular
Cuptake (see Fig. 5b). For the two other variables 6180bio, effective and
Jriv/]bio, the sensitivity analyses in Fig. 5¢ and d demonstrate that
this variability is second-order to the atmospheric composition. In
the preceding discussion, we have constrained each of these pa-
rameters in the modern, with the expectation that the values will
not change dramatically (by orders of magnitude) on Phanerozoic
timescales. The effect that variations of each parameter have on
the A’170 of seawater sulfate is captured by the gray shaded ar-
eas. It is noteworthy that the effects of individual parameters is
larger at low pO;/pCO,. This is particularly true for cyprae and
Jriv/Jbio,» Whereas the biological isotope effects exert less of a con-
trol. Even if chosen parameters are incorrect for models of ancient
sulfates, the relative changes between geological units or through
time should still be valid.

7. Conclusions

We report new high-precision measurements characterizing
the triple oxygen isotope composition of modern seawater sul-
fate (8'80 and A’'70). This composition is modeled as arising
from two sulfate-generating reactions/fluxes: riverine sulfate de-
livery (J;iv) and microbial intracellular oxidation (Jpjo). In a depar-
ture from previous oxygen isotope models, the new biological flux
describes the recycling of sulfate oxygen isotopes within sulfate-
reducing microorganisms, an argument derived from quantitative
observations in experimental systems (Farquhar et al., 2008) and
recent cellular-scale models (Bertran et al., 2019). This analysis
lends to a global picture of sulfate usage and recycling. To sat-
isfy the modeled '80 and '70 abundances in seawater sulfate,
the global sulfate reduction rate is constrained to be <15.0-10'2
mol/yr, for an Fox value of 0.1. This upper bound is consistent with
all published estimates (Bowles et al., 2014; Turchyn and Schrag,
2004, 2006).

In describing what sets modern seawater sulfate §'80 and
A’170, a quantitative understanding of the role for rivers and bi-
ology is in hand. This model allows for a refined interpretation of
measurements of ancient seawater sulfate with the continued goal
of identifying changes in A’170 of atmospheric O,, and therefore
of pCO,/p0s.

Appendix A. Supplementary material

Supplementary material related to this article can be found on-
line at https://doi.org/10.1016/j.epsl.2019.06.013.
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