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Abstract

Using a new method to purify barium sulfate from marine barite, we produce a highly resolved seawater sulfate oxygen
isotope data set for the past 4 million years. We show that the overall magnitude of the d18O shift is smaller than previously
thought (1–1.5‰ vs 6 ‰).

Expanding on previous work, we explore the effects of Quaternary sea level variations on the global sulfur cycle. Our mod-
eling results confirm the earlier hypothesis that the increased duration and amplitude of sea level lowstands during the Qua-
ternary favors direct sulfide oxidation over microbial disproportionation.

We show that oxygen isotope ratios of core top barite are up to 2.5‰ lower than the seawater sulfate d18O value. We
hypothesize that this offset is caused by incorporation of sulfate from oxidized organic sulfur compounds during precipitation
of barite. Our results provide another puzzle piece in the attempt to understand the origin of marine barite.
� 2015 Elsevier Ltd. All rights reserved.
1. INTRODUCTION

It is generally assumed that marine barite records the
oxygen isotope composition (d18O) of seawater sulfate
(Turchyn and Schrag, 2004, 2006, Griffith and Paytan,
2012), which enables us to trace the evolution of seawater
sulfate d18O with time. However, using marine barite as
recorder of the past seawater sulfate oxygen isotopic com-
position depends on obtaining pure barite samples free of
other oxygen bearing mineral phases (e.g., iron oxides, sili-
cates, rutile). Here we use an improved method of barite
extraction and purification to produce a highly resolved
marine d18O-sulfate record over the past 4 Myr.

Previous sulfate d18O studies (Turchyn and Schrag, 2004,
2006) separated barite using gravity separation with lithium
polytungstate (LST) heavy liquid. While elegant, this
approach is unable to reliably separate barite from minerals
with densities exceeding those of LST �2.85 g/ml
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(e.g., various silicates, rutile) which may affect the d18O ratio
of the respective sample.

To tackle the problem of contaminants we developed a
new method to recover pure barium sulfate which involves:
(1) sequential dissolution of carbonates, silicates, oxides
and organic matter following Paytan et al. (1996); (2) an
additional purification step which involves digestion of
impure barite using sodium carbonate followed by precipi-
tation of pure barium sulfate in an acidic medium, and sub-
sequent heating treatment. This purification step will only
dissolve barium sulfate, leaving any possible contaminants
behind.

2. BACKGROUND

Continental shelves represent only 7–8% of the world
ocean, but are responsible for �80% of organic matter
(OM) burial (e.g., Berner, 1982; Wollast, 1991; Hedges
and Keil, 1995). Decomposition of this OM is mediated
by a series of microbial respiration processes, which are
controlled by the free energy yield of the respective redox
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reaction (e.g., Froelich et al., 1979). The energetically most
favorable redox reactions are aerobic respiration and deni-
trification, but both reactions are limited by the low con-
centration of the respective electron acceptors, oxygen
and nitrate. Sulfate reduction, while energetically less favor-
able is promoted in the absence of oxygen and nitrate by
high seawater sulfate concentrations (�28 mM in the pre-
sent day ocean) and thus sulfate reducing bacteria respire
�50% of organic carbon and oxidize most of methane
(e.g., Sørensen et al., 1979; Jørgensen, 1982; Canfield
et al., 1993; Jørgensen and Kasten, 2006).

Microbial sulfate reduction (MSR) reduces sulfate to
hydrogen sulfide, the majority of which is oxidized within
the surface sediments (Jørgensen, 1982). Both MSR and
sulfide oxidation, alter the oxygen isotope ratio of dissolved
sulfate in the interstitial water (e.g., Fritz et al., 1989;
Böttcher et al., 1998, 1999; Blake et al., 2006; Bottrell and
Newton, 2006; Turchyn et al., 2006; Wortmann et al.,
2007; Turchyn et al., 2010; Antler et al., 2013). The isotopi-
cally modified pore water sulfate will diffuse or get mixed
into the overlying water column (sulfate reflux, Fig. 1),
affecting the d18O of the ocean sulfate reservoir. The
MSR and sulfate reflux are considerably larger than sulfate
weathering inputs or burial fluxes (Fig. 1).

The MSR is a stepwise process with multiple reversible
reactions and exchange fluxes between the cell interior of
sulfate reducers and ambient water (Rees, 1973; Brunner
and Bernasconi, 2005; Eckert et al., 2011). The sulfate
transported into bacterial cells is first reduced to sulfite
which may be further reduced to sulfide or oxidized and
returned to the environment (e.g., Brunner and
Bernasconi, 2005; Brunner et al., 2012). The oxygen isotope
exchange between intracellular sulfite and water, and subse-
quent backflux of reoxidized sulfate, can produce O18 iso-
tope enrichment in extracellular sulfate of up to 29‰
compared to seawater (�0‰, relative to Vienna Standard
Fig. 1. Major fluxes controlling oxygen isotope ratio of seawater
sulfate. Note: the arrow width is proportional to the flux. Flux data
after Berner (1982), Kump (1989), Hansen and Wallmann (2003)
and Jørgensen and Kasten (2006); see Supplementary file for full
list. Note that sulfate reduction flux represents only the net MSR
(i.e., the amount of sulfate reduced to sulfide), and excludes the cell
internal cycling of sulfur intermediates which may exceed the
volume of this flux twofold (Farquhar et al., 2008; Brunner et al.,
2012; Wankel et al., 2014).
Oceanic Mean Water, hereafter VSMOW, e.g., Fritz
et al., 1989; Van Stempvoort and Krouse, 1994;
Wortmann et al., 2007; Turchyn et al., 2010; Antler et al.,
2013; Wankel et al., 2014). However, the impact of these
processes on the global seawater sulfate d18O value relative
to other processes like sulfide oxidation or disproportiona-
tion reactions is not well constrained. Sulfate reducers con-
tinuously take up and consume isotopically altered
porewater sulfate, which over time considerably reduces
its backflux into seawater pool. Nevertheless, if we account
the entire volume of sulfate that enters bacterial cells, the
gross sulfate cycling could be considerably larger than the
net reduction of sulfate to sulfide (Farquhar et al., 2008;
Brunner et al., 2012; Wankel et al., 2014).

While it is difficult to quantify the relative importance of
MSR vs different pathways of sulfide oxidation (e.g.,
Wortmann et al., 2007; Antler et al., 2013), we can use sul-
fate d18O signatures to broadly differentiate between sulfate
modified by direct oxidation and sulfate that is affected by
microbially mediated processes i.e., isotope exchange or
fractionation during microbial sulfate reduction and dis-
proportionation (Fig. 2). The d18O of sulfate produced dur-
ing abiotic oxidation of sulfide is close to the oxygen
isotope ratio of ambient seawater (0‰, relative to
VSMOW, Taylor et al., 1984; Van Stempvoort and
Krouse, 1994; see also Balci et al., 2007; Kohl and Bao,
2011; Balci et al., 2012). Similarly, microbial sulfide oxida-
tion in the presence of an oxidant (e.g., O2, nitrate, Fe(III)
and Mn(IV)) imparts small, but variable O isotope offset
(up to 8‰, Van Stempvoort and Krouse, 1994; Balci
et al., 2012). In order to account for the overlapping d18O
signatures of sulfate produced by abiotic and microbial
direct oxidation, we will be using an umbrella term direct
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Fig. 2. Simplified schematic representation of the sulfur cycle.
Note: The d18O value of sulfate produced during abiotic oxidation
is close to that of ambient water (�0‰, Taylor et al., 1984; Van
Stempvoort and Krouse, 1994) whereas microbial disproportion-
ation imprints a distinct isotope offset (+8‰ to +21‰ relative to
ambient water, Böttcher et al., 2001a,b, 2005). The microbial
oxidation takes place in the presence of oxidant (O2, Fe(III) and
Mn(IV)) and imparts a variable isotope offset (up to 8‰, Van
Stempvoort and Krouse, 1994; Balci et al., 2012). The reverse
arrow between sulfate and sulfide represents oxygen isotope
fractionation between sulfite and water during MSR (Fritz et al.,
1989; Wortmann et al., 2007; Turchyn et al., 2010; Antler et al.,
2013).
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sulfide oxidation for both groups of processes. Microbial
disproportionation in the presence of iron imparts sulfate
oxygen isotope enrichments of 16–21‰ compared to ambi-
ent water (Böttcher et al., 2001a,b, 2005), while dispropor-
tionation in the presence of manganese offsets the d18O of
sulfate by 8–12 ‰ (Böttcher et al., 2001a). On the other
hand, kinetic fractionation and oxygen isotope exchange
between the cell-internal sulfite and water during MSR off-
set the d18O of sulfate by up to 29‰ over the oxygen iso-
tope composition of the water (e.g., Fritz et al., 1989;
Wortmann et al., 2007; Turchyn et al., 2010; Antler et al.,
2013).

Turchyn and Schrag (2004, 2006) suggested that the bal-
ance between direct sulfide oxidation and microbial sulfur
disproportionation shows dependence on water depth, with
the latter predominantly taking place in shallow environ-
ments and the former being more common in deep-sea
areas. The rates of sulfur disproportionation are thought
to be high in the shallow environments (Jørgensen, 1990;
Thamdrup et al., 1993, 1994; Canfield and Thamdrup,
1994, 1996), promoted by high organic matter supply and
rapid sulfur turnover. On the other hand, direct sulfide oxi-
dation is important in sediments deposited in the upwelling
areas (Ferdelman et al., 1997; Zopfi et al., 2008), submarine
river fans (Aller et al., 1986; Canfield, 1989; Schulz et al.,
1994; Aller et al., 2010), cold seep systems (Lichtschlag
et al., 2010) and stratified marine environments (e.g., Black
Sea, Burdige and Nealson, 1986; Oguz et al., 2001).

The d18O of seawater sulfate is controlled by the reflux
of isotopically modified sulfate, input from continental
weathering and volcanic emissions and output through
evaporite precipitation (Fig. 1, for detailed discussion see
Bottrell and Newton, 2006). Since the residence time of
marine sulfate bound oxygen (�500 kyr, Jørgensen and
Kasten, 2006) is short compared to rate of oxygen isotope
exchange between dissolved seawater sulfate and ambient
water (106–107 yrs, Llyod, 1967, 1968; Chiba and Sakai,
1985; Van Stempvoort and Krouse, 1994), dissolved sulfate
preserves its original d18O signature. Furthermore, the mar-
ine residence time of sulfate bound oxygen exceeds the
ocean mixing time (1600 yrs) by two orders of magnitude,
so that the ocean can be considered a well mixed reservoir.
The seawater sulfate d18O thus reflects the balance of its
input and output fluxes at any given point in time.

In turn, the seawater sulfate d18O will be recorded by
barite (BaSO4) crystals forming in the water column
(Turchyn and Schrag, 2004, 2006; Griffith and Paytan,
2012). Here we extract pure barite using our new two step
method and produce a highly resolved and revised seawater
sulfate d18O record. Furthermore, we complement our
record with sulfur isotope measurements (d34S) to get a bet-
ter picture of global sulfur cycling in the past 4 Myr.

3. GEOLOGICAL SETTING

Once formed, barite is a very stable mineral. However,
sediments where microbial sulfate reduction has depleted
all dissolved sulfate, are prone to early diagenetic barite dis-
solution (e.g., Torres et al., 1996; Paytan and Griffith,
2007). Under these conditions barite can dissolve and repre-
cipitate as diagenetic barite elsewhere in the sediment col-
umn (Paytan et al., 2002). This process will change the
barite sulfur and oxygen isotopic composition because the
reprecipitated barite will acquire the pore fluid sulfate S-
and O-isotope signal (Paytan et al., 2002; Griffith and
Paytan, 2012), and it is thus important to select samples
from locations where the concentration of sedimentary
OM is low enough to prevent exhaustion of the dissolved
sulfate pool.

We use core samples from leg 138 of the Ocean Drilling
program (ODP), Site 849, which is located about 860 km
west of the East Pacific Rise (0.1831�N, 110.5197�W) at a
depth of 3850 m. At Site 849 organic matter concentrations
are low and interstitial water sulfate concentrations remain
high with depth (25–28 mM, Shipboard Scientific Party,
1992). We are thus certain that our samples are not affected
by diagenetic barite dissolution and/or reprecipitation. This
was confirmed with the SEM imaging analysis of crystal
size and morphology which showed an absence of tabular,
large (>10 lm) crystals suggestive of diagenetic barite
(Paytan et al., 2002).

Sample ages are determined using high resolution (10–
50 kyr) orbitally tuned age models by Shackleton et al.
(1995).

The core top samples used in this study represent a range
of sites and locations (see Supplementary data).

4. METHODS

We separated barite from sediment in two steps. The
first step is sequential dissolution following Paytan et al.
(1996) method. The second step involves barite digestion
using sodium carbonate, reprecipitation in an acidic med-
ium, and subsequent heating treatment. Each step in the
method was tested using barite with a known d18O isotope
composition (our BaSO4 lab standard) to check for poten-
tial oxygen isotope exchange (see Supplementary file).

4.1. Sequential dissolution

Samples were treated with: (I) HCl to remove carbon-
ates; (II) sodium hypochlorite to oxidize organic matter;
(III) hydroxylamine hydrochloride to remove iron and
manganese oxyhydroxides; (IV) concentrated HF-HNO3

mixtures with ratios of 1:2, 1:1, and 2:1 to remove silicates;
(V) aluminum chloride in 1 M HNO3 to remove fluorides;
(VI) heated at 750 �C in the furnace for 1 h to oxidize highly
refractory organic matter. After each step (I–V), we cen-
trifuged the samples, decanted the supernatant and washed
the residue three times with ultrapure deionized water. We
examined the purity of the extracted barite using X-ray
diffraction spectra and used SEM imaging/EDS analysis
to check for the potential presence of diagenetic barite
and impurities (Paytan et al., 2002).

4.2. Purification

To avoid contamination with residual mineral phases
like rutile, we introduced an additional purification step
which involves: (1) barite digestion in sodium carbonate
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solution (Breit et al., 1985; Von Allmen et al., 2010, with
some modifications, see below); (2) subsequent reprecipita-
tion of pure BaSO4.

4.2.1. Digestion and reprecipitation

The sample residue obtained during the sequential disso-
lution step was weighed and placed in Axygen� 1.5 mL
MaxyClear snaplock polypropylene microtubes. Next, we
added 10 times the sample weight sodium carbonate
(99.95%, Acros Organics) and 1 mL of miliQ water (resis-
tivity > 18 MX). Microtubes were closed and placed in an
oven, previously set at 85 �C and left to react for 24 h.
The reaction between barium sulfate and sodium carbonate
is a simple exchange of carbonate for sulfate, which pro-
duces barium carbonate precipitate while sulfate is released
into solution:

BaSO4ðsÞ þNa2CO3ðaqÞ ! BaCO3ðsÞ þNa2SO4ðaqÞ ð1Þ

We separated the two phases using a centrifuge and
decant the solution into larger BD FalconTM 10 mL tubes.
The supernatant liquid was acidified to pH 1 using trace
metal grade hydrochloric acid and then 2–5 mL of 10%
solution of BaCl2 (99.9% Sigma–Aldrich) was added to pre-
cipitate pure BaSO4:

Na2SO4ðaqÞ þ BaCl2 ! BaSO4ðsÞ þ 2NaClðaqÞ ð2Þ

The barium sulfate precipitate was left at room temper-
ature overnight in the mother solution to ‘‘age”. Next day
samples were centrifuged and the liquid was decanted. Fol-
lowing this step, miliQ water (resistivity > 18 MX) was
added to the tube, the remaining precipitate was shaken,
centrifuged and decanted again. This ‘‘washing” step was
repeated 5–7 times, to obtain precipitate free from BaCl2
and HCl residues. To eliminate hydration water which is
sorbed on, or trapped in the crystalline lattice (Walton
and Walden, 1946a,b), the reprecipitated barium sulfate
was heated at 700 �C for 1 h.

4.3. Mineral composition and chemistry of separated and

purified barite

X-ray diffraction (XRD) was used to determine the min-
eral composition of bulk impure barium sulfate, reprecipi-
tated synthetic barium sulfate and residuals after
dissolution step.

Samples for XRD analysis were prepared by mixing a
small amount of material (several mg) in ethyl-alcohol or
acetone in order to make thick suspension which is than
evenly smeared on zero reflection silica plate. XRD analysis
was done on a Philips XRD system with a PW 1830 HT
generator, a PW 1050 goniometer, PW 3710 control elec-
tronics, and X-Pert system software. The scanning speed
was 2s per 1”; 2 theta ranges were 2–60�/70�.

Field emission scanning electron microscope system
ZEISS SUPRA VP55 with INCA 350 Energy Dispersive
X-ray detector (EDS) was used for micron scale imaging
and microanalysis of reprecipitated barium sulfate and
residuals following both sequential dissolution and purifica-
tion step.
For XRD we estimate that under our setup detection
limit for phases other than barite is between �5 wt% for
quartz (and other silicates) and 10 wt% for iron oxide and
sodium carbonate phases. However, for SEM–EDS spot
analysis detection limits for specific elements are minimum
0.1 wt%.

4.4. Isotope analysis

We analyzed the oxygen isotope ratios with a continu-
ous flow isotope ratio monitoring mass spectrometry sys-
tem using a Hekatech high temperature pyrolysis furnace
coupled via a Finnigan Conflo III open split interface to
a Finnigan MAT 253 mass spectrometer. Solid barite sam-
ples (�200 lg) were weighed into a silver capsule and intro-
duced into pyrolysis furnace where BaSO4 is converted to
CO gas at 1400 �C under a helium atmosphere.

We also measured sulfur isotopic composition of
those samples with enough remaining material. For sulfur
isotope analysis solid barite samples (200 lg) were mixed
in a tin cup with �600 lg of V2O5 powder and introduced
into Eurovector Elemental Analyzer (EA) where BaSO4

is converted to SO2 by combustion in a flush of
oxygen.

Measurements were calibrated using international sulfate
standards NBS 127 (+21.1‰, Vienna Canyon Diablo Troi-
lite – VCDT; +8.6‰, VSMOW), IAEA SO5 (+0.49‰,
VCDT;+12.13‰, VSMOW), IAEASO6 (�34.05‰, VCDT;
11.35‰, VSMOW), USGS 32 (+25.4‰, VSMOW) (Coplen
et al., 2001; Böhlke et al., 2003; Brand et al., 2009) and an
in-house synthetic BaSO4 (Sigma–Aldrich) standard

(8.6‰, VCDT; 11.9 ± 0.2‰,VSMOW).
Repeated measurements of the in-house standard (typi-

cally >10 measurements per run) and international stan-
dards (3–4 measurements per standard per run) yield
reproducibility of 0.15‰ (1 standard deviation – 1r) for
sulfur and 0.2‰ (1r) for oxygen isotope measurements.

4.5. Statistical analysis

Uncertainties of the isotope data include errors in sam-
ple assigned ages and uncertainties in how well a single
measurement represents the seawater sulfate S and O iso-
tope value. Note that the latter uncertainty comprises not
only the analytical precision (which can be quantified),
but also sample origin, sample handling, and sample extrac-
tion. We therefore have to assume that each measurement
carries an unknown error (or noise).

However, the seawater sulfate isotope value at any given
time (t) depends to a certain degree on its isotope value at
the time before. This coupling allows us to apply ‘‘local
regression smoothing” (LOESS, Cleveland, 1979) to esti-
mate the likely sulfate S and O isotope values.

We used the default LOESS module provided by the sta-
tistical software package R (R Development Core Team,
2013). The 95% confidence interval was calculated for each
data point from the standard errors returned by the LOESS
function and represents our best estimate of uncertainty
associated with single isotope measurement at any point
in time.
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4.6. Sulfur cycle model

Our model is derived from Markovic et al. (2015) sulfur
cycle model which is expanded to include the MSR and sul-
fate recycling (for the full model description see Supplemen-
tary file and Markovic et al., 2015 in addition to this
section).

The model setup and boundary conditions are very sim-
ilar to sulfur cycle isotope mass balance model by Turchyn
and Schrag (2004, 2006). The model is built on the follow-
ing assumptions: (a) The size of sulfate reservoir is not con-
stant but increases as a result of pyrite and evaporate
weathering during glacial shelf sediment exposure; (b) the
rate of MSR and the balance between direct sulfide oxida-
tion and microbial disproportionation varies depending on
the extent of shelf area; (c) the expanded shelf area coin-
cides with the high sulfate turnover through MSR and
microbial disproportionation which increases seawater sul-
fate d18O. In contrast, in times of reduced shelf abiotic sul-
fide oxidation dominates which decreases oxygen isotope
composition of seawater sulfate. (d) The flux representing
oxygen isotope fractionation during sulfate reduction is
assumed to be equal to net sulfate reduction, i.e., for every
sulfate molecule reduced to sulfide, the oxygen in one other
sulfate is exchanged with water. This is well within the
range of estimates for sulfate recycling during MSR based
on compilation of batch culture and flow-through reactor
experiments (Brunner et al., 2012), modeling of natural
pore-water profiles (Antler et al., 2013) and previous mod-
els of global sulfur cycling (Turchyn and Schrag, 2004,
2006). (e) Since residual pore-water sulfate may not always
attain the maximum O-isotope fractionation (Antler et al.,
2013), the average oxygen isotope fractionation during
MSR is assumed to be 14‰ compared to seawater (0‰
VSMOW), which is roughly halfway between seawater
d18O and O isotope equilibrium of 29‰ (Fritz et al.,
1989). This is in line with previous modeling studies which
also employed similar values (7–14‰, Turchyn and Schrag,
2004, 2006).

The model first calculates the shelf area using sea level
estimates by Miller et al. (2011) and cubic polynomial fit
(from Bjerrum et al., 2006) of the global hypsometric curve
ETOPO-5 (see Supplementary file). Next we take the fluxes
which are affected by sea level change (sulfate reduction,
sulfide reoxidation, pyrite and evaporite weathering and
pyrite burial) and divide them in two boxes, the one of
which represents background flux while the other varies
in proportion to calculated shelf area.

The sulfate reduction flux is calculated as follows (3):

F �
MSR ¼ FMSR � 1=2þ 1=2 � As � Amin

Acurrent � Amin

� �
ð3Þ

where F �
MSR is calculated sulfate reduction at any point in

time FMSR is the present day MSR estimate. As is the shelf
area at each step. Amin and Acurrent are minimum and pre-
sent day extent of shelf area, respectively. We assume that
out of the total MSR, half takes place in the shelf (up to
130 m depth) while the other half takes place in the deep
water regions (abyssal and continental slope bellow 130 m
of depth). These numbers are in good agreement with the
present day spatial distribution of sulfate reduction in sed-
iments at different water depth (Jørgensen, 1982; Jørgensen
and Kasten, 2006; Thullner et al., 2009).

The estimates of the present day MSR rates vary consid-
erably (Jørgensen and Kasten, 2006; Bowles et al., 2014).
Initially we run the model using the estimate of 7.5 * 1013

mol S/yr, after Jørgensen and Kasten (2006). In the subse-
quent sensitivity tests, we run model experiments assuming
present day MSR rates of 1 * 1013 mol S/yr and 1014 mol S/
yr and using the same forcing.

The flux representing sulfate-oxygen fractionation dur-
ing MSR is calculated as follows (4):

F exchange ¼ F �
MSR � 1=2þ 1=2 � As � Amin

Acurrent � Amin

� �
ð4Þ

Fexchange represents oxygen isotope fractionation during
MSR either by kinetic or equilibrium fractionation. Since
sulfate fractionated during MSR may be mixed back to
the seawater pool or eventually consumed by sulfate reduc-
ers, the size of this flux may be considerably smaller. There-
fore, with respect to the oxygen isotope fractionation
during MSR we tested two model scenarios. First, we
assumed there was no mixing between sulfate fractionated
during MSR and seawater sulfate. In the subsequent model
runs, 50% of sulfate fractionated during MSR was mixed
back to the seawater sulfate pool.

A fraction of MSR produced sulfide is buried as pyrite.
The pyrite burial (Fbp) is calculated as follows (5):

F bp ¼ F bp-abyssal þ F bp-shelf � As � Amin

Amax � Amin

ð5Þ

where Fbp-abyssal corresponds to the minimum pyrite burial
which takes place in slope and abyssal environments at
minimum shelf extent in this case 0.6 * 1012 mol S/yr,
Fbp-shelf is the portion of pyrite that is buried on the shelf
at the maximum shelf extent (Amax) assumed to be
1.4*1012 mol S/yr; Amin is the minimum shelf extent and
As is the shelf area at each step. These numbers are based
on present day estimates of sulfate reduction rates and
pyrite burial in sediments at different water depth (Jørgensen,
1982; D’Hondt et al., 2002; Jørgensen and Kasten, 2006;
Thullner et al., 2009).

Sulfate reflux (Freox) is calculated from known F �
MSR and

pyrite burial at each point in time (6):

F reox ¼ F �
MSR � F bp ð6Þ

The d18O ratio of sulfate from oxidized sulfide
(d18OFreox) depends on the pathway of reoxidation
(Fig. 2) and the oxygen isotope composition of seawater
(d18Osw). At present day d18Osw is on average 0‰
(VSMOW). However, it has varied in the past across
glacial-interglacial cycles. For example, the waxing of ice
sheets in glacial stages increases d18O of ocean water (e.g.,
Shackleton, 1967, 1987). Pore water studies constrain the
amplitude of seawater oxygen isotope variations due to
the growth of ice sheets but only for the most recent gla-
cials. For the last glacial maximum (LGM) the estimated
change is + 1.0 ± 0.1‰ (Schrag et al., 1996, 2002; Adkins
et al., 2002). Since Miller et al. (2011) sea level record is
based on benthic foraminifera d18O (Lisiecki and Raymo,
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2005), it also reflects fluctuations in the mass of polar ice
caps. Therefore, sea level change is proportional to the sea-
water d18O value if oxygen isotope composition of the polar
ice did not change between last glacial maximum and previ-
ous Quaternary glaciations. Assuming that O isotope com-
position of polar ice remained the same, we extrapolated
the LGM estimates into the rest of Quaternary, in order
to assess what would be the effect of fluctuating seawater
d18O on sulfur cycle. The d18OFreox is calculated using the
following (7):

d18OFreox ¼ d18Osw þ d18Ointerglacial � d18Ointerglacial � d18Oglacial

� �
� Amax �As

Amax �Amin

ð7Þ

where d18OFreox is d18O ratio of sulfate from oxidized sul-
fide, d18Osw is estimated seawater d18O ratio, d18Ointerglacial

is maximum d18OFreox corresponding to maximum shelf
flooding, d18Oglacial is d

18OFreox during Pleistocene sea level
minimum. The assumed values for d18Ointerglacial and
d18Oglacial are different for two model scenarios. In model
scenario I, d18Ointerglacial and d18Oglacial are assumed to be
between 8.4‰ and 3‰, while in model scenario II, these
are 4.3‰ and 0.8‰ respectively.

Thus calculated d18OFreox represents composition of the
sulfate reflux from oxidized sulfide (see Fig. 1). The
d18OFreox reflects the relative balance between direct sulfide
oxidation and microbial disproportionation. The direct sul-
fide oxidation produces sulfate with d18O similar to that of
ambient water (Taylor et al., 1984; Van Stempvoort and
Krouse, 1994; Balci et al., 2007; Balci et al., 2012) which
we assume to be on average 0‰ VSMOW (present day sea-
Fig. 3. Barite d18O results. The black full circles denote the average
measured barite d18O for each sample (this study – see Supple-
mentary file for tabulated results) and open circles are individual
barite d18O measurements from Turchyn and Schrag (2004), the
shaded area represent the 95% confidence intervals of a LOESS
approximation of the ‘‘true” d18O value (see Section 4) for both
records. Note that the difference between two date sets reflects in
part an assigned d18O value for international NBS 127 standard. In
this study we use recently recalibrated value of 8.6‰ VSMOW
(Brand et al., 2009) while Turchyn and Schrag (2004) used earlier
assigned value of 9.3‰ VSMOW, which shifted their results
towards more positive values by 0.7‰.
water d18O). The case for d18O of sulfate produced during
disproportionation is however more complicated, as the
range of measured oxygen isotope signatures is very wide
(8–21‰ VSMOW, Fig. 2). Here we assume that on average
d18O of sulfate produced by disproportionation is 15‰
VSMOW, which allows us to estimate its relative contribu-
tion across glacial–interglacial cycles. Note that selection of
the average sulfate d18O for microbial disproportionation
has minor impact on model results/conclusions. The model
d18O output and its fit with the data would not change if we
selected some other value, e.g., 16‰ for microbial dispro-
portionation. In this case, calculated relative contribution
of this process across glacial–interglacial cycles would be
about �2% lower.

5. RESULTS

The marine barite d18O varies between 4.4‰ and 7.6‰
(VSMOW) with an average value of 6.5‰ (Fig. 3). Between
4.1 Ma and 1.2 Ma, d18O fluctuate around 7‰ with a stan-
dard deviation (1r) of 0.4‰ (twice the analytical uncer-
tainty of 0.2‰). However, from 1.2 Ma we observe a
steady decline from 7‰ to �6‰ in the most recent sedi-
ments. The d18O of the core top samples falls between
5.5‰ and 6.5‰, with a mean of 6‰ and 1r of 0.4‰.

The d34S data shows stable values that fluctuate around
�22‰ (VCDT) with a standard deviation (1r) of 0.3‰
before 2 Ma. Between 2 Ma and 0.7 Ma we observe a
steady decline from �22‰ (VCDT) to 21‰ (VCDT)
(Fig. 4). In the past 0.7 Ma d34S values are relatively stable
around 21‰ (VCDT) (Fig. 4).

6. DISCUSSION

The oxygen isotope values of our barite samples are up
to 7‰ lighter than the previously published record of
Fig. 4. Barite d34S results. Full black circles denote measurements
of samples from this study (see Supplementary file for tabulated
results), open circles denote data from Markovic et al. (2014), the
shaded area the 95% confidence interval of a LOESS approxima-
tion of the ‘‘true” d34S (see Section 4).
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Turchyn and Schrag (2004) (Fig. 3). There are two possibil-
ities to explain this large offset: (1) Our results are affected
by sulfate produced through oxidation of pyrite during
sequential dissolution step, which would lead to anoma-
lously low oxygen isotope ratios (DeBond et al., 2012) or
(2) contamination of barite with other minerals (e.g., sili-
cates, rutile), may be affecting oxygen isotope measure-
ments in Turchyn and Schrag (2004) study.

While we selected samples from cores with low organic
matter and stable pore water sulfate content (25–28 mM,
Shipboard Scientific Party, 1992), which are unlikely to
contain pyrite, based on sample selection alone we cannot
completely exclude pyrite oxidation during extraction pro-
cess. However, the pyrite content would vary from sample
to sample which should lead to a different degree of pyrite
contamination and result in a large spread of the d18O and
d34S values (DeBond et al., 2012). Since our data clusters
fairly well, we assume that pyrite oxidation has no major
effect on our d18O measurements.

The main difference between our study and that of
Turchyn and Schrag (2004) is the separation method used
to extract barite. Heavy liquid separation method employed
by Turchyn and Schrag (2004), does not discriminate
between barite and minerals with densities exceeding opti-
mal density of lithium polytungstate (2.85 g/ml), e.g., many
silicates, rutile, and iron oxides. The oxygen isotopic ratios
observed in these minerals can reach values up to 30‰
(VSMOW) (Hoefs, 2009), and any contamination would
affect the d18O of the sample.

We adjusted our extraction procedures to address these
problems, i.e., in order to extract pure barium sulfate we
dissolved all barite to separate it from mineral phases like
silicates, oxides or rutile which do not dissolve with Na2-
CO3. We demonstrate that barium sulfate is separated
quantitatively from these contaminants (see Supplementary
file). Additionally, to ensure that our sample extraction
does not affect d18O composition of barite, each step in
the method is tested using barium sulfate with known
d18O (see Section 4 and Supplementary file for details).
Therefore, we think that our data set is more likely to rep-
resent the uncontaminated marine barite d18O composition.

6.1. Causes of observed seawater sulfate d18O change

If we accept the premise that our data is a ‘‘true” recor-
der of the marine seawater sulfate d18O signal, the observed
variations imply considerable changes in the oxygen iso-
topic composition and/or flux of sulfate into the ocean. Cli-
matic variations during the Quaternary likely affected the
weathering fluxes of sulfate/sulfide into the ocean
(Markovic et al., 2015). However, these fluxes are small
compared to the ocean sulfate reservoir and are unlikely
to have large impact on the sulfate d18O signal on sub-
million year timescales (see Fig. 1). On the other hand,
changes of the balance between direct sulfate oxidation
and disproportionation processes may have a significant
impact on seawater sulfate d18O. This balance is thought
to be susceptible to variations of the submerged shelf area,
which in turn is greatly affected by glacial-interglacial sea
level variations.
During interglacials, high sea levels resulted in expanded
shelf areas that are characterized by high OM burial rates
and intense microbial carbon turnover through MSR
(Jørgensen, 1982; Berner, 1982). Bioturbation and the
abundant iron and manganese oxyhydroxides supplied by
weathering on continents, promote oxidation of hydrogen
sulfide to intermediate sulfur compounds, which favors sul-
fur cycling through microbially mediated disproportiona-
tion (Thamdrup et al., 1993, 1994; Canfield and
Thamdrup, 1994; Canfield and Thamdrup, 1996). High
rates of sulfur cycling through disproportionation processes
impart distinct sulfate d18O enrichment.

During sea level lowstands, however, shelf areas sup-
porting the above processes are much smaller and replaced
by low-lying coastal plains transected by rivers. This
reduces global MSR rates, the total production of sulfide,
and its subsequent oxidation to sulfate. The narrowing of
continental shelf pushes upwelling areas further offshore
while riverine sediment load is funneled through submarine
canyons to continental slope and abyssal plain. Conse-
quently direct sulfide oxidation, which is common in mod-
ern deep sea fans (Aller et al., 1986; Canfield, 1989; Schulz
et al., 1994; Aller et al., 2010) and upwelling areas
(Ferdelman et al., 1997; Zopfi et al., 2008) becomes more
important. Furthermore, continental shelf areas are being
eroded and pyrite and organic S contained in these shelf
sediments are being oxidized which produces sulfate with
d18O close to that of the ambient water, (e.g., Taylor
et al., 1984; Balci et al., 2007) thus lowering seawater sulfate
d18O as well. Note that the conversion of pyrite to sulfate
will affect the seawater sulfate concentration as well as its
sulfur isotope composition. The latter effect is indeed visible
in the �1‰ negative shift of seawater sulfate d34S in the
past 1.5 Myr (Fig. 4; see also Markovic et al., 2015 for
detailed discussion).

6.2. Model results

We explore the impact of sea level variations on the glo-
bal sulfate fluxes using a sulfur cycle model from Markovic
et al. (2015) which was modified in order to simultaneously
calculate changes in d34S and d18O of seawater sulfate.

The model first calculates the ocean covered shelf area
(Fig. 5) using Miller et al. (2011) sea level estimates. Subse-
quently, we use the shelf area to calculate: sulfate input and
output fluxes, MSR and sulfate reflux from oxidized sulfide,
the oxygen isotope ratio of sulfate reflux as well as the rel-
ative proportion of microbial disproportionation and direct
sulfide oxidation (Fig. 6., see Section 4 and Supplementary
file for a detailed model description).

Model outputs (Fig. 7) capture the concurrent decline of
d18O and d34S values in the past 2 Myr, supporting the
notion that the intensification of the Quaternary glaciation
and its effect on the areal extent of shelf had a considerable
impact on the balance between different pathways of sulfur
cycling (direct sulfide oxidation vs. microbial dispropor-
tionation, Turchyn and Schrag, 2004, 2006 and sulfur ero-
sion/burial fluxes Markovic et al., 2015).

The shape of d18O output is sensitive to different esti-
mates of the modern MSR used to initialize model



Fig. 5. Sea level and shelf area estimate. (A) Sea level estimate
(Miller et al., 2011). (B) Calculated shelf area using polynomial fit
(Bjerrum et al., 2006) of ETOPO-5 global mean hypsometric curve.
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(Fig. 7A and B). The effect of periodic forcing on the iso-
topic composition of oxygen in sulfate depends on its resi-
dence time and periodicity of forcing (Richter and
Turekian, 1993). Since for each model scenario we do not
change the model forcing, the order of magnitude change
in the residence time of sulfate oxygen (400 yr to 4 Myr,
for selection of MSR of 1014 mol S/yr and 1013 mol S/yr,
respectively) is reflected in different model response
(Fig. 7A and B).

In the sensitivity runs assuming global MSR at 1014 -
mol S/yr the model response to sea level forcing is quicker
and amplified. However, the output is similar to the main
model run and falls within the 95% confidence interval of
d18O data except in the past 0.5 Myr, when it overshoots
the d18O signal.

The model run assuming MSR rates of 1013 mol S/yr
(comparable to 1.13 * 1013 mol S/yr estimate by Bowles
et al., 2014) falls within 95% confidence interval of d18O
data before 1.5 Myr and undershoots the d18O data after
1.5 Myr (Fig. 7A). Since MSR and sulfate reflux calculated
here are only 2–5 larger than sulfate input from pyrite
weathering (Fig. 6A and C), this model experiment repre-
sents primarily sulfate d18O isotope variations resulting
from increased pyrite weathering on the shelf. Although
increased pyrite weathering affected seawater sulfate d34S
in Quaternary (Fig. 7C; see also Markovic et al., 2015),
the impact on seawater sulfate d18O is much smaller,
because the isotope offset between sulfate produced by pyr-
ite oxidation and seawater sulfate is only �8.6‰ (�0‰
VSMOW vs. 8.6‰ VSMOW, Van Stempvoort and
Krouse, 1994; Johnston et al., 2014), significantly less than
sulfur isotope offset of ��40‰. Therefore, if we assume the
low estimate for MSR rates, the increased pyrite weathering
produces only a modest change of ��0.5‰ which is not
enough to reproduce the magnitude or shape of our seawa-
ter sulfate d18O signal (Fig. 7A). If we were to reproduce the
full d18O shift the oxygen isotopic composition of sulfate
reflux during glacials would have to be 0‰ VSMOW, i.e.,
it would be completely dominated by abiotic sulfide oxida-
tion. Since this is unlikely, Bowles et al. (2014) MSR esti-
mate may be too low or unrepresentative for Quaternary.

In model scenario II, the oxygen isotope exchange dur-
ing MSR represents an amplifier, creating a more dynamic
system with higher sulfate-oxygen turnover. In order to
produce the negative d18O shift in the past 2 Myr we need
a large source of sulfate with low d18O values to counterbal-
ance the impact of isotopically enriched sulfate-oxygen pro-
duced during MSR. There are only two possible sources
that could be invoked—pyrite weathering and direct oxida-
tion of reduced sulfur species coupled with iron, manganese
or nitrate reduction. Since the former process would also
introduce significant change of sulfate d34S which are not
supported by barite sulfur isotope data, the latter process
is the most likely candidate. Thus, in model scenario II,
the direct oxidation during glaciations dominates the over-
all sulfate reflux; the d18O of sulfate produced during oxida-
tive sulfur cycling drops to ~0‰ during the most severe
glaciations (see Fig. 6 for forcing fluxes).

Note that in model scenario II only 50% of sulfate frac-
tionated during MSR is mixed into seawater sulfate pool.
Larger flux would require unrealistically big source of sul-
fate of O18 depleted sulfate to counterbalance it. For
instance, if the entire volume of sulfate fractionated during
MSR returns to the seawater pool, the model d18O output
would increase monotonically even with the complete dom-
inance of direct oxidation (i.e., assuming that d18O of sul-
fate reflux from oxidized sulfide is 0‰ throughout the
model run). Since the oxygen isotope value of sulfate reflux
is unlikely to be lower than seawater d18O, we suggests that
most of sulfate fractionated during MSR is eventually con-
sumed by sulfate reducers. The small positive shift in our
d18O data set for the past 200 kyr is not captured by model
results. This shift may represent changes in shelf bathyme-
try. Late Pleistocene interglacial shelf is likely much deeper
compared to earlier periods, reflecting significant sediment
offloading during the first 100 kyr sealevel lowstands (Hay
and Southam, 1977; Markovic et al., 2015). The MSR rates
in deeper water settings are lower (e.g., D’Hondt et al.,
2002, Bowles et al., 2014; see also compilation of rates in
Jørgensen and Kasten, 2006). Since lower sulfate reduction
rates result in higher oxygen isotope fractionation during
MSR (Böttcher et al., 1998, 1999; Antler et al., 2013) it is
possible that this deepening of the shelf may have shifted
seawater sulfate d18O towards higher values, which is not



Fig. 6. Model forcing – the impact of sea level variation on fluxes controlling oxygen isotopic composition of seawater sulfate. (A) Pyrite
weathering. (B) Evaporite weathering. (C) Reflux of isotopically modified sulfate (calculated as a difference between MSR and pyrite burial).
(D) Oxygen isotopic composition of isotopically modified sulfate. (E) Direct sulfide oxidation expressed as percentage of the total isotopically
modified sulfate reflux. (F) Microbial disproportionation as percentage of the total isotopically modified sulfate reflux.
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captured, because our model does not account for changes
in shelf bathymetry.

6.3. The source of sulfate for barite precipitation

The barite core top d18O values diverge from modern
seawater sulfate oxygen isotope signature by 2–2.5‰
(�8.6‰, VSMOW, Johnston et al., 2014 for seawater sul-
fate compared to 5.5–6.5‰ VSMOW in our dataset). Sim-
ilar offset (1.5–2‰ see Fig. 3) was previously noted by
Turchyn and Schrag (2004, 2006). They proposed that oxy-
gen isotopes are kinetically fractionated during barite pre-
cipitation. However, kinetic isotope fractionation in other
sulfate minerals (evaporitic gypsum or anhydrite) causes a
positive oxygen isotope offset in both sulfur and oxygen iso-
tope ratios (e.g., Lloyd, 1968; Holser et al., 1979), which is
also expected in the case of barite. Since this is not the case
and only d18O isotope signatures of barite are different from
contemporaneous seawater sulfate, we suggest that alterna-
tive process—the oxidation of organic S compounds during
barite precipitation in microenvironments of sinking
organic matter is responsible.

Barite is thought to be formed in microenvironments
which are supersaturated with respect to barium sulfate
(e.g., Dehairs et al., 1980; Bishop, 1988; Ganeshram at
al., 2003; Jacquet et al., 2007), while the rest of the water
column is under-saturated (Monnin et al., 1999; Rushdi
et al., 2000). These microenvironments are enriched in



Fig. 7. Model output: (A) model scenario I (sulfate d18O output);
(B) model scenario II (sulfate d18O output); the brown solid lines in
A and B represent model assuming Jørgensen and Kasten (2006)
modern MSR estimate of 7.5 * 1013 mol S/yr. The red and blue
dashed lines represent model output assuming modern MSR of
1014 mol S/yr and 1 * 1013 mol S/yr respectively. (C) Seawater
sulfate d34S. Note that this model output is the same for all model
runs. The brown solid line represents model d34S output. The
shaded areas represent 95% confidence interval of a LOESS
approximation of the ‘‘true” d18O and d34S. (For interpretation of
the references to colour in this figure legend, the reader is referred
to the web version of this article.)
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sulfate, from decaying organic matter (Chow and
Goldberg, 1960; Bishop, 1988). Since incorporation of sul-
fate in organic matter (assimilatory sulfate reduction) pro-
duces very small S isotope fractionation (1–3‰, Canfield,
2001; Amrani, 2014), sulfate originating from organic S
compounds in microenvironments of barite precipitation
should have d34S value close to seawater sulfate (�21‰,
VCDT). On the other hand, oxygen from seawater can be
incorporated in product sulfate during oxidation of organic
S compounds. Hence, barite d34S values are close to seawa-
ter sulfate (�21‰, see Fig. 4), while the O isotope values
are shifted towards seawater oxygen isotope composition
(0‰ VSMOW, Fig. 3).

This interpretation implies that the marine barite d18O
signature represents oxygen isotope composition from two
sources, with end members being seawater (0‰ VSMOW)
and seawater sulfate (8.6‰ VSMOW). We can then calcu-
late contribution of each end member using:

d18Ocore top ¼ d18OSO4 � ASW-SO4 þ d18Oreox-S � Breox-S ð8Þ
where ASW-SO4 and Breox-S are the fractions of O atoms

coming from seawater sulfate and seawater respectively.
Solving this equation gives 0.70 and 0.30 for oxygen for
ASW-SO4 and Breox-s, respectively. In other words, the rela-
tive contribution of sulfate coming from oxidized organic
sulfur could be 30%. However, we don’t know the isotopic
composition of oxidized organic S which may be close to
seawater d18O or higher depending on the pathway of sulfur
oxidation. Therefore, this estimate could be the minimum
contribution of oxidized organic sulfur.

7. CONCLUSION

It is difficult to separate marine barite from other min-
eral phases, e.g., silicates, iron or manganese oxides or
rutile. These impurities represent a serious problem for oxy-
gen isotope measurements, since they carry d18O signatures
which are unrelated to that of barite. Using an improved
method to recover pure barium sulfate we produced a
new marine barite d18O record for the past 4 Ma. Our data
suggests a 1–1.5‰ drop in the marine sulfate d18O in the
past 2 Ma which is significantly less than previously
thought (��6‰ in Turchyn and Schrag, 2004).

In line with previous studies (Turchyn and Schrag, 2004,
2006) we show that the Quaternary glaciations and con-
comitant reduction in shelf area are likely to have a consid-
erable effect on microbial sulfur cycling. Modeling results
suggest that glacial periods saw 50–100% decrease in the
microbial disproportionation during the most severe Qua-
ternary glaciations.

We find that core top barite d18O values are 2–2.5‰
lower than modern seawater sulfate oxygen isotope signa-
ture and hypothesize that barite incorporates sulfate from
two sources during precipitation. More work is needed to
elucidate the origin and the underlying factors that control
this offset. For instance, it is unclear if this offset changes
depending on local conditions e.g., composition of organic
matter in marine snow, size of sinking organic particles or
presence of specific sulfur oxidizing bacteria.
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M., Geilmann H., Gröning M., Jansen H. G., Meijer H. A. J.,
Mroczkowski S. J., Qi H., Soergel K., Stuart-Williams H.,
Weise S. M. and Werner R. A. (2009) Comprehensive inter-
laboratory calibration of reference materials for d18O versus
VSMOW using various on-line high-temperature conversion
techniques. Rapid Commun. Mass Spectrom. 23, 999–1019.

Breit G. N., Simmons E. C. and Goldhaber M. B. (1985)
Dissolution of barite for the analysis of strontium isotopes
and other chemical and isotopic variations using aqueous
sodium carbonate. Chem. Geol. 52, 333–336.

Brunner B. and Bernasconi S. M. (2005) A revised isotope
fractionation model for dissimilatory sulfate reduction in
sulfate reducing bacteria. Geochim. Cosmochim. Acta 69,
4759–4771.

Brunner B., Einsiedl F., Arnold G. L., Müller I., Templer S. and
Bernasconi S. M. (2012) The reversibility of dissimilatory
sulphate reduction and the cell-internal multi-step reduction of
sulphite to sulphide: insights from the oxygen isotope compo-
sition of sulphate. Isot. Environ. Health Stud. 48, 33–54.

Burdige D. J. and Nealson K. H. (1986) Chemical and microbi-
ological studies of sulfide-mediated manganese reduction.
Geomicrobiol. J. 4(4), 361–387.

Canfield D. E. (1989) Reactive iron in marine sediments. Geochim.

Cosmochim. Acta 53, 619–632.
Canfield D. E. (2001) Biogeochemistry of Sulfur Isotopes. Rev.

Mineral. Geochem. 43, 607–636.
Canfield D. E. and Thamdrup B. (1994) The production of 34S-

depleted sulfide during bacterial disproportionation of elemen-
tal sulfur. Science 266, 1973–1975.

Canfield D. E. and Thamdrup B. (1996) Fate of elemental sulfur in
an intertidal sediment. FEMS Microbiol. Ecol. 19, 95–103.

Canfield D. E., Jorgensen B. B., Fossing H., Glud R., Gundersen
J., Ramsing N. B., Thamdrup B., Hansen J. W., Nielsen L. P.
and Hall P. O. (1993) Pathways of organic carbon oxidation in
three continental margin sediments. Mar. Geol. 113, 27–40.

http://dx.doi.org/10.1016/j.gca.2015.12.005
http://dx.doi.org/10.1016/j.gca.2015.12.005
http://refhub.elsevier.com/S0016-7037(15)00697-3/h0005
http://refhub.elsevier.com/S0016-7037(15)00697-3/h0005
http://refhub.elsevier.com/S0016-7037(15)00697-3/h0005
http://refhub.elsevier.com/S0016-7037(15)00697-3/h0005
http://refhub.elsevier.com/S0016-7037(15)00697-3/h0010
http://refhub.elsevier.com/S0016-7037(15)00697-3/h0010
http://refhub.elsevier.com/S0016-7037(15)00697-3/h0010
http://refhub.elsevier.com/S0016-7037(15)00697-3/h0010
http://refhub.elsevier.com/S0016-7037(15)00697-3/h0010
http://refhub.elsevier.com/S0016-7037(15)00697-3/h0015
http://refhub.elsevier.com/S0016-7037(15)00697-3/h0015
http://refhub.elsevier.com/S0016-7037(15)00697-3/h0015
http://refhub.elsevier.com/S0016-7037(15)00697-3/h0020
http://refhub.elsevier.com/S0016-7037(15)00697-3/h0020
http://refhub.elsevier.com/S0016-7037(15)00697-3/h0020
http://refhub.elsevier.com/S0016-7037(15)00697-3/h0030
http://refhub.elsevier.com/S0016-7037(15)00697-3/h0030
http://refhub.elsevier.com/S0016-7037(15)00697-3/h0030
http://refhub.elsevier.com/S0016-7037(15)00697-3/h0030
http://refhub.elsevier.com/S0016-7037(15)00697-3/h0035
http://refhub.elsevier.com/S0016-7037(15)00697-3/h0035
http://refhub.elsevier.com/S0016-7037(15)00697-3/h0035
http://refhub.elsevier.com/S0016-7037(15)00697-3/h0035
http://refhub.elsevier.com/S0016-7037(15)00697-3/h0040
http://refhub.elsevier.com/S0016-7037(15)00697-3/h0040
http://refhub.elsevier.com/S0016-7037(15)00697-3/h0040
http://refhub.elsevier.com/S0016-7037(15)00697-3/h0040
http://refhub.elsevier.com/S0016-7037(15)00697-3/h0045
http://refhub.elsevier.com/S0016-7037(15)00697-3/h0045
http://refhub.elsevier.com/S0016-7037(15)00697-3/h0045
http://refhub.elsevier.com/S0016-7037(15)00697-3/h0055
http://refhub.elsevier.com/S0016-7037(15)00697-3/h0055
http://refhub.elsevier.com/S0016-7037(15)00697-3/h0060
http://refhub.elsevier.com/S0016-7037(15)00697-3/h0060
http://refhub.elsevier.com/S0016-7037(15)00697-3/h0060
http://refhub.elsevier.com/S0016-7037(15)00697-3/h0065
http://refhub.elsevier.com/S0016-7037(15)00697-3/h0065
http://refhub.elsevier.com/S0016-7037(15)00697-3/h0065
http://refhub.elsevier.com/S0016-7037(15)00697-3/h0065
http://www.ncbi.nlm.nih.gov/pubmed/12876683
http://refhub.elsevier.com/S0016-7037(15)00697-3/h0075
http://refhub.elsevier.com/S0016-7037(15)00697-3/h0075
http://refhub.elsevier.com/S0016-7037(15)00697-3/h0075
http://refhub.elsevier.com/S0016-7037(15)00697-3/h0075
http://refhub.elsevier.com/S0016-7037(15)00697-3/h0075
http://refhub.elsevier.com/S0016-7037(15)00697-3/h0075
http://refhub.elsevier.com/S0016-7037(15)00697-3/h0085
http://refhub.elsevier.com/S0016-7037(15)00697-3/h0085
http://refhub.elsevier.com/S0016-7037(15)00697-3/h0085
http://refhub.elsevier.com/S0016-7037(15)00697-3/h0085
http://refhub.elsevier.com/S0016-7037(15)00697-3/h0085
http://refhub.elsevier.com/S0016-7037(15)00697-3/h0090
http://refhub.elsevier.com/S0016-7037(15)00697-3/h0090
http://refhub.elsevier.com/S0016-7037(15)00697-3/h0090
http://refhub.elsevier.com/S0016-7037(15)00697-3/h0090
http://refhub.elsevier.com/S0016-7037(15)00697-3/h0095
http://refhub.elsevier.com/S0016-7037(15)00697-3/h0095
http://refhub.elsevier.com/S0016-7037(15)00697-3/h0095
http://refhub.elsevier.com/S0016-7037(15)00697-3/h0095
http://refhub.elsevier.com/S0016-7037(15)00697-3/h0100
http://refhub.elsevier.com/S0016-7037(15)00697-3/h0100
http://refhub.elsevier.com/S0016-7037(15)00697-3/h0100
http://refhub.elsevier.com/S0016-7037(15)00697-3/h0105
http://refhub.elsevier.com/S0016-7037(15)00697-3/h0105
http://refhub.elsevier.com/S0016-7037(15)00697-3/h0105
http://refhub.elsevier.com/S0016-7037(15)00697-3/h0105
http://refhub.elsevier.com/S0016-7037(15)00697-3/h0110
http://refhub.elsevier.com/S0016-7037(15)00697-3/h0110
http://refhub.elsevier.com/S0016-7037(15)00697-3/h0110
http://refhub.elsevier.com/S0016-7037(15)00697-3/h0110
http://refhub.elsevier.com/S0016-7037(15)00697-3/h0110
http://refhub.elsevier.com/S0016-7037(15)00697-3/h0110
http://refhub.elsevier.com/S0016-7037(15)00697-3/h0110
http://refhub.elsevier.com/S0016-7037(15)00697-3/h0110
http://refhub.elsevier.com/S0016-7037(15)00697-3/h0115
http://refhub.elsevier.com/S0016-7037(15)00697-3/h0115
http://refhub.elsevier.com/S0016-7037(15)00697-3/h0115
http://refhub.elsevier.com/S0016-7037(15)00697-3/h0115
http://refhub.elsevier.com/S0016-7037(15)00697-3/h0125
http://refhub.elsevier.com/S0016-7037(15)00697-3/h0125
http://refhub.elsevier.com/S0016-7037(15)00697-3/h0125
http://refhub.elsevier.com/S0016-7037(15)00697-3/h0125
http://refhub.elsevier.com/S0016-7037(15)00697-3/h0130
http://refhub.elsevier.com/S0016-7037(15)00697-3/h0130
http://refhub.elsevier.com/S0016-7037(15)00697-3/h0130
http://refhub.elsevier.com/S0016-7037(15)00697-3/h0130
http://refhub.elsevier.com/S0016-7037(15)00697-3/h0130
http://refhub.elsevier.com/S0016-7037(15)00697-3/h0135
http://refhub.elsevier.com/S0016-7037(15)00697-3/h0135
http://refhub.elsevier.com/S0016-7037(15)00697-3/h0135
http://refhub.elsevier.com/S0016-7037(15)00697-3/h0145
http://refhub.elsevier.com/S0016-7037(15)00697-3/h0145
http://refhub.elsevier.com/S0016-7037(15)00697-3/h9000
http://refhub.elsevier.com/S0016-7037(15)00697-3/h9000
http://refhub.elsevier.com/S0016-7037(15)00697-3/h0150
http://refhub.elsevier.com/S0016-7037(15)00697-3/h0150
http://refhub.elsevier.com/S0016-7037(15)00697-3/h0150
http://refhub.elsevier.com/S0016-7037(15)00697-3/h0150
http://refhub.elsevier.com/S0016-7037(15)00697-3/h0155
http://refhub.elsevier.com/S0016-7037(15)00697-3/h0155
http://refhub.elsevier.com/S0016-7037(15)00697-3/h0160
http://refhub.elsevier.com/S0016-7037(15)00697-3/h0160
http://refhub.elsevier.com/S0016-7037(15)00697-3/h0160
http://refhub.elsevier.com/S0016-7037(15)00697-3/h0160


250 S. Markovic et al. /Geochimica et Cosmochimica Acta 175 (2016) 239–251
Chiba H. and Sakai H. (1985) Oxygen isotope exchange rate
between dissolved sulfate and water at hydrothermal temper-
atures. Geochim. Cosmochim. Acta 49, 993–1000.

Chow T. J. and Goldberg E. D. (1960) On the marine geochemistry
of barium. Geochim. Cosmochim. Acta 20, 192–198.

Cleveland W. S. (1979) Robust locally weighted regression and
smoothing scatterplots. J. Am. Stat. Assoc. 74, 829–836.
Available at: <http://www.jstor.org/stable/2286407>.
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Zopfi J., Böttcher M. E. and Jørgensen B. B. (2008) Biogeochem-

istry of sulfur and iron in Thioploca-colonized surface sedi-
ments in the upwelling area off Central Chile. Geochim.

Cosmochim. Acta 72, 827–843.

Associate editor: James Farquhar

http://refhub.elsevier.com/S0016-7037(15)00697-3/h0440
http://refhub.elsevier.com/S0016-7037(15)00697-3/h0440
http://refhub.elsevier.com/S0016-7037(15)00697-3/h0440
http://refhub.elsevier.com/S0016-7037(15)00697-3/h0445
http://refhub.elsevier.com/S0016-7037(15)00697-3/h0445
http://refhub.elsevier.com/S0016-7037(15)00697-3/h0445
http://refhub.elsevier.com/S0016-7037(15)00697-3/h0445
http://refhub.elsevier.com/S0016-7037(15)00697-3/h0455
http://refhub.elsevier.com/S0016-7037(15)00697-3/h0455
http://refhub.elsevier.com/S0016-7037(15)00697-3/h0460
http://refhub.elsevier.com/S0016-7037(15)00697-3/h0460
http://refhub.elsevier.com/S0016-7037(15)00697-3/h0475
http://refhub.elsevier.com/S0016-7037(15)00697-3/h0475
http://refhub.elsevier.com/S0016-7037(15)00697-3/h0475
http://refhub.elsevier.com/S0016-7037(15)00697-3/h0475
http://refhub.elsevier.com/S0016-7037(15)00697-3/h0480
http://refhub.elsevier.com/S0016-7037(15)00697-3/h0480
http://refhub.elsevier.com/S0016-7037(15)00697-3/h0480
http://refhub.elsevier.com/S0016-7037(15)00697-3/h0490
http://refhub.elsevier.com/S0016-7037(15)00697-3/h0490
http://refhub.elsevier.com/S0016-7037(15)00697-3/h0490
http://refhub.elsevier.com/S0016-7037(15)00697-3/h0490
http://dx.doi.org/10.1021/bk-1994-0550.ch029
http://dx.doi.org/10.1021/bk-1994-0550.ch029
http://refhub.elsevier.com/S0016-7037(15)00697-3/h0500
http://refhub.elsevier.com/S0016-7037(15)00697-3/h0500
http://refhub.elsevier.com/S0016-7037(15)00697-3/h0500
http://refhub.elsevier.com/S0016-7037(15)00697-3/h0505
http://refhub.elsevier.com/S0016-7037(15)00697-3/h0505
http://refhub.elsevier.com/S0016-7037(15)00697-3/h0505
http://refhub.elsevier.com/S0016-7037(15)00697-3/h0505
http://refhub.elsevier.com/S0016-7037(15)00697-3/h0510
http://refhub.elsevier.com/S0016-7037(15)00697-3/h0510
http://refhub.elsevier.com/S0016-7037(15)00697-3/h0510
http://refhub.elsevier.com/S0016-7037(15)00697-3/h0515
http://refhub.elsevier.com/S0016-7037(15)00697-3/h0515
http://refhub.elsevier.com/S0016-7037(15)00697-3/h0515
http://refhub.elsevier.com/S0016-7037(15)00697-3/h0515
http://refhub.elsevier.com/S0016-7037(15)00697-3/h0520
http://refhub.elsevier.com/S0016-7037(15)00697-3/h0520
http://refhub.elsevier.com/S0016-7037(15)00697-3/h0520
http://refhub.elsevier.com/S0016-7037(15)00697-3/h0520
http://refhub.elsevier.com/S0016-7037(15)00697-3/h0520
http://refhub.elsevier.com/S0016-7037(15)00697-3/h0525
http://refhub.elsevier.com/S0016-7037(15)00697-3/h0525
http://refhub.elsevier.com/S0016-7037(15)00697-3/h0525
http://refhub.elsevier.com/S0016-7037(15)00697-3/h0530
http://refhub.elsevier.com/S0016-7037(15)00697-3/h0530
http://refhub.elsevier.com/S0016-7037(15)00697-3/h0530
http://refhub.elsevier.com/S0016-7037(15)00697-3/h0535
http://refhub.elsevier.com/S0016-7037(15)00697-3/h0535
http://refhub.elsevier.com/S0016-7037(15)00697-3/h0535
http://refhub.elsevier.com/S0016-7037(15)00697-3/h0540
http://refhub.elsevier.com/S0016-7037(15)00697-3/h0540
http://refhub.elsevier.com/S0016-7037(15)00697-3/h0540
http://refhub.elsevier.com/S0016-7037(15)00697-3/h0540
http://refhub.elsevier.com/S0016-7037(15)00697-3/h0540
http://dx.doi.org/10.1021/ja01213a018
http://dx.doi.org/10.1021/ja01213a019
http://refhub.elsevier.com/S0016-7037(15)00697-3/h0560
http://refhub.elsevier.com/S0016-7037(15)00697-3/h0560
http://refhub.elsevier.com/S0016-7037(15)00697-3/h0560
http://refhub.elsevier.com/S0016-7037(15)00697-3/h0560
http://refhub.elsevier.com/S0016-7037(15)00697-3/h0580
http://refhub.elsevier.com/S0016-7037(15)00697-3/h0580
http://refhub.elsevier.com/S0016-7037(15)00697-3/h0580
http://refhub.elsevier.com/S0016-7037(15)00697-3/h0580
http://refhub.elsevier.com/S0016-7037(15)00697-3/h0580
http://refhub.elsevier.com/S0016-7037(15)00697-3/h0580
http://refhub.elsevier.com/S0016-7037(15)00697-3/h0595
http://refhub.elsevier.com/S0016-7037(15)00697-3/h0595
http://refhub.elsevier.com/S0016-7037(15)00697-3/h0595
http://refhub.elsevier.com/S0016-7037(15)00697-3/h0595

	A revised seawater sulfate oxygen isotope record for the last 4Myr
	1 Introduction
	2 Background
	3 Geological setting
	4 Methods
	4.1 Sequential dissolution
	4.2 Purification
	4.2.1 Digestion and reprecipitation

	4.3 Mineral composition and chemistry of separated and purified barite
	4.4 Isotope analysis
	4.5 Statistical analysis
	4.6 Sulfur cycle model

	5 Results
	6 Discussion
	6.1 Causes of observed seawater sulfate &delta;18O change
	6.2 Model results
	6.3 The source of sulfate for barite precipitation

	7 Conclusion
	Acknowledgments
	Appendix A Supplementary data
	Appendix A Supplementary data
	References


