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Abstract

Kinetic isotope effects related to the breaking of chemical bonds drive sulfur isotope fractionation during dissimilatory sulfate
reduction (DSR), whereas oxygen isotope fractionation during DSR is dominated by exchange between intercellular sulfur inter-
mediates and water. We use a simplified biochemical model for DSR to explore how a kinetic oxygen isotope effect may be
expressed. We then explore these relationships in light of evolving sulfur and oxygen isotope compositions (d34SSO4 and
d18OSO4) during batch culture growth of twelve strains of sulfate-reducing bacteria. Cultured under conditions to optimize
growth and with identical d18OH2O and initial d18OSO4, all strains show 34S enrichment, whereas only six strains show significant
18O enrichment. The remaining six show no (or minimal) change in d18OSO4 over the growth of the bacteria. We use these exper-
imental and theoretical results to address three questions: (i) which sulfur intermediates exchange oxygen isotopes with water, (ii)
what is the kinetic oxygen isotope effect related to the reduction of adenosine phosphosulfate (APS) to sulfite (SO3

2�), (iii) does a
kinetic oxygen isotope effect impact the apparent oxygen isotope equilibrium values? We conclude that oxygen isotope exchange
between water and a sulfur intermediate likely occurs downstream of APS and that our data constrain the kinetic oxygen isotope
fractionation for the reduction of APS to sulfite to be smaller than 4&. This small oxygen isotope effect impacts the apparent
oxygen isotope equilibrium as controlled by the extent to which APS reduction is rate-limiting.
� 2010 Elsevier Ltd. All rights reserved.
1. INTRODUCTION

Dissimilatory sulfate reduction (DSR) and subsequent
pyrite formation are two of the main fluxes in the marine bio-
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geochemical sulfur cycle (Canfield, 2004). The sulfur and
oxygen isotope compositions of sulfate (d34SSO4 and
d18OSO4, respectively) have been the primary tools for explor-
ing variability in the sulfur cycle, although much of the
emphasis to date has been placed on d34SSO4 (e.g., Holser
and Kaplan, 1966; Cameron, 1982; Canfield and Teske,
1996; Canfield, 1998; Paytan et al., 2004; Johnston et al.,
2005; Wortmann and Chernyavsky, 2007). In organic-rich
sediments, both d34SSO4 and d18OSO4 are affected by isotope
fractionations during microbially mediated processes and,
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in the case of d18OSO4, varying degrees of equilibration with
water (e.g., Mizutani and Rafter, 1973; Fritz et al., 1989;
Böttcher et al., 1998, 1999; Brunner et al., 2005; Böttcher
et al., 2005; Wortmann et al., 2007). Constraining what con-
trols the magnitude of these isotope fractionations for sulfur
and oxygen isotopes and understanding the relationship be-
tween the two isotope systems remains critical for rigorous
interpretation of both local and global temporal variability.

Controls on the magnitudes and pathways of the sulfur
isotope fractionation during DSR (eS) are far better under-
stood than those for oxygen (eO). eS ranges between 2 and
46& or even higher (Rudnicki et al., 2001; Wortmann
et al., 2001); theoretical studies have suggested that its mag-
nitude is a function of various physiological and environmen-
tal constraints (Rees, 1973; Canfield, 2001b; Brüchert, 2004;
Brunner and Bernasconi, 2005; Brunner et al., 2005). Further
experimental studies have confirmed the importance of di-
verse factors on the magnitude of eS, such as specific micro-
bial metabolisms and carbon sources (Kaplan and
Rittenberg, 1964; Detmers et al., 2001; Brüchert, 2004), rate
of sulfate reduction (Habicht and Canfield, 2001), amount of
sulfate available (Canfield, 2001a; Habicht et al., 2002), and
temperature (Brüchert et al., 2001; Canfield et al., 2006).
Our understanding of eS and specifically the controls under-
lying its variable magnitude have allowed us to explore di-
verse themes ranging from microbial processes in modern
organic-rich sediments and corresponding oxidation of or-
ganic matter on the local scale (Jørgensen, 1979, 1990) to
the behavior of the sulfur cycle on early Earth (e.g., Habicht
et al., 2002; Kah et al., 2004; Johnston et al., 2005). The addi-
tional use of oxygen isotopes in sulfate to explore microbial
redox processes and possibly to reconstruct variability in
the marine sulfur cycle over Earth history has shown promise
(e.g., Turchyn and Schrag, 2006). The added strength of this
coupled sulfur and oxygen isotope approach will only grow
with an improved understanding of the controls on oxygen
isotope fractionation during DSR.

1.1. Open questions about eO and the S–O relationship in

sulfate

Sulfate ions do not exchange their oxygen atoms with
water readily at the temperature and pH of most natural envi-
ronments, at least not on timescales equivalent to the lifetime
of a sulfate molecule (�106 years: Lloyd, 1968; Zak et al.,
1980). However, many studies have demonstrated that the
oxygen isotope composition of sulfate during DSR is influ-
enced by the isotopic composition of water in which the bac-
teria are grown (e.g., Mizutani and Rafter, 1973; Fritz et al.,
1989; Brunner et al., 2005; Mangalo et al., 2007; Farquhar
et al., 2008). The conclusion has been that oxygen isotope ex-
change between sulfur compounds and water occurs within
the cell, likely when the sulfur is in an intermediate state such
as adenosine phososulfate (APS) (Kemp and Thode, 1968;
Mizutani and Rafter, 1973) or sulfite (Fritz et al., 1989). Fur-
ther, water oxygen is incorporated during the oxidation of
these sulfur intermediates back to sulfate, and particularly
the oxidation of sulfite to APS via adenosine monophosphate
(AMP) has been invoked as a potentially important mecha-
nism for water–oxygen incorporation (Peck and Stulberg,
1962; Fritz et al., 2002; Wortmann et al., 2007). The incorpo-
ration of oxygen from water into sulfate during DSR has
been observed in various settings, including deep-sea pore-
fluid profiles (Böttcher et al., 1998, 1999; Wortmann et al.,
2007) and sediment incubation experiments (Fritz et al.,
1989; Böttcher et al., 2001; Brunner et al., 2005; Farquhar
et al., 2008).

Several aspects of oxygen isotope fractionation during
DSR, however, remain unresolved; here we highlight four
outstanding questions concerning the mechanism of oxygen
isotope fractionation during DSR. A first major issue is
that we have yet to identify the precise sulfur compounds
that exchange oxygen with water during the stepwise reduc-
tion of sulfate to sulfide. While the likely intermediate com-
pounds were listed above, it is unclear which of these
dominates or whether it is primarily during the reoxidation
of these compounds to sulfate that the water–oxygen is
incorporated (Fritz et al., 1989; Wortmann et al., 2007).

A second issue is that, similar to sulfur isotopes, kinetic
oxygen isotope effects should occur during the enzymati-
cally driven steps of DSR (e.g., Mizutani and Rafter,
1973; Grinenko and Ustinov, 1990). The magnitude of ki-
netic oxygen isotope fractionation associated with the var-
ious enzymes has not been assessed, and it is unknown
whether these fractionations contribute to the observed
behavior of oxygen in sulfate or if these effects are fully
overprinted by oxygen exchange between sulfur intermedi-
ates and water. Several studies observing persistently cou-
pled d34SSO4 and d18OSO4 behavior during DSR have
suggested that in certain environments kinetic isotope ef-
fects could be important; these settings span sulfidic waters
(Mandernack et al., 2003), seeps in the Gulf of Mexico
(Aharon and Fu, 2000), organic-rich sediments in the Cas-
cadia margin (Bottrell et al., 2000), lake samples from New
Zealand (Mizutani and Ragter, 1969), and pure-culture
growth experiments (Grinenko and Ustinov, 1990).

A third outstanding issue for oxygen isotope behavior
during DSR is that there is a range of apparent equilibrium
oxygen isotope fractionation observed between sulfate and
water in both laboratory experiments and natural environ-
ments. Like any equilibrium isotope fractionation, the
equilibration of oxygen isotopes between sulfate or sulfur
intermediates and water is temperature dependent; the
higher the temperature the lower the fractionation. In a pio-
neering study, Fritz et al. (1989) observed that the equilib-
rium oxygen isotope fractionation was 25& at 30 �C,
increasing to 29& at 5 �C. Consistent with these results,
laboratory experiments performed at 27 �C suggested fully
equilibrated oxygen isotope fractionation at 24& and
26& (Böttcher et al., 1998, 1999, respectively). Measure-
ments made in deep-sea sediments at colder temperatures,
however, suggested apparent equilibrium oxygen isotope
fractionation of 27.93& (corrected for temperature based
on the pore fluid data from Wortmann et al. (2007)), while
equilibrium values of 38.4& were derived from measure-
ments in 0 �C glacial beds (Wadham et al., 2004). All these
observed values differ from the equilibrium value predicted
for pure sulfate–water oxygen isotope exchange from high
temperature experiments (36.4&, Lloyd, 1968 and 33.6&,
Mizutani and Rafter, 1973). Some of this range could re-
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flect changes in the d18OSO4 during DSR misinterpreted as
full equilibrium exchange values when true isotope equilib-
rium had not been attained (as suggested in Wortmann
et al., 2007), or kinetic oxygen isotope effects that are over-
printed by equilibrium exchange with water to varying de-
grees (as suggested in Mizutani and Rafter, 1973).
Alternatively, the range could represent other environmen-
tal or physiological factors in addition to temperature that
impact the expressed equilibrium oxygen isotope fraction-
ation between sulfur compounds and water.

A fourth and final observation of oxygen isotopes dur-
ing DSR is that large sulfur isotope effects coincide with in-
creased oxygen isotope exchange between water and sulfur
compounds (Mizutani and Rafter, 1973; Basharmal, 1985;
Van Stempvoort and Krouse, 1994; Mangalo et al., 2007).
Since the magnitude of sulfur isotope fractionation depends
on both the enzymatic kinetic isotope fractionation and the
ratio of forward and backward fluxes of sulfur intermedi-
ates within the cell, it follows that increased sulfur isotope
fractionation would result in increased expression of oxy-
gen isotope exchange in the extracellular sulfate pool
(Mangalo et al., 2007; Wortmann et al., 2007). Despite this
past work, the precise mechanistic relationship between sul-
fur and oxygen isotope fractionation during DSR remains
insufficiently explored.

In this paper we begin with the assumption that a kinetic
oxygen isotope effect should occur during the various steps
during DSR and, from a theoretical viewpoint, assess how
this effect may be expressed. Using a modified version of a
DSR biochemical model for the flow of sulfur through the
bacterial cell during DSR, we explore the consequences of
this kinetic oxygen isotope fractionation – combined with
possible oxygen isotope exchange – on patterns of sulfur
and oxygen isotope fractionation during DSR. We compare
the model results with oxygen and sulfur isotope data from
batch culture growth experiments for twelve strains of sul-
Fig. 1. Schematic model for oxygen and sulfur isotope effects. Sulfur is
effects for the various steps (APS to sulfite and sulfite to sulfide) as well
isotope effects are also controlled by the enzymatic kinetic oxygen isotope
However, the oxygen isotope effect related to the reduction of sulfite to su
sulfite and reoxidation of sulfite to APS with oxygen derived from adenos
address oxygen isotope effects related to the reduction of sulfite to sulfide.
be expressed as: e18OAPS–SO3 = k � e34SAPS–SO3. This biochemical model f
introduced by Fritz et al. (1989) and further modified by Brunner et al.
fate-reducing bacteria to elucidate the relative importance
of kinetic vs. equilibrium oxygen isotope effects during DSR.

2. A MODIFIED MODEL FOR SULFUR AND

OXYGEN ISOTOPES

To better understand the potential impact of a kinetic
oxygen isotope effect during sulfate reduction, we use a bio-
chemical model for DSR wherein both equilibrium and ki-
netic oxygen isotope effects are included (see schematic
Fig. 1). Rees (1973) first developed this type of model –
exploring the various enzymatic steps during DSR and
the related sulfur isotope fractionations. This model has
been modified over the years to include various sites of oxy-
gen isotope fractionation and exchange within the reaction
network (Fritz et al., 1989; Farquhar et al., 2003; Brunner
and Bernasconi, 2005; including the possibility of exchange
via AMP – Wortmann et al., 2007). Acknowledging the
foundation provided by Rees (1973), we refer to our model
as a “modified Rees (1973) model”. Because this model has
been presented in detail elsewhere (Brunner et al., 2005;
Wortmann et al., 2007) we emphasize only those aspects
most relevant to our work.

The major biochemical steps during DSR are incorpora-
tion of sulfate into the cell, activation to APS, reduction of
APS to sulfite, and reduction of sulfite to hydrogen sulfide
(Fig. 1) and all these enzymatic steps are reversible. Net
sulfur isotope fractionation (eS) is controlled by kinetic iso-
tope effects during both the reduction of APS to sulfite
(e34SAPS–SO3 = 25&) and the reduction of sulfite to sulfide
(e34SSO3–H2S = 25& to 50&), and by the ratio of the for-
ward and backward fluxes of all the biochemical steps
(see Brunner and Bernasconi, 2005 for discussion). Sulfur
isotope fractionations larger than 25& are only seen in
the extracellular sulfate pool if e34SSO3–H2S is expressed –
that is, APS reduction to sulfite is not rate-limiting.
otope effects are controlled by the enzymatic kinetic sulfur isotope
as by the ratio between the forward and backward fluxes. Oxygen
effects for APS reduction to sulfite and sulfite reduction to sulfide.
lfide is overprinted by oxygen isotope exchange between water and

ine monophosphate (AMP). Therefore, in the discussion, we do not
The oxygen isotope effect related to the reduction of APS to SO3 can
or sulfate reduction including oxygen isotope fractionation was first
(2005) and Wortmann et al. (2007).



Fig. 2. The effect of kinetic isotope fractionation on sulfur–oxygen
relationship during DSR. Both sulfur isotope and oxygen isotope
effects are controlled by the kinetic isotope fractionation related to
the reduction of APS to sulfite and by the ratio between forward
and backward fluxes. Since the ratio between the kinetic sulfur and
oxygen isotope effects is constant, and the ratio of the various
fluxes impacts sulfur and oxygen isotope fractionation in the same
way, only one O–S relationship is observed (trend A). See text for
details.
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For oxygen isotope fractionation during DSR, we assign
a kinetic oxygen isotope effect to the reduction of APS to
sulfite (e18OAPS–SO3) at 1=4 the sulfur isotope effect
(e34SAPS–SO3), a ratio that was suggested by previous envi-
ronmental studies (e.g., Grinenko and Ustinov, 1990;
Mandernack et al., 2003). We can vary this number consid-
erably to probe the effect of a kinetic oxygen isotope effect
on the evolution of the d18OSO4. In addition, an equilibrium
oxygen isotope fractionation between intermediate sulfur
species and water is assigned. Two species have been pro-
posed to equilibrate oxygen isotopes with ambient water:
APS and sulfite. Recent work has suggested that oxygen
isotope exchange between APS and water is unlikely (Kohl
and Bao, 2006), whereas oxygen isotope exchange between
sulfite and water has been observed in abiotic experiments
(e.g., Betts and Voss, 1970; Horner and Connick, 2003,
and references therein). The magnitude of equilibrium oxy-
gen isotope fractionation between sulfite and water, and the
controls on its variability, remain somewhat unresolved; re-
cent experiments suggest the equilibrium sulfite–water frac-
tionation is larger than 14& and likely smaller than 28&

(Brunner et al., 2006). The second mechanism for water–
oxygen incorporation into the sulfate molecule in our mod-
el is from ambient water or oxygen in AMP during the
reoxidation of sulfite (Wortmann et al., 2007). As long as
the reduction of APS to sulfite is reversible (i.e., APS reduc-
tion is not rate-limiting), the proposed oxygen isotope ex-
change between sulfite and water and subsequent
oxidation of sulfite to APS will be the dominant processes
for incorporating water–oxygen into extracellular sulfate.

The expression of isotope fractionation in the extracellu-
lar sulfur pool depends on the ratio of intracellular forward
and backward fluxes (i.e., the relative reversibility of the var-
ious steps during DSR — Fig. 1) and requires the ability of
isotopically modified sulfate (or APS) to pass across the
membrane into the extracellular pool. Specifically, the revers-
ibility of the reduction of APS to sulfite (/4b//5b) plays a key
role in the expression of sulfur and oxygen isotope fraction-
ation during DSR. If APS reduction is rate-limiting (and
therefore not reversible, /5b = 0), neither sulfur isotope ef-
fects related to the reduction of sulfite to sulfide nor oxygen
isotope exchange between sulfite and water (or sulfite–
AMP) will be expressed. In this case, only a kinetic isotope ef-
fect associated with APS reduction to sulfite (e34SAPS–SO3 and
e18OAPS–SO3) will be seen. Thus, in a plot of d18OSO4 vs.
d34SSO4 during DSR, only a single linear relationship is pos-
sible (trend A in Fig. 2). It therefore holds that:

eO ¼ k � eS; ð1Þ
here eO and eS are the oxygen and sulfur kinetic isotope

effects assuming Rayleigh-style distillation in a closed sys-
tem and the slope (k) should be constant among sulfate-
reducing bacteria. Because APS reduction in this scenario
is rate-limiting, the ratio between eO and eS is equivalent
to the ratio between e18OAPS–SO3 and e34SAPS–SO3 in
Fig. 1. There are two major consequences that follow. First,
when APS reduction is rate-limiting, there is no limit to the
oxygen and sulfur isotope enrichment as DSR progresses
(Fig. 2). Second, plots of d18OSO4 vs. d34SSO4 during DSR
growth experiments with different sulfate-reducing bacteria
should yield the same slope (k) (e.g., Brunner et al., 2005).
It is likely, however, that in many cases APS reduction is
not rate-limiting and is reversible (/5b – 0). This makes the
situation more complicated: kinetic sulfur and oxygen iso-
tope effects during APS reduction, oxygen isotope exchange
between sulfite and water or AMP and water, and kinetic
sulfur and oxygen isotope effects related to the reduction
of sulfite to sulfide will all be variably expressed in the
extracellular sulfate pool. A consequence of APS reversibil-
ity during DSR is that there will be a limit in the magnitude
of the oxygen isotope enrichment in the extracellular sulfate
pool with progressive DSR. To describe the d18OSO4 limit
we use the term ‘apparent oxygen isotope equilibrium’ –
d18Oapparent equilibrium – which was first coined by Wortmann
et al. (2007) to highlight that this value is not the true iso-
tope equilibrium value (e18Oexchange). The d18Oapparent equilibrium

is calculated as follows (see Appendix A for details):

d18Oapparent equilibrium ¼ d18Owater þ e18Oexchange

þ ð/4b=/5bÞ � e18OAPS–SO3; ð2Þ

where d18Owater is the oxygen isotope composition of the
water, e18Oexchange is the equilibrium oxygen isotope ex-
change (assumed to be between sulfite and water in our
model) and e18OAPS–SO3 is the kinetic oxygen isotope effect
associated with APS reduction.

As Eq. (2) demonstrates, the d18Oapparent equilibrium will de-
pend on the reversibility of the reduction of APS to sulfite
(/4b//5b). If this step is fully reversible (/4b//5b = 1), the
influence of any kinetic oxygen isotope effect is minimized
and the extracellular d18OSO4 will reach d18Oapparent equilibrium

rapidly during DSR as shown in Fig. 3 as trend C. The
d18Oapparent equilibrium in this case will be equal to the d18

Owater + e18Oexchange + e18OAPS–SO3, where the final two
terms have a potential temperature dependence. If reduction
of APS to sulfite is not fully reversible (/4b//5b > 1), kinetic
oxygen isotope effects can become more important. This is
because reduced reversibility of the APS reduction step



Fig. 3. Combination of kinetic oxygen isotope fractionation and
oxygen isotope exchange. The sulfur–oxygen isotope relationship
depends on the oxygen isotope composition of water and initial
sulfate, and on the reversibility of the reduction of APS to sulfite. If
the oxygen isotope composition of sulfate is below the apparent
oxygen isotope equilibrium for fully reversible APS reduction
(d18Oequilibrium-C), oxygen isotope enrichment is observed in all
cases (trends A, B, and C for initial sulfate 1). Positive and negative
correlation between O and S isotopes is observed when the oxygen
isotope composition of initial sulfate is higher than the apparent
oxygen isotope equilibrium for fully reversible APS reduction
(trend A, B, and C for initial sulfate 2). See text for details.
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partially suppresses the expression of oxygen isotope ex-
change downstream of APS but does not affect the kinetic
oxygen isotope fractionation related to the reduction of
APS to sulfite. In this case, d18Oapparent equilibrium is reached
more slowly and, importantly for this study, the value of
d18Oapparent equilibrium is higher (trend B in Fig. 3). Ultimately,
as APS reduction becomes rate-limiting, the slope of trend B
in Fig. 3 will approach trend A in Figs. 2 and 3.

To summarize, if we plot d18OSO4 vs. d34SSO4 during DSR,
our modified Rees (1973) model suggests the following:

� If APS reduction to sulfite is rate-limiting (/5b = 0), sul-
fur and oxygen isotopes should exhibit a constant linear
relationship that reflects the ratio between the kinetic
isotope effect for sulfur and oxygen during APS reduc-
tion and should be constant among sulfate-reducing
bacteria (Fig. 2).
� DSR experiments that yield even small differences in

slopes in a plot of d18OSO4 vs. d34SSO4 are evidence for
sulfite reoxidation and incorporation of oxygen from
water into sulfur compounds.
� If APS reduction to sulfite is fully reversible

(/4b//5b = 1), the extracellular d18OSO4 will rapidly
reach the apparent oxygen isotope equilibrium; whereas
if reduction of APS to sulfite is not fully reversible
(/4b//5b > 1), the apparent oxygen isotope equilibrium
is reached more slowly, but with higher d18Oapparent equi-

librium. This relationship is because reduced reversibility
of this APS reduction step partially suppresses the
expression of oxygen isotope exchange downstream of
APS but does not affect the kinetic oxygen isotope frac-
tionation related to the reduction of APS to sulfite.
� The d18Oapparent equilibrium should be affected by the

kinetic oxygen isotope effect during APS reduction by
varying amounts depending on the overall reversibility
of APS reduction (/4b//5b – Fig. 3).

These predictions provide a framework for the interpre-
tation of our experimental results.

3. ANALYTICAL METHODS

DSR experiments were carried out with twelve different
strains under optimal growth conditions in nutrient-replete
culture medium. Details regarding the growth conditions,
sampling methods, d34SSO4 data, and the corresponding sul-
fate concentrations were published previously (Detmers
et al., 2001). We describe here only the analytical methods
that concern the new oxygen isotope measurements. Prior
to precipitating barium sulfate (BaSO4) from the culture
media, trace-metal grade acid was added to lower the pH
to 4 to prevent precipitation of barium carbonate. Exposure
to acid was too short (�2 h) to cause oxygen isotope ex-
change between sulfate and water (Lloyd, 1968). A 0.5 M
barium chloride solution was then added to precipitate
BaSO4. The precipitate was washed briefly with deionized
water and dried. The precipitated BaSO4 was archived
and later analyzed for its oxygen isotope composition at
Harvard University’s Laboratory for Geochemical Ocean-
ography. Between 400 and 600 lg of BaSO4 were weighed
into silver capsules, dried thoroughly, and crushed with
1 mg of platinum powder. The samples were then pyrolyzed
at 1450 �C in a Temperature Conversion Element Analyzer
(TC/EA), and the resulting carbon monoxide (CO) was
measured by continuous flow on a Delta Plus mass spec-
trometer. We made four measurements for each sample;
the average and standard deviation of these replicate anal-
yses are presented. NBS-127, a BaSO4 standard, was run in
replicate before and after every sample to correct for drift
and to check for measurement error in the mass spectrom-
eter. Samples were corrected to the d18O value of NBS-127
(9.3&). Analytical precision based on numerous replicate
measurements of NBS-127 was ±0.4& (2r), but the stan-
dard deviations presented in our results are from the indi-
vidual measurements of each sample. An additional
laboratory-made standard was run in replicate with the
NBS-127 sample (value 18& ± 0.6&) as a cross check for
analytical drift and machine precision. All oxygen isotope
values determined are bracketed by the d18OSO4 of the
two standards.

To further explore the relative importance of kinetic vs.
oxygen isotope effects, we use the d18OSO4 and d34SSO4 of
the evolving sulfate pool and the calculated fraction of sul-
fate remaining to determine the kinetic sulfur (eS) and oxy-
gen (eO) isotope fractionation and the oxygen isotope
exchange parameter (hJ) based on linear regressions. The



Fig. 4. Sample calculation for Desulfofrigus oceanense. (a) Sulfate concentrations (mM, black squares), d34S and d18O sulfate (& vs. VCDT/
open circles and VSMOW/open triangles, respectively), and cell-specific sulfate reduction rates (mol/cell/day, black diamonds) determined by
short-term (4 h) incubations at each time point (Brüchert et al., 2001; Detmers et al., 2001). (b) Rayleigh plots of d34SSO4 (in units & CDT in
open circles) and d18OSO4 (in units &VSMOW in open triangles) vs. the negative logarithm of the fraction of sulfate remaining at each time
point. The lines represent linear regressions through the data and the slope is the respective isotope fractionation. (c) Plot for the
determination of the parameter hO (Eq. (3)). The line represents the linear regressions through the data and the slope is the value of hJ.

Table 1
Full data table for growth of sulfate-reducing bacteria and time evolution of sulfate concentrations and sulfur and oxygen isotope
measurements.

Species name Days SO4
a d34Sa dl8Ob Stdevb Species name Days SO4

a d34Sa dl8Ob Stdevb

Desulfococcus niacini 0 25.6 �1.4 13.76 0.09 Desulfonatronovibrio

hydrogenovorans

0 26.9 2.8 13.29 0.30
5 24.4 �1.1 13.58 0.21 5 21.8 4.1 13.32 0.34
7 25.3 �0.7 13.98 0.32 8 16.9 5.5 12.87 0.04

11 24.0 �04 13.87 0.07 10 16.6 9.3 13.48 0.36
48 16.2 2.5 14.49 0.06 13 17.2 6.1 12.56 0.12

Desulfonema magnum 0 26.9 �1.2 13.87 0.43 DesulfiKella halophila 0 15.9 2.7 12.13 0.20
24.5 �0.9 13.10 0.28 5 9.2 11.1 14.00 0.23

7 25.3 0.3 12.81 0.17 8 9.9 11.6 15.90 0.18
11 23.1 0.8 13.72 0.36 10 9.8 11.7 17.29 0.71
4S 19.1 9.6 14.26 0.38 13 11.0 11.3 16.78 0.32

Desulfovibrio profundus 0 20.7 3.6 13.9 0.38 Desulfobulbus marinus 0 19.2 3.0 12.54 0.38
3 21.1 4.1 13.66 0.55 2 20.3 4.6 12.79 0.32
5 12.4 5.2 13.73 0.61 9 6.3 21.7 15.86 0.07
8 15.1 6.9 13.69 0.26 14 6.1 21.6 15.76 0.24

Desulfobacca acetooxidans 0 27.0 �1.3 13.14 1.03 Desulfobulbus elongatus 0 21.1 1.0 12.29 0.28
7 20.5 0.7 14.14 0.91 3 21.5 2.3 12.54 0.54

11 20.4 3.9 13.67 0.17 10 8.3 19.2 13.89 0.21
18 8.1 18.6 16.73 0.38 12 8.1 19.7 14.93 0.18
22 7.0 28.4 18.30 0.22 15 18.8 19.5 14.90 0.69

Desulfotomaculum

geothermicum

0 20.5 3.0 12.7 0.51 Desulfosarcina variabilis 0 21. 6 3.4 12.44 0.10
4 23.6 3.1 13.45 0.45 5 21.5 6.6 14.00 0.32
6 16. 4 11.1 14.37 0.77 8 18.3 13.2 14.85 0.24
7 15.5 11.4 14.06 0.82 10 15.5 16.3 15.39 0.14

10 15.0 11.6 13.48 0.74 13 16.9 17.5 15.90 0. 29

Desulfobacterium

autotrophicum

0 26.1 �2.34 12.84 0.91 Desulfofrigus oceanense 7 22.5 5.1 11.46 0.09
1 28.7 �2.12 n/a n/a 13 20.8 6.2 11.55 0.45
4 26.5 �1.22 12.77 0.30 31 13.6 15.9 12.93 0.24
5 25.3 �1.14 13.24 0.08 46 14.4 15.3 12.63 0.14
6 25.9 �0.63 13.01 0.42

11 22.7 1.32 12.25 0.24

a From Detmers et al. (2001), except Desulfofrigus oceanense, which is from Brüchert et al. (2001).
b Oxygen isotope in sulfate are an average of four replicate measurements and the 2r standard deviation is based on the replicate

measurements.
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calculation of eO and eS is only applicable to kinetic isotope
fractionation since it is built on the assumption of closed-
system behavior as modeled by a Rayleigh distillation; the
parameter hJ allows us to assess oxygen isotope exchange
(Brunner et al., 2005). hJ is a measure of the ratio between
apparent oxygen isotope exchange and sulfate reduction
rate;

ln
d18OSO4ðtÞ � ðd18OH2O þ e18OH2O–SO4Þ
d18OSO4ðt0Þ � d18OH2O þ e18OH2O–SO4ð Þ

� �

¼ hO � ln
SO4ðtÞ
SO4ðt0Þ

� �
; ð3Þ

where d18OSO4(t) is the oxygen isotope composition of sul-
fate at time t, d18OSO4(t0) the initial oxygen isotope compo-
sition of sulfate, d18OH2O the oxygen isotope composition
of water (�7.5& determined during experiments performed
in the same lab at the same time and constant for all strain
growths – Böttcher et al., 2001), e18OH2O–SO4 is the equilib-
rium oxygen isotope fractionation between water and sul-
fate at a given temperature (+28.3& at 25 �C – derived
from Mitzutani and Rafter, 1969; Mizutani, 1972; McKen-
zie and Truesdell, 1977; Fritz et al., 1989), SO4(t) is the
amount of sulfate at time t, and SO4(t0) the initial amount
of sulfate. Strictly speaking, neither eO nor hO are relevant
to combined kinetic and equilibrium oxygen isotope effects,
because eO is calculated on the assumption of pure kinetic
isotope fractionation, while hO is calculated on the assump-
tion of pure oxygen isotope exchange in absence of kinetic
isotope effects. A representative example of our calculations
is shown in Fig. 4 for Desulfofrigus oceanense, with the
graphical basis for the calculation of eS and eO shown in
Fig. 4b and the calculation of hJ shown in Fig. 4c.

4. ANALYTICAL RESULTS

The time evolution of sulfate concentration, d34SSO4,
and d18OSO4 over the course of the growth experiments
are presented in Table 1. The reported d18OSO4 data are
the average of four replicate measurements, with the 2r
standard deviation listed for each measurement. The
d18OSO4 of the initial sulfate was the same in all experiments
(13.22& ± 0.28&, n = 12) as was the d18O of the water.
The average standard deviation over all measurements
was 0.33&, which compares well with the average precision
of replicate measurements for the standard NBS-127
(±0.4&). The errors for the sulfur isotope measurements
were reported in Detmers et al. (2001; 0.3& based on rep-
licate measurements of a laboratory standard). Table 2 pro-
vides a summary of the calculated isotope fractionation
parameters (eS, eO, and hJ), as well as cell-specific sulfate
reduction rates, preferred marine habitat, and complete-
vs. incomplete-oxidizing carbon metabolism. There are
slight differences in the calculated eS from the original Det-
mers et al. (2001) publication because we used a linear
rather than non-linear regression (because of the better fit
with the oxygen isotope data). The calculated isotope
enrichment factors are between 6.2& and 28.6& for sulfur
(eS) and between �2.3 and 6.1& for oxygen (eO). The values
calculated for the parameter hJ are between �0.29 and
0.86.



Fig. 5. Time evolution of the oxygen and sulfur isotope composition for the 12 studied strains.
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Fig. 5 depicts the time evolution of d34SSO4 vs. d18OSO4

for each of the twelve strains studied. Of the twelve strains,
half exhibit a positive relationship between the d34SSO4 and
d18OSO4 of the evolving sulfate pool. These strains are Des-

ulfobulbus marinus, Desulfobulbus elongatus, Desulfosarcina

variabilis, D. oceanense, Desulfobacca acetoxidans, and Des-

ulfocella halophila. Of these six strains, one shows an initial
correlation between d34SSO4 and d18OSO4, but subsequently
the d18OSO4 becomes enriched without further increase in
d34SSO4 (D. halophila). The remaining six strains exhibit lit-
tle, not resolvable, or even a negative enrichment in d18OSO4

over the growth of the bacterial culture. These strains are
Desulfovibrio profundus, Desulfonatronovibrio hydrogenovo-
rans, Desulfobacterium niacini, Desulfotomaculum geotherm-

icum, Desulfonema magnum, and Desulfobacterium

autotrophicum.
Fig. 6a and b shows plots of eO vs. eS and eO vs. the

parameter hJ (respectively) as calculated for growth exper-
iments with the twelve strains. We find poor correlation be-
tween eS and eO (Fig. 6a) and between hJ and eS (Fig. 6b).
The experiments are divided into two groups based on com-
plete vs. incomplete electron donor oxidation. In agreement
with Detmers et al. (2001), complete-oxidizing sulfate-
reducing bacteria (black squares) fractionate sulfur and
oxygen isotopes more strongly than incomplete-oxidizing
strains (gray squares).



Fig. 6. Crossplots of the calculated oxygen and sulfur isotope fractionation and parameter hO for the various species. The error bars given
represent 1r standard deviation from calculated regression lines (Table 2). (a) Crossplot of the calculated kinetic isotope fractionation for
sulfur and oxygen isotopes (eS vs. eO) determined via a Rayleigh distillation model (see text for details). The grey triangles represent
incomplete-oxidizing bacteria and the black squares represent complete-oxidizing bacteria. (b) Crossplot of the calculated kinetic isotope
fractionation for sulfur vs. the oxygen isotope exchange parameter (eS vs. hO). Negative values for parameter hJ are not included in Fig. 6b
because they are mathematical artifacts. Data in black are strains that were grown at 28 �C, where data in grey were grown at other
temperatures and thus may have additional temperature effects on the oxygen isotope equilibration with water. All data provided in Table 2.

Kinetic oxygen isotope effects during dissimilatory sulfate reduction 2019
5. DISCUSSION

For the twelve strains of sulfate-reducing bacteria grown
with identical starting d18OSO4 and d18OH2O, we find that
while all strains show progressive enrichment in 34S in the
residual sulfate pool with growth, only half the strains exhi-
bit enrichment in 18O, while the other half show no change
in oxygen isotopes. First considering the strains that show
an increase in the d18OSO4 with progressive DSR, we recall
that if APS reduction is rate-limiting in a plot of d34SSO4 vs.
d18OSO4 there should be a single slope among these strains
corresponding to the ratio of the kinetic sulfur and oxygen
isotope effects (Eq. (1)). A composite plot of d34SSO4 vs.
d18OSO4 plot is shown in Fig. 7 (the previously hypothesized
Fig. 7. A composite plot of d34SSO4 vs. d18OSO4 for all strains. The
lines in gray are our the strains that show increased d18OSO4 with
growth and the lines in black are the strains that show little or no
change in d18OSO4 with growth. The dashed black line is the
previously hypothesized 1:4 oxygen–sulfur fractionation ratio. See
text for details.
1:4 oxygen–sulfur isotope fractionation is shown as a black
dashed line), where the lines in gray correspond to the
strains that exhibited a positive d34SSO4 vs. d18OSO4 trend
during growth. Although the slopes of these gray lines
(for D. marinus, D. elongates, D. variabilis, D. oceanense,
D. acetoxidans, and D. halophila) are somewhat similar,
they do differ among strains, allowing us to conclude that
APS reduction is likely not rate-limiting in these experi-
ments and that a combination of kinetic and equilibrium
isotope effects for oxygen isotopes is expressed. This obser-
vation is further confirmed by the poor correlation between
both the calculated oxygen and sulfur isotope fractionation
for all strains (eO and eS – Fig. 6a).

The bacterial strains that exhibit little or no change in
the d18OSO4 during growth but continual enrichment in
34S may provide more information on the possible expres-
sion of a kinetic oxygen isotope effect during DSR. There
are two reasons why there may be no change in the
d18OSO4 during DSR. First, the starting d18OSO4 may be
equal to the apparent oxygen isotope equilibrium
(d18Oapparent equilibrium), such that as the strain grows there
is little change in the residual sulfate d18OSO4. Second, the
reduction of APS to sulfite for these strains could be rate-
limiting (and therefore not reversible) and the kinetic oxy-
gen isotope effect for APS reduction (e18OAPS–SO3) could
be close to zero or hidden in the analytical error of the mea-
surements we made. We will consider each of these in turn
and conclude why we think the second option is most likely.

The first hypothesis assumes that the initial oxygen iso-
tope composition of sulfate is similar to the d18Oapparent equi-

librium, resulting in little change in the oxygen isotope
composition of sulfate over the course of the experiment.
Since six investigated strains exhibit an increase in the
d18OSO4 and because the initial d18OSO4 was identical for
all experiments (13.22&, n = 12), d18Oapparent equilibrium for
the strains that show no increase in the d18OSO4 would need
to be lower than d18Oapparent equilibrium for the group that
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showed an increase in the d18OSO4 for this hypothesis to be
valid. The consequences of this condition can be explored
using Eq. (2):

d18Oapparent equilibrium ¼ d18Owater þ e18Oexchange

þ ð/4b=/5bÞ � e18OAPS–SO3:

The only strain-specific parameter in Eq. (2) is the ratio
/4b//5b – the parameters d18Owater, e18Oexchange, and
e18OAPS–SO3 are the same among these bacterial strains
(Table 2). Therefore, for this hypothesis to be true, the ratio
/4b//5b for the strains that show no change in the d18OSO4

with growth must be lower than the ratio /4b//5b for the
strains that show an increase in the d18OSO4 with growth.
Our calculated sulfur isotope fractionation can help place
constraints on the ratio /4b//5b during the growth of these
strains, because sulfur isotope fractionation larger than
Fig. 8. d18OSO4 vs. d34SSO4 crossplots for strains with calculated negative
for Desulfonatronovibrio hydrogenvorans (squares), Desulfobacterium aut

bars for oxygen isotope measurements are 0.4&. (b) The same data as 8a
the kinetic oxygen isotope effect (eO) is 2.5& (hollow symbols). For most
details.
25& requires reversibility of APS reduction (/5b > 0). Con-
sequently, the ratio /4b//5b must be small for the strains
where eS is larger than 25& (e.g., D. magnum and D. acetox-

idans) and larger for the experiments where eS is smaller than
25&, (e.g., D. autotrophicum, D. profundus, and D. hydroge-

noverans). All five of these examples, however, show little or
no change in the d18OSO4 with growth. Therefore, the ratio of
/4b//5b required for the sulfur isotope data disagrees with the
ratio of /4b//5b required for the oxygen isotope data. We
conclude that this first hypothesis is unlikely, namely
that d18Oapparent equilibrium for the strains that exhibited no
change in the d18OSO4 with growth is lower than the
d18Oapparent equilibrium for the remaining strains.

This leaves us with a second explanation for the strains
that exhibit no change in the d18OSO4 with growth, that
APS reduction is nearly rate-limiting (/4b//5b ?1) and
that e18OAPS–SO3 is close to zero or nested within the analyt-
eO. (a) A d18OSO4 vs. d34SSO4 crossplot of the actual measurements
otrophicum (circles), and Desulfovibrio profundus (triangles). Error
(in solid symbols) but including a hypothetical d18OSO4 evolution if
data points measured, this is within the estimated error. See text for
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ical error of our measurements. The isotopic change during
the growth of three strains that show a negative correlation
between d18OSO4 and d34SSO4 (D. hydrogenovorans, D. auto-

trophicum, and D. profundus) can help constrain how large
a kinetic oxygen isotope effect (eO) could be nested within
the analytical error of our measurement. When we take
these three strains, we can calculate that a eO value as large
as 2.5& could be hidden within the error of our data
(Fig. 8b). Out of the three investigated strains, D. hydroge-

novorans has the highest sulfur isotope fractionation with a
calculated eS of 14.8&. The ratio between eS and eO for this
strain is 6:1 (14.8:2.5). In the scenario described in Section 2
where APS reduction is rate-limiting (as we have shown is
likely the case for this strain) the ratio between eS and eO

is equivalent to the ratio between e34SAPS–SO3 and
e18OAPS–SO3. Using the previously published value of 25&

for e34SAPS–SO3, the kinetic oxygen isotope effect during
the reduction of APS to sulfite (e18OAPS–SO3) could conse-
quently be as high as 4&.

So far, we have not addressed the question if oxygen iso-
tope exchange between water and sulfur intermediates could
take place upstream of APS but have relied on our model
assumption that this exchange occurs downstream of APS.
Our experiments that show no change in 18O but enrichment
in 34S, however, indicate our model assumption is valid. If the
lack of change in the d18OSO4 was due to suppression of an
oxygen isotope effect upstream of APS, the result should be
suppression of the kinetic sulfur isotope effect during APS
reduction, which is not observed. Thus, oxygen isotope ef-
fects (kinetic or exchange between water and sulfur interme-
diates) upstream of APS are likely very small.

6. OUTLOOK

Our study suggests that a kinetic oxygen isotope effect
related to the reduction of APS to sulfite can be expressed
when APS reduction is rate-limiting. The results from our
batch culture experiments suggest the magnitude of this ef-
fect may be smaller than 4&, much smaller than the sulfur
isotope effect linked to this step (25&). We can ask whether
such a small effect is of any importance when compared to
the oxygen isotope effects caused by isotope exchange with
water. The significance of even a small kinetic isotope effect
becomes evident when we consider the equation for
d18Oapparent equilibrium:

d18Oapparent equilibrium ¼ d18Owater þ e18Oexchange

þ ð/4b=/5bÞ � e18OAPS–SO3

¼ d18Owater þ e18Oexchange

þ ð/4b=/5bÞ � 4&: ð4Þ

If APS reduction is fully reversible, the ratio between
APS reduction (u4b) and sulfite oxidation to APS (u5b) is
one, and the impact of kinetic oxygen isotope fractionation
on the apparent oxygen isotope equilibrium value would
be +4& (Fig. 3 trend C). However, if APS reduction is
not fully reversible (u4b/u5b > 1), the influence of the ki-
netic oxygen isotope effect on the apparent equilibrium
would be multiplied by the ratio of these fluxes, pushing
d18Oapparent equilibrium even higher (Fig. 3 trend B). This
prediction can be tested in future DSR experiments with
oxygen isotope compositions of starting sulfate close to
the expected equilibrium.

Our plot of eS vs. hJ (Fig. 6b) suggests that differences in
cell membrane composition (e.g., the gram-positive Desul-

fotomaculum strain vs. all other strains, which were gram-
negative) did not result in noticeable differences in oxygen
isotope fractionation. Likewise, temperature differences in
our study, which have the potential to produce and amplify
isotope effects (Brüchert et al., 2001; Canfield et al., 2006)
and that are expected to affect equilibrium isotope effects
did not yield a clear pattern (Table 2 and Fig. 6b). Experi-
ments carried out at 9 �C (D. oceanense) and at 50 �C (D.

geothermicum) both fall below the regression line relative
to experiments performed at 28 �C (Fig. 6b). Finally from
Table 2 it is apparent that neither eS nor eO correlate in
any obvious way with the cell-specific sulfate reduction
rates among these diverse strains. More DSR studies are
needed that address environmental parameters, such as
temperature and the type of electron donor.

For most strains, the samples for isotope analysis were
obtained during the lag, exponential and stationary phases.
Cell-specific sulfate reduction rates decrease substantially
during the stationary growth phase, possibly increasing
the residence time of the intermediates with potential to ex-
change oxygen isotope with water. Insufficient data are
available from the different growth phases to address the
possibility of enhanced oxygen isotope fractionation during
the stationary phase. However, the isotope trend for the
strain D. halophila shows an initial correlation between
d34SSO4 and d18OSO4, followed by isotopic enrichment in
the d18OSO4 without further increase in d34SSO4 (Fig. 5). It
is possible that the effect of oxygen isotope exchange in-
creased relative to the sulfur isotope effects during the tran-
sition of this strain from the exponential to the stationary
phase. These observations should be followed up with
DSR experiments that allow monitoring the isotope effects
during exponential and stationary growth phase.

7. CONCLUSIONS

We analyzed the relationship between oxygen and sulfur
isotope compositions of sulfate during the batch culture
growth of twelve strains of sulfate-reducing bacteria using
a model that includes kinetic sulfur and oxygen isotope ef-
fects and oxygen isotope exchange between sulfite and
water. Our data indicate that the kinetic oxygen isotope ef-
fect related to APS reduction must be less than 4&.
Although small, this isotope fractionation could impact
estimates of the oxygen isotope equilibrium between sulfate
and water. This impact is because the kinetic isotope effect
will be multiplied by the ratio of the forward-to-backwards
flux of APS to sulfite. Thus, strong reversibility of APS
reduction yields less expression of the kinetic oxygen iso-
tope effect and lower overall apparent oxygen isotope equi-
librium values. For the majority of the strains studied
oxygen isotope exchange between some sulfur intermediate
and water is important. Thus, even when sulfur isotope
fractionation is low (i.e., much smaller than 25&), the
reduction of APS to sulfite must be reversible and does
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not limit the overall rate of sulfate reduction. Our findings
show that paired analysis of oxygen and sulfur isotopes in
sulfate yields added insight into our exploration of DSR.
At the same time our results confirm that more work is
needed.
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APPENDIX A. DERIVATION OF THE EQUATION

FOR OXYGEN ISOTOPE EQUILIBRIUM

1. Calculation of the isotope mass balance for APS-pool.
We first investigate the sulfur mass balance of the APS-

pool by calculating the derivative after the time of the
amount of sulfur, which equals the fluxes in and out of
the pool (Fig. 1).

d
dt

MAPS ¼ þ/4a � /4b � /5a þ /5b: ðA-1Þ

Correspondingly, we can also calculate the derivative
after the time for the oxygen isotope composition of this
pool, which equals the fluxes times their isotope
composition.

d
dt

MAPS�d18OAPS

� �
¼ þ/4a�d18OSO4 internal�/4b

� d18OAPS�e18OAPS–SO3

� �
�/5a

�d18OAPSþ/5b� d18OH2Oþ e18Oexchange

� �
:

ðA-2Þ

Next, we use the product rule for derivations.

d
dt

MAPS�d18OAPS

� �
¼ d

dt
MAPS�d18OAPSþMAPS�

d
dt

d18OAPS:

ðA-3Þ

We combine now Eqs. (A-1), (A-2), and (A-3).

þ/4a � /4b � /5a þ /5bð Þ � d18OAPS þMAPS �
d
dt

d18OAPS

¼ þ/4a � d18OSO4 internal � /4b � d18OAPS � e18OAPS–SO3

� �
� /5a � d18OAPS þ /5b � d18OH2O þ e18Oexchange

� �
:

ðA-4Þ

From this follows:

MAPS �
d
dt

d18OAPS ¼ /4a � ðd18OSO4 internal � d18OAPSÞ

þ /4b � e18OAPS–SO3 þ /5b

� d18OH2O þ e18Oexchange � d18OAPS

� �
: ðA-5Þ

2. We are interested in the apparent equilibrium value.
The apparent equilibrium is reached when the oxygen iso-
tope composition of the extracellular sulfate does not
change anymore. In our simplified model (Fig. 1), we as-
sume that there are no oxygen isotope fractionations in-
volved in the fluxes between extracellular sulfate and the
APS pool. Therefore, in the model calculation for steady
state conditions, the d18O of APS and the d18O of intracel-
lular and extracellular sulfate are equal.

d18OSO4 external steady ¼ d18OSO4 internal steady ¼ d18OAPS steady:

The equation is simplified to:

MAPS �
d
dt

d18OAPS ¼ 0ðsteady state assumptionÞ

¼ /4b � e18OAPS–SO3 þ /5b

� ðd18OH2O þ e18Oexchange

� d18OSO4 external steadyÞ
) d18OSO4 external steady

¼ d18OH2O þ e18Oexchange

þ /4b

/5b

� e18OAPS–SO3: ðA-6Þ
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