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Abstract

Sulfur isotope composition (d34S) profiles in sediment pore waters often show an offset between sulfate and sulfide
ðDd34SSO4–H2SÞ much greater in magnitude than S isotope fractionations observed in pure cultures. A number of workers have
invoked an additional reaction, microbial disproportionation of sulfur intermediates, to explain the offset between experimen-
tal and natural systems. Here, we present an alternative explanation based on modeling of pore water sulfate and sulfide con-
centrations and stable isotope data from the Cariaco Basin (ODP Leg 165, Site 1002B). The use of unique diffusion coefficients
for 32SO4

2� and 34SO4
2�, based on their unequal molecular masses, resulted in an increase in the computed fractionation by

almost 10&, when compared to the common assumption of equal diffusion coefficients for the two species. These small dif-
ferences in diffusion coefficients yield calculated isotopic offsets between coeval sediment pore water sulfate and sulfide with-
out disproportionation (up to 53.4&) that exceed the largest fractionations observed in experimental cultures. Furthermore,
the diffusion of sulfide within sediment pore waters leads to Dd34SSO4–H2S values that are even greater than those predicted by
our model for sulfate reduction with unique diffusion coefficients. These diffusive effects on the sulfur isotope composition of
pore water sulfate and sulfide can impact our interpretations of geologic records of sulfate and sulfide minerals, and should be
considered in future studies.
� 2008 Published by Elsevier Ltd.

1. INTRODUCTION

Microbial sulfate reduction (SR) is globally the most
important anaerobic pathway for organic matter decompo-
sition in marine sediments (Canfield et al., 1993) and cou-
ples the carbon and sulfur cycles according to the
generalized equation (Berner, 1984):

2CH2Oþ SO4
2� ! 2HCO3

� þH2S: ð1Þ

Sulfate-reducing bacteria preferentially utilize sulfate
that contains 32S during metabolism, resulting in the pro-
duction of dissolved sulfide that is depleted in 34S relative
to sulfate. This 34S-depleted sulfide formed during micro-
bial sulfate reduction can react with iron to form iron sul-
fides and ultimately pyrite (FeS2), which is the primary
sink for reduced sulfur from the oceans (Berner, 1982).
Since the sulfur isotope fractionation associated with pyrite
formation is less than 1& (Price and Shieh, 1979), the pyrite
records the isotopic composition (d34S) of the sulfide from
which it was formed. Similarly, gypsum (CaSO4�2H2O),
barite (BaSO4), and carbonate-associated sulfate preserved
in the geologic record track the d34S of seawater sulfate
from which they were created, with a small offset (Thode
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and Monster, 1965; Holser and Kaplan, 1966; Paytan et al.,
1998; Kah et al., 2004). Thus, the sulfur isotope offset be-
tween seawater sulfate and sulfide ðDd34SSO4–H2SÞ is docu-
mented over geologic time via preservation in sedimentary
sulfur minerals. Numerous workers have used this sulfur
isotope offset between reduced and oxidized forms to infer
both atmospheric and oceanic redox state and chemical
evolution since the Precambrian (e.g., Garrels and Lerman,
1984; Berner and Petsch, 1998). Similarly, some have used
the Dd34SSO4–H2S in the global ocean to deduce oceanic sul-
fate concentrations following the assumption that a small
offset and thus low fractionation during bacterial sulfate
reduction reflects low sulfate concentrations (Habicht
et al., 2002; Fike et al., 2006). An improved understanding
of the mechanisms that generate the isotopic offset between
pore water sulfate and sulfide in sedimentary marine sys-
tems therefore has the potential to provide information
about the chemical evolution of the Earth.

The sulfur isotope fractionation imparted during micro-
bial sulfate reduction (eSR) has been studied extensively in
culture and generally lies between 2& and 47& (Harrison
and Thode, 1958; Kaplan and Rittenberg, 1964; Kemp
and Thode, 1968; Chambers et al., 1975; Habicht and Can-
field, 1997; Detmers et al., 2001). eSR is controlled by a
number of factors, including sulfate reduction rate, sulfate
concentration, organic matter oxidation pathway, and the
species of sulfate reducer (Brüchert, 2004, and references
therein). The rate of sulfate reduction per cell is thought
to be the principal factor governing the extent of isotope
fractionation by sulfate-reducing bacteria (Canfield,
2001a). In pure culture studies an inverse relationship is
generally encountered with the highest fractionations found
at the lowest cell specific rates of sulfate reduction (Harri-
son and Thode, 1958; Kaplan and Rittenberg, 1964),
although this is not a simple relationship when extrapolated
to complex natural systems with greater microbial diversity
(Detmers et al., 2001).

Briefly, SR is a multi-step reaction, and the maximum
fractionation will be expressed when all of the intermediates
involved in this reaction are in exchange equilibrium (Kap-
lan and Rittenberg, 1964; Rees, 1973; Canfield, 2001a;
Brunner and Bernasconi, 2005). Maintaining exchange
equilibrium among all of the intermediate species in SR is
best accomplished when the specific rate of sulfate reduc-
tion is kept low, leading to the overall observed trend of
high S isotope fractionations associated with low cell spe-
cific rates. However, slow rates of SR are not required to
achieve large S isotope fractionations, as long as the back-
flux is large (Brunner and Bernasconi, 2005). Indeed, recent
work suggests that the maximum theoretical sulfur isotope
fractionation is on the order of 70& (Brunner and Bernas-
coni, 2005; Johnston et al., 2007). Furthermore, other
experiments have shown that sulfate reducing bacteria that
oxidize organic matter to acetate have fractionations less
than 18&, while reducers that are capable of oxidizing or-
ganic substrate to CO2 consistently fractionate higher than
18& (Detmers et al., 2001). Consequently, a shift in the
dominant species of sulfate reducer can have a large impact
on the observed eSR. In addition, reduced isotope fraction-
ation at sulfate concentrations < 1 mM (Harrison and

Thode, 1958; Canfield, 2001b) might be caused by a change
in metabolic pathway and reduced growth yield (Habicht
et al., 2005).

d34S profiles in the sediment pore waters often show
much larger offsets between sulfate and sulfide than are ex-
pected based on the fractionation observed in pure cultures
(as high as 60–70& compared to 2–47& in pure cultures;
Canfield and Thamdrup, 1994; Brüchert, 2004). The recent
discovery of bacteria that can disproportionate sulfur inter-
mediates (i.e., elemental sulfur and thiosulfate) into sulfate
and sulfide has provided a possible mechanism for generat-
ing such a large offset (Jørgensen, 1990a,b; Fossing and
Jørgensen, 1990; Canfield and Thamdrup, 1994; Habicht
et al., 1998). A scheme consisting of fractionation during
bacterial sulfate reduction, followed by the (1) oxidation
of sulfide to an intermediate state, (2) disproportionation
of the sulfur intermediate compound, and (3) subsequent
repeated cycles of partial oxidation and disproportionation
has been proposed as a mechanism for generating the high
Dd34SSO4–H2S values observed in sedimentary environments
(Canfield and Thamdrup, 1994). This additional pathway
of fractionation may also explain sulfur isotope patterns
seen in ancient sediments (Canfield and Teske, 1996; John-
ston et al., 2005; Philippot et al., 2007).

d34S profiles of pore water sulfate and sulfide often show
parallel increasing values with depth. This trend resembles
one that would be expected from diagenesis under closed
system conditions and led to the initial conclusion that sed-
iments were governed by Rayleigh distillation isotope sys-
tematics (Nakai and Jensen, 1964). Since then, the roles
of advective and diffusive transport in governing isotopic
pore water signatures have been clearly demonstrated
(e.g., Jørgensen, 1979; Bottrell and Raiswell, 2000) and ap-
plied to diverse sedimentary systems (Fossing et al., 2000;
Böttcher et al., 2004; Jørgensen et al., 2004).

Here we present the results from a diagenetic modeling
study of sediments collected in the Cariaco Basin, an anoxic
setting with no sulfate limitation in either the water column
or the upper 6 m of sediment. This environment is charac-
terized by sulfur cycling with ample organic matter and sul-
fate but limited availability of oxidants in the sediments
(Werne et al., 2003; Lyons et al., 2003). Such a system re-
duces the number of controlling variables and thus places
the emphasis on transport processes, which are limited to
molecular diffusion and advection through sedimentation.
The microbial sulfate reduction rate, the S isotope fraction-
ation associated with sulfate reduction, and the isotopic
composition of H2S in the Cariaco Basin were calculated,
taking into account potential differences in the diffusion
coefficients for 32SO4

2� versus 34SO4
2�. Our findings suggest

the potential for a large sulfur isotope fractionation associ-
ated with microbial sulfate reduction under strict anoxic
conditions and specifically offer an explanation for an ob-
served isotopic offset between sulfate and sulfide that is con-
siderably larger than the modeled fractionation.
Furthermore, our results highlight the significant impact
of small but systematic differences in diffusion coefficients
on the accuracy of diagenetic models of pore water isotopic
species. These results suggest that the interpretation of large
offsets between the d34S values of sulfate and sulfide miner-
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als in the geologic record as indicative of the oxidative side
of the sulfur cycle may need to be reassessed.

2. METHODS

2.1. Site description and sampling

The Cariaco Basin is a pull-apart basin located on the
continental shelf north of Venezuela (Fig. 1). It consists
of two sub-basins, each with a maximum depth of about
1400 m, separated by a saddle at 900 m. The Cariaco Basin
is currently anoxic below approximately 300 m water depth
and has been anoxic for the last 14,000 calendar years (Pet-
erson et al., 1991). The presence of laminae and thus the
lack of benthic fauna during the last 14,000 calendar years
(Peterson et al., 1991; Hughen et al., 1996; Werne et al.,
2000) indicate that bioturbation and bioirrigation are ab-
sent. The sedimentation rate has been approximately
30 cm/1000 years from 11,000 calendar years to the present
(Hughen et al., 1996; see Werne et al., 2003; and Lyons
et al., 2003, for further details). The data used in this study
were generated from samples collected from ODP Site 165
(Core 1002B) at about 900 m water depth (Shipboard Sci-
entific Party, 1997; see Werne et al., 2003 for the analytical
methods).

2.2. Model development

Considering diffusion, advection, and reaction, the dia-
genetic mass conservation equation can be expressed as
(Berner, 1964):

o/C
ot
¼ o

oz
Dsed/

oC
oz

� �
� o

oz
ðx/CÞ þ /

X
Ri; ð2Þ

where C is the concentration of a dissolved species, t is time,
Dsed is the whole sediment diffusion coefficient of a given
species, z is depth, / is the sediment porosity, x is the sed-
imentation rate, and RRi is the sum of the individual reac-
tion rates for the production and consumption of a given
constituent. Note that Eq. (2) assumes the absence of addi-
tional transport processes such as bioturbation or advective
flow, which is reasonable given the persistently anoxic con-
ditions. Because deposition in the Cariaco Basin varied lit-
tle over the last 10 ka years (Hughen et al., 1996; Werne
et al., 2000), it is assumed that the system has had sufficient
time to reach an approximate steady-state. For sulfate and
sulfide concentration profiles at steady state (oC/ot = 0),
the net rate of production or consumption is equal to the
transport terms, expressed as:

/
X

Ri ¼ �
o

oz
Dsed/

oC
oz

� �
þ o

oz
ðx/CÞ: ð3Þ

In contrast to Jørgensen (1979), who measured microbial
sulfate reduction rates and used literature values for the
associated fractionation to generate theoretical concentra-
tion profiles, we use observed concentration and isotopic
profiles of sulfate and sulfide to estimate net bacterial sul-
fate reduction rate (RRi) and sulfur isotope fractionation
for the Cariaco Basin sediment. In further contrast to pre-
vious studies (cf. Jørgensen, 1979; Fossing et al., 2000;
Jørgensen et al., 2004), we also consider the isotope mass
effect on diffusion coefficients of 32SO4

2� and 34SO4
2�.
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Fig. 1. Map and bathymetry of the Cariaco Basin, and the location of Site 1002, Ocean Drilling Program (ODP) Leg 165 (taken from Werne
et al., 2003).
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2.2.1. Sulfate profiles and steady-state solution

Concentration and isotopic composition data (Werne
et al., 2003; Fig. 2) were used to generate concentration pro-
files for 32SO4

2� and 34SO4
2� (Fig. 3), according to

equations

32SO4
2� ¼ TotalSO4

2�=ð1þ cð0:001 � d34S þ 1ÞÞ; ð4aÞ

and

34SO4
2� ¼ TotalSO4

2�= 1þ 1

cð0:001 � d34S þ 1Þ

� �
; ð4bÞ

where c = 0.00450045 is the standard isotopic ratio of
34S/32S in Vienna Canyon Diablo Troilite. The profiles so
obtained were fit to give a depth-dependent concentration
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Fig. 2. Depth profiles of (A) SO4
2� concentration (B) H2S concentration, and (C) sulfur isotope composition of SO4

2� and H2S from the
Cariaco Basin ODP Leg 165, Hole 1002B. Data from Werne et al. (2003).
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2� except for the large change in
magnitude of the concentration data.
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for both 32SO4
2� and 34SO4

2� from which rates and frac-
tionation factors were then derived. For an exponential fit:

iSO4
2�� �
¼ Aie

biz; ð5Þ

where i = 32 or 34. Substitution of Eq. (5) into Eq. (3) gives
the individual net microbial sulfate reduction rates, f(z)i,
for 32SO4

2� and 34SO4
2�, respectively, as shown below.

f ðzÞi ¼ �
o

oz
� DsedðiSO2�

4 Þ
/

o

oz
½iSO4

2��
� �

þ o

oz
x/½iSO4

2��
� �

;

ð6Þ

where the porosity term / converts rates from per volume
of pore water to per total volume of sediment. These rates
were then summed to give the overall depth-dependent net
rate of microbial sulfate reduction:

SR ¼ f ðzÞ32 þ f ðzÞ34: ð7Þ

The net fractionation (eSR) is calculated as:

eSRð&Þ ¼ 1000 � Rred

Rpw

� 1

� �
; ð8Þ

where Rpw is the ratio of ½34SO4
2��/½32SO4

2�� in pore water cal-
culated from the fitted profiles (e.g., Eq. (5)), and the depth-
dependent isotope ratio of the sulfate being reduced (Rred) is
given by the ratio f(z)34/f(z)32 (determined using Eq. (6)).

2.2.2. Model parameters

In addition to the concentration profiles, the quantifica-
tion of SR and eSR requires sediment porosity, sedimenta-
tion rate, sediment (bottom water) temperature, and the
whole sediment diffusion coefficients for 32SO4

2� and
34SO4

2�.
A porosity profile (Fig. 4) was obtained by converting

Gamma Ray Attenuation Porosity Evaluation (GRAPE)
raw data from piston core 1002B using standard methods
outlined by the Deep Sea Drilling Project (Boyce, 1976).
Porosity determinations were made at an interval of 2 cm
for the entire length of the core. The model results
were computed in two ways: (1) assuming a constant
porosity equal to the average porosity over the 4 m interval,
(2) using an empirical exponential fit to account for
porosity changes with depth typically described as /
= /1 + (/0 � /1)e�ax (e.g., Murray et al., 1978).

Age control for core 1002B was provided by a suite of
accelerator mass spectrometer (AMS) dates on individual
planktonic foraminifera from core PL07-39PC (Lin et al.,
1997). Core 1002B was correlated to PL07-39PC using
high-resolution records of magnetic susceptibility (Werne
et al., 2000), and sediment accumulation rates were subse-
quently determined from the age model. It is well docu-
mented that a dramatic shift in sedimentation rate
occurred at �11 ka (calendar years) with a change from
�100 cm/kyr prior to �11 ka to �30 cm/kyr since (Hughen
et al., 1996; Werne et al., 2000). Consequently, the model
considers only the first 4 m of core, and the average sedi-
mentation rate used for the model was calculated to be
0.0359 cm/yr over the last 11,150 calendar years.

The whole sediment diffusion coefficient for 32SO4
2� was

determined starting with the temperature-dependent rela-

tion for the diffusivity of sulfate in seawater as given by
Schulz (2000):

DswðSO4
2�Þ ¼ ð4:655þ 0:2125T Þ � 10�6 cm2=s; ð9Þ

where T is the temperature of the seawater in �C. Recent
measurements show temperatures that vary little within
the anoxic zone of the Cariaco Basin from 400 to 1200 m
depth (17.0–17.2 �C range, Muller-Karger et al., 2001); a
sediment temperature of 17.1 �C was used. The diffusion
coefficient for 32SO4

2� was computed using the following
relation (Boudreau, 1997):

Dsed ¼
Dsw

ð1� 2 ln /ðzÞÞ : ð10Þ

The isotope mass effect on the diffusion coefficient is taken
into account as follows. The kinetic energy of a molecule i is
given by:

kT ¼ 1

2
miv2

i ; ð11Þ

where k is the Boltzmann constant, T is the absolute tem-
perature, m is the mass, and v is the velocity of the mole-
cule. Considering that the temperature experienced by a

molecule of 32SO4
2� and a molecule of 34SO4

2� is equal,
their respective kinetic energies must also be equal. Neglect-
ing potential mass differences due to varying proportions of
oxygen isotopes (see below), the mass difference
(m34SO4

2� ¼ 96), (m34SO4
2� ¼ 98) leads to a slight difference

in velocities, v34SO4
2�=

ffiffiffiffi
96
98

q
� v32SO4

2� . As a result, 32SO4
2�

molecules should travel with a greater average velocity

and diffuse faster than 34SO4
2�molecules, i.e.
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Fig. 4. Sediment porosity vs. depth obtained by converting
Gamma Ray Attenuation Porosity Evaluation (GRAPE) raw data
from piston core 1002B using standard methods outlined by the
Deep Sea Drilling Project (Boyce, 1976). The solid black line is the
empirical porosity fit used in the model.
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D
sedð34SO4

2�Þ¼
ffiffiffi
96
98

p
�D

sedð32SO4
2�Þ ;

ð12Þ

where Dsedð34SO4
2�Þ is estimated using Eq. (10).

3. RESULTS AND DISCUSSION

The calculated net microbial sulfate reduction rates are
shown in Fig. 5, assuming a constant porosity of 0.81 and
using the porosity fit described in Section 2.2.2 (Fig. 4).
Using the porosity fit had a significant impact on the com-
puted sulfate reduction rate in the upper 100 cm, causing as
much as a five-fold increase near the surface when com-
pared to the computed rate assuming a constant porosity
(Fig. 5). However, in both cases the computed rate is extre-
mely low (<1 nmol cm�3 d�1). The sulfur isotope fraction-
ation associated with microbial sulfate reduction in the
Cariaco sediments for the two porosity fits is shown in
Fig. 6. Using exponential fits to the [32SO4

2�] and
[34SO4

2�] profiles (Eq. (5); Fig. 3) results in a constant frac-
tionation of 53.4& for constant porosity. Including a fit to
the porosity measurements (Fig. 4) leads to a lower frac-
tionation of 36& near the sediment surface, which increases
with depth until a constant value of about 53& is reached
at about 2 m depth (Fig. 6).

To identify the impact of differences in diffusion coeffi-
cients on fractionation estimates, the diffusion coefficient
for 34SO4

2� was varied. When the diffusion coefficient of
34SO4

2� was assumed to be equal to that of 32SO4
2�, a large

decrease of more than 9& was observed in eSR (Fig. 7),

independent of the magnitude of the fractionation and the
porosity fit used.

Environmental parameters were varied within ranges
representative of Cariaco sediments to test for the relative
influence of each on the steady-state solutions for the SR
rate and associated sulfur isotope fractionation. Tempera-
ture was varied by ±1 �C and sedimentation rate by
±5 cm/1000 yrs. Calculated sulfate reduction rates [Eq.
(6)] depend mostly on the molecular diffusion coefficients
whose values are constrained within a few percent, but
show little sensitivity towards minor variations in tempera-
ture and sedimentation rate (not shown). In the cases where
temperature was varied, the small changes in the computed
rates of sulfate reduction (<5% in all cases) were due to the
temperature dependence of diffusion. Similarly, the mod-
eled fractionation changed very little (<1&) when sedimen-
tation rate and temperature were systematically varied (not
shown).

3.1. Factors affecting sulfur isotope fractionation

The modeled fractionation exceeds values typically re-
ported from cultures (cf Canfield, 2001b, and refs therein)
but still lies within the theoretical maximum fractionation
of more than 70& (Kaplan and Rittenberg, 1964; Brunner
and Bernasconi, 2005). Beyond differences in the diffusion
coefficients (Section 3.2), there are several possible factors
that could be expected to contribute to a high eSR, including
low cell specific rates of SR (Kaplan and Rittenberg, 1964;
Chambers et al., 1975; Habicht and Canfield, 1997),
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growth-limiting sulfate concentrations (Canfield, 2001b),
variations in temperature (Canfield et al., 2006), and the
species of sulfate reducer (Canfield, 2001a; Brüchert, 2004
and references therein). As discussed above, sulfate concen-
trations (Fig. 2) exceed 8 mM, which is much greater than
sulfate levels that have been shown to cause a diminished
fractionation (Harrison and Thode, 1958; Canfield et al.,
2000; Canfield, 2001b). Temperature is also expected to
be approximately constant over the studied depth interval,
which is characterized by a uniformly laminated sediment
composition deposited under consistently anoxic conditions
(Wakeham, 1990; Peterson et al., 1991).

In the absence of any direct measurements we cannot
rule out variations in the community composition of sul-
fate-reducers, but the most distinct characteristic of the
Cariaco Basin sediment is a net sulfate reduction rate
(<1 nmol cm�3 d�1) that is much lower than typically re-
ported in marine environments (on the order of tens of
nmol cm�3 d�1 to lmol cm�3 d�1; Habicht and Canfield,
1997; Hurtgen et al., 1999; Rudnicki et al., 2001; Weber
et al., 2001; Brüchert et al., 2003). The rate calculated in this
study is a net rate; however, the oxidative recycling of sul-
fide is not expected to influence the SR rate due to the pres-
ence of anoxic/sulfidic conditions (Canfield, 2001a) and the
low abundance of oxidants such as Fe2O3, MnO2 and
NO3

� (Lyons et al., 2003). In addition, underestimation

of the reduction rate due to enhanced sulfate transport
via bioirrigation can be ruled out because of anoxic condi-
tions (cf. Werne et al., 2003). As a result, the gross rate is
not likely to be appreciably different from the calculated
net microbial sulfate reduction rate in the Cariaco Basin,
and the low computed value is likely to be a suitable
approximation of the in situ SR rate. Although no signifi-
cant correlation is typically observed between the volumet-
ric (mass volume�1 time�1) or cell-specific (mass cell�1

time�1) sulfate reduction rate and eSR (Detmers et al.,
2001), the largest fractionations during microbial sulfate
reduction are often associated with the lowest rates of vol-
umetric sulfate reduction (Habicht and Canfield, 1997), and
at least one recent study has identified a clear relationship
between low sulfate reduction rate and greater fraction-
ation (Hoek et al., 2006). At present, we are unable to make
concrete conclusions on the basis of cell specific sulfate
reduction rates; however, the results here echo findings in
other studies (Rudnicki et al., 2001; Böttcher et al., 2004)
in which anomalously high fractionations are associated
with volumetric microbial sulfate reduction rates that are
extremely low, on the order of 2–45 pmoles cm�3 d�1,
though it should be noted that in at least one case, high
fractionations were associated with sulfate reduction rates
on the order of 25 nmol cm�3 d�1 (Wortmann et al., 2001).

3.2. Influence of diffusion coefficients on modeled

fractionation

Previous studies (Jørgensen, 1979; Fossing et al., 2000;
Jørgensen et al., 2004) have assumed equal values for the
diffusion coefficients for 32S and 34S pore water constitu-
ents. In contrast, the present model considers isotopic mass
differences for the sulfate diffusion coefficients. Our results
indicate that eSR is strongly dependent on the ratio of whole
sediment diffusion coefficients used for 32SO4

2� and
34SO4

2�, with a difference of nearly 10& attributed to the
assumption of unique diffusion coefficients for 32SO4

2�

and 34SO4
2� based on their molecular mass. These results

are in agreement with a recent study that demonstrated that
the diffusion coefficients of H2

32S and H2
34S differ (Piel,

1999). These studies indicate the need for further experi-
mentation to better constrain sulfate diffusion coefficients.

Note that the impact of the difference in diffusion coef-
ficients is fairly independent of the fitting approach, yield-
ing results that vary between 9& and 10& (Fig. 7),
illustrating that this is a robust finding. The impact on
eSR is due to changes in the proportion of transport due
to diffusion and advection due to sedimentation. If diffusion
were responsible for all of the transport, the difference in
fractionation would simply be equal to the difference be-
tween the two diffusion coefficients determined using Eq.
(12) (1.03% = 10.3&).

3.3. Impact of model structure and uncertainty analysis

Apart from being affected by environmental conditions,
cell specific rates and mass-dependent diffusion coeffi-
cients, model estimates are biased by the model structure
used to interpret the data. Including a fit to the porosity
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Fig. 7. Differences in eSR (De) due to the difference in the diffusion
coefficients of the different isotopes. De is the difference in
fractionation factors obtained when assuming one generic diffusion
coefficient (D34SO4
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2�) versus when taking into account

the isotopic mass difference, e(D32SO4
2� and D34SO4

2�). Model
values are shown both assuming a constant porosity (black) and
accounting for variations in porosity with depth (gray).

Effect of diffusion on sulfur isotope fractionation 2293



Author's personal copy

measurements in the analysis of the 32SO4
2� and 34SO4

2�

profiles leads to a near surface fractionation of 36&,
which increases with depth until a constant value of
53& is reached at about 2 m depth (Fig. 6).

The somewhat arbitrary choice of fitting functions af-
fects the estimates of absolute values of eSR. The impact
of uncertainties associated with the data fitting procedure
can be analyzed through error propagation, and the effect
of the uncertainty in parameter p(sp) on eBSR can be ex-
pressed as:

s2
e ¼

X
i

oe
opi

si

� �2

þ 2
X
j 6¼i

oe
opi

oe
opj

sij

 !
; ð13Þ

where parameter variances ðs2
i Þ and covariances (sij) were

determined using MATLAB’s nonlinear least-squares
regression fitting the concentration and porosity profiles,
respectively. For example, when combining an exponential
fit for total sulfate and a 2nd order polynomial approxima-
tion to the d34S data (R2 > 0.994 for both) with the above
variable porosity fit, eSR ranges from about �63& to
�44&, with a 95% confidence interval on the order of
<3& (not shown). Notably, the sulfate reduction rate pro-
file via Eq. (6) is sensitive to the choice of the fitting func-
tion (Fig. 5), particularly in the uppermost 50 cm. Thus,
direct rate measurements, while currently not available in
this system, could be used to further corroborate the high
fractionation values.

3.4. Reconciling the observed sulfate-sulfide isotopic offset

with the modeled fractionation

An isotopic offset ðDd34SSO4–H2SÞ between pore water sul-
fate and sulfide of 45–70& is often observed in sedimentary
environments (Canfield and Thamdrup, 1994), and is also
detected in the Cariaco Basin, where values generally in-
crease from �53& near the sediment water interface to
�60–63& at 4 m depth (Fig. 4, data from Werne et al.,
2003). Several previous studies have explained such ob-
served trends in Dd34SSO4–H2S through repeated cycles of sul-
fide oxidation followed by disproportionation of
intermediate species such as elemental sulfur, leading to sul-
fide that is progressively depleted in 34S (Canfield and
Thamdrup, 1994; Habicht and Canfield, 1997; Sørensen
and Canfield, 2004). However, in the Cariaco Basin bacte-
rial disproportionation is an unlikely explanation for the
measured offset, because bacteria that have been shown to
disproportionate elemental sulfur become inactive in the
presence of sulfide at concentrations >1 mM (Thamdrup
et al., 1993), and pore water sulfide concentrations in Core
1002B are substantially greater than 1 mM at all depths be-
low 50 cm (Fig. 2). Furthermore, before disproportionation
can occur, the sulfide must be oxidized to intermediate sul-
fur forms, and in the Cariaco Basin sediments, there is a
lack of available oxidants. Previous studies have measured
reactive iron using both the HCl and dithionite extractions
and found that, though iron sulfides do continue to form
with depth in the Cariaco, the concentrations of residual
‘reactive’ Fe species are very low and are likely composed
of silicate iron that is reactive only on timescales of 103 to

105 years (Canfield et al., 1992; Raiswell and Canfield,
1998; Lyons et al., 2003; Werne et al., 2003). Thus, while
the reaction of sulfide with iron silicates on long time scales
(Canfield et al., 1992) cannot be discounted, it is likely a
small sink for pore water sulfide produced by microbial
SR, and the amounts are thought to be negligible (Lyons
et al., 2003). It is also possible that the pore water sulfide
could be oxidized by reaction with dissolved organic matter
(DOM; Heitmann and Blodau, 2006), though at this point
we cannot quantify this as no measurements of DOM have
been made in Cariaco sediment pore waters. Thus, while
there are some possible oxidants for reaction with sulfide,
they are either documented to be small (e.g., Fe, see Lyons
et al., 2003) or presently undocumented (DOM). As a re-
sult, the authors assume negligible oxidative sulfur cycling
in the Cariaco Basin sediments.

Another explanation for a high isotopic offset in a sulfi-
dic environment is that oxidative cycling (including dispro-
portionation) is occurring only near the sediment-water
interface where sulfide is not abundant, leading to a large
offset in the near surface sediments that is propagated
downward as sedimentation continues (Böttcher et al.,
2004). This explanation is also unsatisfactory in the Cariaco
Basin because the steady state solution for the fractionation
requires a high fractionation at all depths including the re-
gion below 50 cm, where sulfide concentrations exceed
1 mM (Werne et al., 2003).

The present study suggests that high fractionation (pos-
sibly associated with the low sulfate reduction rate) cou-
pled with diffusive transport is a viable alternative
explanation for the observed isotopic offset ðDd34SSO4–H2SÞ
that gets larger with increasing depth in the sediments.
Our model results indicate that, by including the effects
of differential diffusion coefficients, the instantaneous
Dd34SSO4–H2S (i.e., epsilon) will be 53.4& at the depth of
maximum sulfide concentration (�200 cm). S isotope data
(from Werne et al., 2003; Fig. 2) show a Dd34SSO4–H2S of
approximately 58& near 200 cm depth, which is greater
than our model results, though given the uncertainty of
the model structure, it is within the error of our calcula-
tions on the absolute fractionation value. Combined with
the error inherent in the analyses of pore water sulfide
(cf Werne et al., 2003), we consider the difference in these
values insignificant at the depth of maximum sulfide
concentration.

Below 200 cm, however, the measured Dd34SSO4–H2S con-
tinues to increase with depth in the sediments to values con-
siderably greater than our modeled results of �53&. This
observation can be explained by considering the effects of
differential diffusion of the isotopologues of sulfate
(32SO4

2� and 34SO4
2�) relative to those of sulfide (H2

32S
and H2

34S). Due to the steady decrease in concentrations
with depth, both 32SO4

2� and 34SO4
2� are diffusing down-

ward. Because the 32SO4 is preferentially reduced to sulfide
pore water sulfate at any given depth is 34S enriched relative
to that above it, but this progressive 34S enrichment is
slightly moderated by the fact that 32SO4 diffuses into the
sediment slightly faster than 34SO4, based on its smaller
molecular mass and steeper normalized gradient, when gra-
dients are normalized for variations in concentration
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(Goldhaber and Kaplan, 1980; Chanton et al., 1987;
Jørgensen et al., 2004).

In contrast, sulfide diffuses both upwards and down-
wards away from the zone of maximum production (via sul-
fate reduction), at approximately 200 cm depth in the
Cariaco Basin sediments. As with sulfate, for a constant
fractionation factor, at any given depth, the in situ pro-
duced sulfide is 34S enriched relative to that above it. Thus,
above the depth of maximum sulfide production, the up-
ward diffusing sulfide is 34S enriched relative to in situ pro-
duced sulfide because of the 34S enriched sulfate source
(compared to shallower depths); however because H2

32S
diffuses faster than H2

34S, this 34S enrichment is minimized,
and the upward diffusing sulfide has little net impact on the
d34S in shallow sediments.

In contrast, below the depth of maximum sulfide concen-
tration, the aqueous sulfide present is a combination of sul-
fide formed in situ (34S depleted relative to that below it)
and sulfide diffusing downwards (34S depleted due to more ra-
pid diffusion of H2

32S). As a result, below the subsurface
maximum we would expect the isotopic trend toward more
enriched sulfide to increase less rapidly compared to the iso-
topic trend in sulfate. The net effect of these diffusive isotopic
effects is that Dd34SSO4–H2S will continue to increase with
increasing depth. It is important to note that this mechanism
can account for offsets much larger than observed fractiona-
tions. This mechanism has important implications for deeper
cores, where it may be possible to account for offsets as large
as 100& or greater, provided that sulfide is transported
downward over a significant distance.

4. CONCLUSIONS

Modeling of data from the Cariaco Basin resulted in an
extremely high eSR associated with microbial sulfate reduc-
tion. The dependence of the calculated fractionation on the
ratio of whole sediment diffusion coefficients for 32SO4

2�

and 34SO4
2� used in the model demonstrates the necessity

for carefully designed experiments to evaluate the precise
molecular diffusion coefficients for 32SO4

2� and 34SO4
2� in

sedimentary environments. Additionally, in light of other re-
cent studies (Rudnicki et al., 2001; Böttcher et al., 2004), it
seems likely that the large fractionation reported here could
result from low cell specific sulfate reduction rates; however,
this cannot be confirmed without direct rate measurements,
and other possibilities can therefore not be ruled out.

Measured data from the Cariaco Basin (Fig. 2) indicate
a large offset between pore water sulfate and sulfide, similar
in magnitude to values observed in many other anoxic envi-
ronments. This study suggests that open system diffusion,
coupled with a high fractionation, rather than bacterial dis-
proportionation, can lead to an offset larger in magnitude
than the computed fractionation. Our findings emphasize
the necessity to take into account differences in diffusion
coefficients of different isotopes in the context of isotope
fractionation. Typical fractionations observed in marine
sediments, including both oxic and anoxic settings, are on
the order of 0–50& such that even a small potential differ-
ence in diffusion coefficients (1%) can have a significant im-
pact on isotopic data and their interpretation.

The observed isotopic offset between sedimentary sulfides
and oceanic sulfate has been used as a proxy for the fraction-
ation imparted during ancient sulfate reduction, and to infer
the timing of major changes in the oxidation state of the early
earth (Canfield, 1998; Canfield et al., 2000; Shen et al., 2001;
Hurtgen et al., 2005; Fike et al., 2006). Specifically, the emer-
gence of an offset larger than 4& around 2.20–2.30 Ga has
been interpreted as evidence of bacterial sulfate reduction un-
der non-limiting sulfate (>1 mM), implying a larger concen-
tration of global oceanic sulfate, which in turn provides
evidence for an oxidation event around that time (Farquhar
and Wing, 2003). Perhaps even more significant is the in-
crease in the Dd34SSO4–H2S occurring in the Neoproterozoic
(�600 Ma) that has been interpreted as evidence of the onset
of the oxidative side of the sulfur cycle (including sulfide oxi-
dation and disproportionation; Canfield and Teske, 1996;
Canfield, 1998). While this interpretation is debated (cf Hurt-
gen et al., 2005; Johnston et al., 2005; Philippot et al., 2007),
our results suggest that the larger offsets observed after
�600 Ma may be related in part to diffusive effects rather
than to the onset of sulfide oxidation and disproportionation.
Thus, if differential rates of diffusion for 32SO4

2� and 34SO4
2�

are impacting the actual oceanic Dd34SSO4–H2S , then the signal
being preserved in sedimentary sulfate and sulfide minerals
does not reflect the actual fractionation imparted during sul-
fate reduction. As a result, the authors caution against using
this offset as an indicator of sulfur isotope fractionation im-
parted in ancient systems. Furthermore, interpretations of
atmospheric and oceanic chemical evolution should be re-
evaluated within the context of these results to ascertain that
they remain valid.
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