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ABSTRACT 

 

We present new sulfur and oxygen isotope data in sulfate (δ34SSO4
 and δ18OSO4 1 

respectively), from globally distributed marine and estuary pore fluids. We use this 2 

data with a model of the biochemical steps involved in bacterial sulfate reduction 3 

(BSR) to explore how the slope on a δ18OSO4
 vs. δ34SSO4 plot relates to the net sulfate 4 

reduction rate (nSRR) across a diverse range of natural environments.  Our data 5 

demonstrate a correlation between the nSRR and the slope of the relative evolution of 6 

oxygen and sulfur isotopes (δ18OSO4 vs. δ34SSO4) in the residual sulfate pool, such that 7 

higher nSRR results in a lower slope (sulfur isotopes increase faster relative to oxygen 8 

isotopes).  We combine these results with previously published literature data to show 9 

that this correlation scales over many orders of magnitude of nSRR.  Our model of the 10 

mechanism of BSR indicates that the critical parameter for the relative evolution of 11 

oxygen and sulfur isotopes in sulfate during BSR in natural environments is the rate 12 

of intracellular sulfite oxidation.  In environments where sulfate reduction is fast, such 13 

as estuaries and marginal marine environments, this sulfite reoxidation is minimal, 14 

and the δ18OSO4 increases more slowly relative to the δ34SSO4.  In contrast, in 15 

environments where sulfate reduction is very slow, such as deep sea sediments, our 16 

model suggests sulfite reoxidation is far more extensive, with as much as 99% of the 17 

sulfate being thus recycled; in these environments the δ18OSO4 increases much more 18 

rapidly relative to the δ34SSO4.  We speculate that the recycling of sulfite plays a 19 

physiological role during BSR, helping maintain microbial activity where the 20 

availability of the electron donor (e.g. available organic matter) is low.   21 

 

 



  

3 
 

1. INTRODUCTION 

 

1.1 General 22 

During the anaerobic oxidation of organic matter, bacteria respire a variety of 23 

electron acceptors, reflecting both the relative availability of these electron acceptors 24 

in the natural environment, as well as the decrease in the free energy yield associated 25 

with their reduction (Froelich et al., 1979).  The largest energy yield is associated with 26 

aerobic respiration (O2), then denitrification (NO3
-), then manganese and iron 27 

reduction, followed by sulfate reduction (SO4
2-) and finally fermentation of organic 28 

matter into methane through methanogenesis (Froelich et al., 1979; Berner, 1980).  29 

Due to the high concentration of sulfate in the ocean (at least two orders of magnitude 30 

more abundant than oxygen at the sea surface), dissimilatory bacterial sulfate 31 

reduction (BSR) is responsible for the majority of oxidation of organic matter in 32 

marine sediments (Kasten and Jørgensen, 2000). In addition, the majority of the 33 

methane produced during methanogenesis in marine sediments is oxidized 34 

anaerobically by sulfate reduction (e.g. Niewöhner et al., 1998; Reeburgh, 2007). The 35 

microbial utilization of sulfur in marine sediments is thus critical to the oxidation of 36 

carbon in the subsurface.  37 

At a cellular level, the biochemical steps during BSR have been well studied 38 

over the past 50 years (Harrison and Thode, 1958; Kaplan and Rittenberg, 1963; Rees, 39 

1973; Farquhar et al., 2003; Brunner and Bernasconi, 2005; Wortmann, et al, 2007; 40 

Eckert et al., 2011; Holler et al., 2011).  During BSR, bacteria respire sulfate and 41 

produce sulfide as an end product.  This process consists of at least four major 42 

intracellular steps (e.g. Rees, 1973; Canfield, 2001a and Figure 1): during step 1, the 43 

extracellular sulfate enters the cell; in step 2, the sulfate is activated with adenosine 44 
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triphosphate (ATP) to form Adenosine 5' Phosphosulfate (APS); in step 3, the APS is 45 

reduced to sulfite (SO3
2-); and in step 4 the sulfite is reduced to sulfide.  It is generally 46 

assumed that all four steps are reversible (e.g. Brunner and Bernasconi, 2005; Eckert 47 

et al., 2011).  The reduction of sulfite to sulfide (step 4) remains the most enigmatic, 48 

and may occur in one step with the enzyme dissimilatory sulfite reductase or through 49 

the multi-step trithionite pathway producing several other intermediates (e.g. 50 

trithionate (S3O6
2-) and thiosulfate (S2O3

2-) -- Kobayashi et al. 1969; Brunner et al. 51 

2005; Sim et al. 2011a; Bradley et al., 2011); although there is evidence that whatever 52 

pathway step 4 occurs through, it is also reversible (Trudinger and Chambers, 1973; 53 

Eckert et al., 2011, Holler et al., 2011, Tapgaar et al., 2011).   54 

Given that each of the four steps is reversible, understanding the relative 55 

forward and backward fluxes at each step and how these fluxes relate to the overall 56 

rate of sulfate reduction, is critical for understanding the link between the BSR and 57 

the rate of organic matter oxidation. Changes in environmental conditions (e.g. 58 

temperature, carbon substrate, pressure) likely impact the relative forward and 59 

backward fluxes at each step within the cell as well as the overall rate of BSR, but the 60 

relative role of these factors with respect to one another in the natural environment 61 

remains elusive.  Within the marine subsurface, measurements of sulfate 62 

concentrations in sedimentary pore fluids and subsequent diffusion-consumption 63 

modeling of the rate of sulfate depletion with depth can be used for calculating the 64 

overall rate of sulfate reduction below the ocean floor (e.g. Berner, 1980; D'Hondt et 65 

al., 2004; Wortmann, 2006; Wortmann et al., 2007).  These sulfate concentration 66 

profiles alone, however, cannot provide details about how the individual biochemical 67 

steps at a cellular or community level may vary with depth or under different 68 

environmental conditions.   69 
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A particularly powerful tool for studying these biochemical steps during BSR 70 

(hereafter termed the ‘mechanism’ of BSR) is sulfur and oxygen isotope ratios 71 

measured in the residual sulfate pool while sulfate reduction progresses (Mizutani and 72 

Rafter, 1973; Fritz et al., 1989; Aharon and Fu, 2000; Aharon and Fu, 2003; Böttcher 73 

et al., 1998; Brunner et al., 2005; Turchyn et al., 2006; Wortmann et al., 2007; 74 

Farquhar et al., 2008; Turchyn et al., 2010; Aller et al., 2010).  With respect to 75 

isotopes, we refer to the ratio of the heavier isotope of sulfur or oxygen (34S or 18O) to 76 

the lighter isotope (32S or 16O), reported in delta notation relative to a standard (VCDT 77 

for sulfur and VSMOW for oxygen) in parts per thousand or permil (‰).   78 

Although both sulfur and oxygen isotopes are partitioned during each 79 

intracellular step, their relative behavior (e.g. δ18OSO4
 vs. δ34SSO4) in the natural 80 

environment is not fully understood.  The sulfur isotope composition of sulfate 81 

(δ34SSO4) typically increases monotonically as BSR progresses (e.g. Harrison and 82 

Thode, 1958; Kaplan and Rittenberg, 1963; Rees, 1973).  This occurs because most of 83 

the enzymatic steps during BSR preferentially select the lighter sulfur isotope (32S), 84 

slowly distilling it into the produced sulfide pool and leaving 34S behind.  The 85 

magnitude of the sulfur isotope partitioning (fractionation) during the overall process 86 

of BSR can be as high as 72‰ (Wortmann et al., 2001; Brunner and Bernasconi 2005; 87 

Canfield et al., 2010; Sim et al., 2011a).  Theoretical and experimental studies have 88 

suggested that this magnitude is a function of microbial metabolism and carbon 89 

source (e.g. Brüchert, 2004; Sim et al., 2011b), amount of sulfate available (e.g. 90 

Canfield, 2001b; Habicht et al., 2002), and temperature (e.g. Brüchert et al., 2001; 91 

Canfield et al., 2006).  In addition, previous studies also noted a relationship between 92 

the magnitude of the sulfur isotope fractionation and the sulfate reduction rate 93 

(Kaplan and Rittenberg, 1964; Rees, 1973; Chambers et al., 1975). This relationship 94 
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has been shown in pure culture experiments (e.g. Canfield et al., 2006), batch culture 95 

experiments using natural populations (e.g. Stam et al., 2011) and calculated in situ 96 

using pore fluids profiles (e.g. Aharon and Fu, 2000; Wortmann et al., 2001); in all 97 

these studies, higher sulfur isotope fractionation corresponded to slower sulfate 98 

reduction rates. 99 

On the other hand, the δ18OSO4 has shown variable behavior during BSR in 100 

natural environments. In some cases, the δ18OSO4 exhibits a linear relationship with 101 

δ34SSO4, also suggesting a distillation of the light isotope from the reactant sulfate.  102 

The magnitude of the oxygen isotope fractionation during this distillation was 103 

suggested to be 25% of the magnitude for sulfur isotopes (Rafter and Mizutani 1967), 104 

although it has been observed to range between 22% (Mandernack et al., 2003) to 105 

71% (Aharon and Fu, 2000).  In most measurements of δ18OSO4 during BSR in the 106 

natural environment, however, the δ18OSO4 increases initially until it reaches a 107 

constant value and does not increase further, while the δ34SSO4 may continue to 108 

increase (e.g. Fritz et al, 1989; Böttcher et al., 1998, 1999; Turchyn et al, 2006; 109 

Wortmann, et al, 2007; Aller et al, 2010; Zeebe, 2010).  This ‘oxygen isotope 110 

equilibrium’ value (usually between 22 and 30‰ in most natural environments) has 111 

been shown to depend on the δ18O of the ambient water (Fritz et al, 1989; Mizutani 112 

and Rafter 1973; Brunner et al., 2005; Mangalo et al, 2007; Mangalo et al, 2008). 113 

Because the timescale for oxygen isotope exchange between sulfate and water is 114 

exceptionally slow (e.g. Lloyd, 1968), it has been suggested that, during BSR, oxygen 115 

isotopes of sulfur intermediate species such as APS and SO3
2- exchange oxygen atoms 116 

with water (Fritz et al, 1989; Mizutani and Rafter, 1973).  Recent studies have 117 

suggested that it is more likely sulfite when bound in the AMP-sulfite complex 118 

facilitates this oxygen isotopic exchange (Kohl and Bao 2006; Wortmann et al., 2007; 119 
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Brunner et al., 2012; Kohl et al., 2012).  This requires that some percentage of the 120 

sulfate that is brought into the cell does not get reduced all the way to sulfide but 121 

undergoes oxygen isotope exchange with water, reoxidation to sulfate, and release 122 

back to the extracellular sulfate pool (Fritz et al, 1989; Mizutani and Rafter 1973; 123 

Brunner et al., 2005; Mangalo et al, 2007; Wortmann, et al, 2007; Mangalo et al, 124 

2008; Farquhar et al., 2008; Turchyn et al, 2010; Brunner et al., 2012).   125 

Interpreting the relative evolution of the δ18OSO4 and the δ34SSO4 in the 126 

extracellular sulfate pool during BSR in natural environments, and what this relative 127 

evolution tells us about the enzymatic steps during sulfate reduction remains 128 

confounding.  Figure 2 shows schematically how pore fluid sulfate and sulfur and 129 

oxygen isotope profiles often look in nature, where pore fluid sulfate concentrations 130 

decrease below the sediment-water interface and the oxygen and sulfur isotope ratios 131 

of sulfate increase, but may evolve differently relative to one another. One question is 132 

what are the factors controlling BSR in natural environments when the coupled sulfur 133 

and oxygen isotopes increase linearly (Trend A), compared to when they are 134 

decoupled and oxygen isotopes are seen to plateau (Trend B)?  A second problem is 135 

that the majority of our understanding of the biochemical steps during BSR comes 136 

from pure culture studies; how does this understanding translate, if at all, to the study 137 

of BSR in the natural environment?  138 

In this paper we will forward this discussion by presenting a compilation of 139 

sulfur and oxygen isotopes in pore fluids, including seven new sites collected over a 140 

range of different subsurface marine and near-marine environments, covering a broad 141 

range of sulfate reduction rates.  This will allow us to investigate how the relative 142 

behavior of the sulfur and oxygen isotopes varies in these different environments. We 143 

will begin with a discussion of modeling sulfur and oxygen isotope evolution during 144 
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BSR, most of which is a review of previous seminal work.  We will then discuss how 145 

these models for the biochemical steps during BSR can be applied to pore fluids in the 146 

natural environment. Finally, we will present our results, along with a compilation of 147 

previously published data into the context of our model.  148 

 149 

1.2. Kinetic and equilibrium isotope effects on sulfur and oxygen isotopes during 150 

dissimilatory bacterial sulfate reduction (BSR)  151 

The overall sulfur and oxygen isotope fractionation during BSR should be the 152 

integration of the various forward and backward fluxes at each step with any 153 

corresponding isotope fractionation at each step, be it kinetic or equilibrium (Figure 1 154 

and Rees, 1973).  In this section we will outline the previous modeling efforts and the 155 

related equations, upon which our model (Section 2) is based.  We begin with sulfur 156 

isotopes, which have been more extensively studied than oxygen isotopes.  The total 157 

sulfur isotope fractionation was first calculated by Rees, (1973):  158 

 159 

where  34Stotal is the total expressed sulfur isotope fractionation,  34Si_j is the sulfur 160 

isotope fractionation during the forward (i=f) and backward (i=b) reaction j (where 161 

j=1…4) and Xk (where k=1,2,3) is the ratio between the backward and forward fluxes 162 

of the respective intracellular steps (Figure 1).  The overall expressed sulfur isotope 163 

fractionation in the residual sulfate pool, according to this model, is always dependent 164 

on the isotope fractionation in the first step (the entrance of sulfate into the cell). The 165 

fractionation during the subsequent steps can be expressed in the residual sulfate pool 166 

only if there is a backward reaction at each step and a flux of sulfate back out of the 167 

cell. The overall expressed sulfur isotope fractionation has been linked to various 168 
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environmental factors that must result in changes in the relative forward and 169 

backward fluxes at each step (Rees, 1973; Farquhar et al., 2003; Brunner and 170 

Bernasconi, 2005; Canfield et al., 2006; Farquhar et al. 2007; Johnston et al., 2007).     171 

The sulfur isotope fractionation for the forward reaction at steps 1, 3 and 4 172 

(figure 1), that is, sulfate incorporation into the cell, the reduction of APS to sulfite, 173 

and the reduction of sulfite to sulfide, are understood to be -3, 25 and 25‰ 174 

respectively (all others steps are assumed to have no sulfur isotope fractionation, 175 

Rees, 1973).  Therefore, equation 1 can be written as:  176 

 177 

In order to generate an expressed sulfur isotope fractionation larger than -3‰, there 178 

must be back reactions during at least the first three steps.  It has also been observed 179 

that the total expressed sulfur isotope fractionation during BSR decreases with 180 

increased sulfate reduction rates (e.g. Aharon and Fu, 2000; Canfield, et al, 2006; 181 

Sim, et al., 2011b; Stam et al., 2011).  This suggests, as previous research has 182 

concluded, that as the sulfate reduction rate increases, backward reactions become less 183 

significant relative to forward reactions, and the total sulfur isotope fractionation 184 

approaches the fractionation associated with transfer of sulfate through the cell wall 185 

(Canfield, 2001).   186 

 Equation 2 predicts a maximum possible expressed sulfur isotope 187 

fractionation during BSR of 47‰.  However, particularly in natural environments, the 188 

measured sulfur isotope fractionation can often exceed these values, reaching up to 189 

72‰ (Habicht and Canfield, 1996; Wortmann et al, 2001).  Such large offsets are 190 

often attributed to repeated redox cycles of sulfur in the subsurface: the initial 191 

reduction of sulfate through BSR, the subsequent reoxidation of sulfide to elemental 192 

sulfur, followed by sulfur disproportionation to sulfate and sulfide, which produces 193 
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more sulfate for BSR (Canfield and Thamdrup, 1994).  These repeated cycles allow 194 

for a larger overall expressed sulfur isotope fractionation.  Another explanation for the 195 

large sulfur isotope fractionations observed in nature is the trithionite pathway, in 196 

which the reduction of sulfite to sulfide (step 4) proceeds through multiple steps rather 197 

than one (Kobayashi et al. 1969; Brunner and Bernasconi 2005; Johnston et al., 2007; 198 

Sim et al. 2011a; Bradley et al., 2011).  This could induce additional sulfur isotope 199 

fractionation and result in expressed sulfur isotope fractionation as large as 72‰ 200 

(Brunner and Bernasconi, 2005; Sim et al., 2011a).  201 

Defining a relationship like Equation 1 for oxygen isotopes is somewhat more 202 

difficult because both kinetic oxygen isotope fractionation and equilibrium oxygen 203 

isotope fractionation need to be considered.  If we first consider the case where kinetic 204 

oxygen isotope fractionation is the only process affecting δ18OSO4 during BSR, then 205 

the overall oxygen isotope fractionation can be formulated similar to Equation 1 206 

(Brunner et al., 2005):     207 

 208 

In this case, the δ18OSO4 and δ34SSO4 in the residual sulfate pool will evolve in a 209 

similar manner and a linear relationship should emerge when plotting one isotope 210 

versus the other ('Trend A' in figure 2). The ratio between  18Ototal and  34Stotal would 211 

then be equal to the slope of this line.  212 

 However, the δ18OSO4 also exhibits equilibrium oxygen isotope fractionation 213 

during BSR, often linked to the isotopic composition of the ambient water (Mizutani 214 

and Rafter, 1973; Fritz et al., 1989; Brunner et al., 2005; Mangalo et al., 2007,2008; 215 

Farquhar et al., 2008; Turchyn et al., 2010; Zeebe, 2010; Brunner et al., 2012).  Field 216 

studies have found that this ‘equilibrium isotope exchange’ results in the δ18OSO4 in 217 
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the residual sulfate pool evolving to a value between 22 and 30‰, across a range of 218 

natural environments (Böttcher et al., 1998, 1999; Turchyn et al., 2006; Wortmann et 219 

al., 2007; Aller et al., 2010).  The fact that the δ18OSO4 reaches a constant value is 220 

interpreted as oxygen isotope exchange between intracellular sulfur intermediates and 221 

water.  The measured oxygen isotope equilibrium value therefore includes the kinetic 222 

oxygen isotope fractionation associated with each step, the equilibrium partitioning of 223 

oxygen isotopes between intracellular water and the intermediate sulfur species, and 224 

any oxygen isotope fractionation associated with the assimilation of oxygen atoms 225 

from water during reoxidation.  Because of the myriad of factors impacting the 226 

observed equilibrium value of δ18OSO4, the measured value in the residual sulfate 227 

δ18OSO4 is termed the ‘apparent equilibrium’ (Wortmann, et al, 2007).  Turchyn et al. 228 

(2010) formulated a mathematical term for the apparent equilibrium of δ18OSO4, 229 

assuming full isotope equilibrium between intra-cellular intermediates and water, and 230 

kinetic oxygen isotope fractionation only during the reduction of APS to sulfite (step 231 

3): 232 

 233 

where δ18OSO4(A.E) is the isotopic composition of sulfate at ‘apparent equilibrium’, 234 

δ18O(H2O) is the isotopic composition of the ambient water,  18Oexchange
 is the oxygen 235 

isotope fractionation between sulfite in the AMP-sulfite complex and ambient water, 236 

X3 is the ratio between the backward and forward fluxes at Step 3 as in Equation 1 237 

(Figure 1) and  18Of_3
 is the kinetic oxygen isotope fractionation associated with APS 238 

reduction to sulfite.   239 

 In summary, current models for BSR suggest that sulfur and oxygen isotopes 240 

in the residual sulfate pool respond to changes in the relative forward and backward 241 
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rates of reaction, and isotope fractionation associated with each step during BSR.  The 242 

relative contribution of these various forward and backward fluxes and their 243 

individual isotope fractionation should be expressed by different relationships 244 

between δ18OSO4 and δ34SSO4 in sulfate as BSR progresses. When the kinetic oxygen 245 

isotope fractionation outcompetes the equilibrium oxygen isotope fractionation, the 246 

plot of δ18OSO4 vs. δ34SSO4 should exhibit a linear relationship ('trend A' in Figure 2b -- 247 

e.g. Mizutani and Rafter, 1969; Aharon and Fu, 2000; Aharon and Fu, 2003; 248 

Mandernack et al, 2003). When the equilibrium isotope effect dominates, a plot of 249 

δ18OSO4 vs. δ34SSO4 will tend concavely towards the ‘apparent equilibrium’ ('trend B' 250 

in Figure 2b -- e.g. Böttcher et al., 1998, 1999; Turchyn et al., 2006; Aller et al., 251 

2010). In between these two extremes, the relative intensity of the kinetic and 252 

equilibrium isotopic effects will determine the moderation of the curve and how 253 

quickly it reaches equilibrium, if at all.   254 

It has been suggested that this relative evolution of the δ18OSO4 vs. δ34SSO4 during 255 

BSR should be connected to the overall sulfate reduction rate (Böttcher et al., 1998, 256 

1999; Aharon and Fu, 2000, Brunner et al., 2005) where the steeper the slope on a 257 

plot of δ18OSO4 vs. δ34SSO4, the slower the sulfate reduction rate.  This suggestion was 258 

elaborated upon by Brunner et al. (2005), who formulated a model for mass flow 259 

during BSR.  In this work, Brunner et al. (2005) deduced that the overall SRR is 260 

important for the relative evolution of δ18OSO4 and δ34SSO4, but that the rate of oxygen 261 

isotope exchange between sulfur intermediates and water, and the relative forward 262 

and backward fluxes at each step further modifies the evolution of δ18OSO4 vs. δ34SSO4.  263 

The above models as developed previously have applied largely to understanding 264 

the relative forward and backwards steps during BSR in pure culture. We hypothesize 265 

that we can investigate a wider range of sulfate reduction rates in the natural 266 
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environment, and thus are poised to be able to address this relationship more 267 

completely.  This is a particularly good juncture to investigate this further as the 268 

models for BSR and the relationship between the mechanism and the couple sulfate 269 

isotopes have experienced several significant advances in recent years (e.g. Brunner et 270 

al., 2005; 2012; Wortmann et al., 2007).  Although there are potentially other 271 

processes in natural environments that may impact the measured δ18OSO4 vs. δ34SSO4 – 272 

for example anaerobic pyrite oxidation (e.g. Balci et al., 2007; Brunner, et al., 2008; 273 

Heidel and Tichomirowa, 2011; Kohl and Bao, 2011), or sulfur disproportionation 274 

(Cypionka et al., 1998; (Böttcher et al, 2001; Böttcher and Thamdrup, 2001; Aharon 275 

and Fu, 2003; Böttcher et al, 2005; Blake et al, 2006; Aller et al, 2010), we feel there 276 

is significant knowledge to be gained by revisiting the mechanism of BSR as deduced 277 

from geochemical analysis of pore fluids.  278 

The use of the evolution of the δ18OSO4 vs. δ34SSO4 to inform the biochemical steps 279 

during BSR has been applied in two previous studies. Wortmann et al, (2007) 280 

produced a detailed study of an ODP site off the coast of southern Australia and 281 

Turchyn et al, (2006) studied eleven ODP sites off the coasts of Peru, Western Africa 282 

and New Zealand.  Both studies found a rapid increase in the δ34SSO4, while the 283 

δ18OSO4 increased and then leveled off (similar to 'trend B' in Figure 2).  Both 284 

Wortmann et al. (2007) and Turchyn et al. (2006) used their data with reactive 285 

transport models to calculate the relative forward and backward fluxes through 286 

bacterial cells during BSR.  These studies, which greatly advanced our understanding 287 

of in situ BSR, focused on deep-sea sediments, with necessarily slow sulfate reduction 288 

rates.  Furthermore, both of these studies considered only one branching point within 289 

the microbial cell, whereas more recent models of the mechanism of BSR have 290 
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invoked the importance of at least two branching points to help explain the decoupled 291 

sulfur and oxygen isotopes during BSR (Brunner et al., 2005; 2012). 292 

In this paper, we will present sulfur and oxygen isotopes of pore fluid sulfate from 293 

7 new sites with sulfate reduction rates that span many orders of magnitude. We will 294 

combine our new data with previously published results of subsurface environments 295 

where sulfur and oxygen isotopes in sulfate have been reported.  We will use a model 296 

derived from the equations above, to understand how the relative evolution of sulfur 297 

versus oxygen isotopes in pore fluid sulfate inform us about the intracellular pathways 298 

and rates involved in BSR.  299 

 

 

 

2 MODEL FOR OXYGEN ISOTOPE DURING BSR 

2.1 The proposed model for oxygen isotopes in sulfate 300 

Our model for oxygen isotopes in sulfate is derived from the work of Brunner 301 

et al. (2005, 2012).  In order to understand the relative evolution of sulfur and oxygen 302 

isotopes in sulfate during BSR in pure culture, Brunner et al. (2005, 2012) solved a 303 

time dependent equation in which the oxygen isotope exchange between sulfur 304 

intermediates and ambient water and the cell specific sulfate reduction rates are the 305 

ultimate factors controlling the slope of δ18OSO4 vs. δ34SSO4 during the onset of BSR.  306 

For the purpose of this study (as applied to natural environments rather than pure 307 

cultures) we reconsider this model in three ways.  First, the cell specific sulfate 308 

reduction rate varies over orders of magnitudes in different natural environments, yet 309 

the relative evolution of δ18OSO4 vs. δ34SSO4
 plot versus depth may exhibit the same 310 

pattern. Therefore, we suggest that any time dependent process related to the isotope 311 
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evolution (e.g. the rate of the oxygen isotopic exchange between ambient water and 312 

sulfur intermediate such as sulfite) is faster than the other biochemical steps during 313 

BSR.  Second, in the models of Brunner et al. (2005, 2012) the equilibrium value for 314 

the δ18OSO4 depended critically on the value of δ18O of the ambient water.  However, 315 

the equilibrium value for δ18OSO4 in natural environments shows a range (22-30‰) 316 

that cannot be explained only by the variation in δ18O of the ambient water (which 317 

ranges from 0 to -4‰).  It was initially suggested that these equilibrium values may 318 

reflect oxygen isotope equilibrium at different temperatures (Fritz et al., 1989) 319 

although more recent studies have shown that the temperature effect is small (~2‰ 320 

between 23 to 4 C -- Brunner et al., 2006; Zeebe, 2010).  Temperature may impact the 321 

relative intracellular fluxes during BSR (Canfield et al., 2006), and this will change 322 

the apparent equilibrium value (Turchyn et al., 2010). For our model, therefore, we 323 

attribute the change in the δ18OSO4 to change in the mechanism of the BSR and not to 324 

changes in the δ18O of the water.  Third, the model of Brunner el al. (2005, 2012) 325 

ruled out a linear relationship between δ18OSO4 and δ34SSO4 which has not been 326 

observed in pure culture.  Our model will need to account for a linear relationship, 327 

which has been observed in natural environments.  328 

  To address these issues, we remove the characteristic timescale used by 329 

Brunner et al. (2005, 2012) for the cell-specific sulfate reduction rate and focus 330 

instead on how the different fluxes at each step impact the evolution of δ18OSO4 vs. 331 

δ34SSO4.  We further allow changes in the equilibrium values of the δ18OSO4 due to a 332 

combination of equilibrium and kinetic oxygen isotope effects (apparent equilibrium) 333 

rather than through a change in the δ18O of the ambient water. 334 

The assumptions in our model include: 335 
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  The system is in steady state.  This means SRR = fi –bi  (where i=1,2,3— 336 

figure 1). 337 

  We model oxygen isotopic exchange between ambient water and the sulfite 338 

(Betts and Voss, 1970; Horner and Connick, 2003), recognizing that this 339 

exchange may occur when sulfite is already bound in the AMP-sulfite 340 

complex.  This oxygen isotope exchange contributes 3 oxygen atoms to the 341 

sulfate that will ultimately be produced during reoxidation, while the fourth 342 

oxygen atom is gained during the reoxidation of the AMP-sulfite complex to 343 

sulfate (Wortmann et al., 2007; Brunner et al., 2012).  344 

  Oxygen isotopic exchange was considered to be much faster with respect to 345 

other biochemical steps, which means, that for any practical purpose, the 346 

sulfite is constantly in isotopic equilibrium with the ambient water.  This 347 

results in a solution that is independent of the timescale of the problem. This s 348 

because the timescale for this isotope exchange, given intracellular pH (6.5-7 349 

— Booth, 1985), should shorter than minutes (Betts and Voss, 1970). 350 

  The kinetic oxygen isotopic fractionation during the reduction of APS to 351 

sulfite (f3) is equal to 25% of the sulfur isotope fractionation ( 18Of_3: 352 

 34Sf_3=1:4) (Mizutani and Rafter, 1969). This value for the kinetic oxygen 353 

isotope fractionation is the lowest value that was found in lab experiments, 354 

and therefore we consider it to be the closest to the real ratio between  18Of_3 355 

and  34Sf_3. This is assumption has not been made by Brunner et al. (2005, 356 

2012) and allows our model to simulate a linear relationship between δ18OSO4 357 

and δ34SSO4. 358 
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  Any kinetic oxygen isotope fractionation in step 4 (the reduction of sulfite to 359 

sulfide) is not significant for oxygen isotopes, since oxygen isotope exchange 360 

during the back reaction (step 3) resets the δ18O of the sulfite.  361 

  We simplified step 4 by making it unidirectional. We are able to do this 362 

because recent work has suggested that even if sulfide concentrations are high 363 

(>20 mM), only ~10% of the sulfide is re-oxidized (Eckert et al., 2011) which 364 

is insignificant with respect to the overall recycling of other sulfur 365 

intermediates (Wortmann et al., 2007; Turchyn et al., 2006).  366 

 367 

The full derivation of the model equations using these assumptions, and similar to the 368 

derivation in Brunner et al., 2012, is in Appendix A and yields the following 369 

continuous solution for 18OSO4(t) as function of 34SSO4(t):  370 

 371 

where 18OSO4(t) is the oxygen isotopic composition of the residual sulfate at time t, 372 

18OSO4(A.E) is the oxygen isotopic composition of the residual sulfate at apparent 373 

equilibrium (see section 1.2 above) and 18OSO4(0) is the oxygen isotope composition of 374 

the initial sulfate.  The 34SSO4(t)  is the sulfur isotopic composition of the residual 375 

sulfate at time t, 34SSO4(0) is the initial sulfur isotopic composition of the residual 376 

sulfate,  34Stotal  
18Ototal are the overall expressed sulfur and oxygen isotope fractionation, 377 

respectively, and O is a parameter initially formulated by Brunner et al. (2005, 2012).  378 

This parameter ( O) measures the ratio between the apparent oxygen isotope exchange 379 

and sulfate reduction rate.  However, since we assumed constantly full oxygen 380 
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isotopic equilibrium between sulfite and ambient water, in our case this parameter 381 

should only be a function of the ratio between the backward and forward fluxes, and 382 

is less impacted by changes in the initial isotopic composition of the sulfate, the 383 

isotopic composition of the water, the kinetic isotope fractionation factor for step 3, or 384 

the magnitude of the fractionation factor during oxygen isotopic exchange (See 385 

appendix A).   386 

 387 

The solution to our model (Equation 5) suggests two distinct phases for the relative 388 

evolution of δ18OSO4 vs. δ34SSO4 during BSR: 389 

1. Apparent linear phase. This phase refers to the initial stage of BSR, where 390 

the sulfur and oxygen isotopic compositions increase in the residual sulfate 391 

pool at a constant ratio (see also 'trend b' in figure 2b). The first-order Taylor 392 

series expansion around the point (δ34SSO4, δ18OSO4) = (δ34SSO4(0), δ18OSO4(0)) of 393 

Equation 5 provides information about the behavior of δ18OSO4  vs. δ34SSO4 at 394 

the onset of the BSR and is equal to: 395 

 396 

We term this the slope of the apparent linear phase (SALP) in δ18OSO4 vs. 397 

δ34SSO4 space: 398 

 399 

This equation suggests that the SALP is directly proportional to θO.  SALP is 400 

also inversely proportional to  34Stotal.    401 

 402 
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2. Apparent equilibrium phase. This phase refers to the later phase of BSR 403 

where the oxygen isotope composition of the residual sulfate pool reaches a 404 

constant value, while the sulfur isotope composition continues to increase 405 

(Wortmann, et al., 2007 and Turchyn et al., 2010, see also 'trend b' in figure 406 

2b).  Here we modified the term for the apparent equilibrium of δ18OSO4 that 407 

was given by Turchyn et al. (2010), and also presented in Equation 4.  This is 408 

because the term that was formulated by Turchyn et al. (2010) assumed that 409 

the uptake of sulfate into the cell (step 1) involves no kinetic isotope effect for 410 

oxygen, although a kinetic isotope effect for sulfur does exist. If there is a 411 

kinetic oxygen isotope fractionation during sulfate uptake, (step 1) and during 412 

the reduction of APS to sulfite (step 3), then the apparent equilibrium value of 413 

δ18OSO4
 (δ18OSO4(A.E)) is given by (See Appendix B for the full derivation): 414 

 415 

 Previous studies have used plots of θO vs.  34Stotal to investigate the mechanism of 416 

BSR (Turchyn et al., 2010; Brunner et al., 2012).  There is an ambiguity with 417 

calculating X1 and X2 separately using isotopes since there is understood to be no 418 

isotopic fractionation at step 2 (e.g. Rees et al., 1972). Therefore, if we consider the 419 

two main intracellular branching points in the schematic in figure 1 (similar to 420 

Farquhar et al., 2003; Canfield et al., 2006), we can rethink the reaction schematic in 421 

figure 1 without the APS intermediate as shown in figure 3 (another way to work 422 

around this ambiguity is by merging step 1 and 2 into one single step. This choice 423 

would also have no impact on the calculation). In this case, θO is equal to (after 424 

Brunner et al., 2012): 425 
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 426 

and the  34Stotal according to Rees, (1973) is: 427 

 428 

We acknowledge the fact that recent studies have found sulfur fractionation much 429 

higher than 47‰ (e.g. Habicht and Canfield, 1996; Wortmann et al, 2001; Sim et al., 430 

2011a), which is the maximum fractionation that equation 10 predicts. This however, 431 

can be solved by adding another branching point and not by simply adding the 432 

additional fractionation (about 50‰) to step 3 (Brunner et al., 2012). Since it is not 433 

clear what are the exact environmental constraints activate the trithionite pathway, at 434 

this point, we stick to the traditional pathway and will examine if it can simulate pore 435 

fluid δ18OSO4 and δ34SSO4.            436 

These equations provide unique solutions for X1 (the ratio between sulfate 437 

being brought in and out of the cell) and X3 (the ratio between the forward and 438 

backward fluxes at step 3).  Because θO and  34Stotal can be written in terms of X1 (the 439 

ratio between sulfate being brought in and out of the cell) and X3 (the ratio between 440 

the forward and backward fluxes at step 3), we can calculate  34Stotal and θO for a range 441 

of X1 and X3 values and contour them on a θO vs.  34Stotal diagram (Figure 4).  This 442 

allows us to depict variations in θO vs.  34Stotal in terms of variations in X1 and X3 443 

during BSR.  X1
 provides nearly vertical contours in θO vs.  34Stotal space, suggesting 444 

that variations in the flux at step 1 are the main cause for changes in the expressed 445 

sulfur isotope fractionation ( 34Stotal), especially at lower values of X3.  On the other 446 

hand, X3 contours horizontally, suggesting that changes in this step cause the most 447 

significant impact on θO. The plot of θO vs.  34Stotal (Figure 4) has similarities with the 448 
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theoretical λH2S-SO4
 vs. 1000·ln(r34

H2S\r34
SO4) diagram designed by Farquhar et al. 449 

(2003).  Both diagrams are based on multiple reaction pathways for sulfate within the 450 

bacterial cell.  The rate and direction of these reactions control the sulfur and oxygen 451 

isotope evolution of sulfate.  We can use the θO vs.  34Stotal to interpret the mechanism 452 

of BSR for our data and previously published work. An extension would be to 453 

investigate the mechanism using a λH2S-SO4
 vs. 1000·ln(r34

H2S\r34
SO4) diagram as more 454 

r33
SO4 data becomes available.  455 

 456 

2.2 Testing the proposed model 457 

Our changes to the existing models of bacterial sulfate reduction now allow it to 458 

be applied to a wider range of timescales and parameter space observed in natural 459 

environments.  We will apply it now to a pure culture study to show its applicability.  460 

Mangalo et al. (2008) carried out five pure culture experiments, with Desulfovibrio 461 

desulfuricans and 18O enriched water (about 700‰) and varied the nitrite 462 

concentration.  Nitrite is an inhibitor for the enzyme dissimilatory sulfite reductase 463 

used in Step 4  (Greene et al., 2003).  Increased nitrite concentrations should, 464 

therefore, lead to less reduction of sulfite to sulfide and potentially more recycling of 465 

sulfite back to sulfate (Figure 1).  In other words, the higher the nitrite concentration, 466 

the higher the backward flux at step 3 (the reoxidation of sulfite to APS), and θO 467 

should increase.  468 

The δ18OH2O in these experiments was strongly enriched in 18O (700‰ Mangalo et 469 

al., 2008). This allows us to investigate the contribution of each step during BSR to 470 

the evolution of δ18OSO4 vs. δ34SSO4, since it significantly reduces the uncertainty on 471 

the expected δ18OSO4(A.E).  We calculated the θO for each experiment in Mangalo et al. 472 

(2008) using equation 7.  The SALP was obtained from a linear regression of δ18OSO4 473 
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vs. δ34SSO4 presented in Mangalo et al. (2008) and the sulfur isotope fractionation 474 

( 34Stotal) was taken from their calculation.  The Mangalo et al. (2008) data is presented 475 

on the θO vs.  34Stotal diagram (Figure 4).  476 

By changing the nitrite concentration, Mangalo et al. (2008) were indeed able to 477 

affect the value of X3, the ratio of the forward and backward fluxes at step 3.  Our 478 

analysis shows that the SALP of each experiment shows a strong correlation to the 479 

nitrite concentration (Figure 5a) and with X3 (Figure 5b) (R2=0.9987).  However, it 480 

seems that there is a poor correlation between X1 and the SALP (Figure 5b) 481 

(R2=0.3002).  This suggests that X3 is directly responding to nitrite concentration, 482 

confirming that nitrite was inhibiting sulfite reduction at step 4 (f4 decreases) and 483 

resulting in more sulfite being reoxidized to APS (b3 increases).  In addition, these 484 

results suggest that X3 is the dominant factor controlling the SALP in these 485 

experiments. 486 

Analysis of the Mangalo et al. (2008) data shows that the model may help 487 

calculate X1 and X3 during BSR in pure culture. Application to the natural 488 

environment still requires consideration of how the expression of the mechanism of 489 

BSR will be seen within pore fluid profiles, which we will consider in Section 5.  First 490 

we will present our analytical methods and results.   491 

 

 

3. METHODS 

 492 

3.1 Study Sites  493 

We present pore fluid profiles from seven new sites (see Map, Figure 6). The 494 

first two sites, Y1 and Y2 are in the Yarqon Stream estuary, Israel (Figure 6b), with a 495 
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water depth of ~2 m.  Cores were taken using a gravity corer, total core lengths were 496 

29 and 9cm, for Y1 and Y2 respectively.  The Yarqon estuary sediments have a very 497 

high organic carbon content of 2.5% and are in contact with brackish bottom waters 498 

(~19 g Cl l-1), due to seawater penetration into the estuary.   499 

Cores were collected at three sites on the shallow shelf of the Eastern 500 

Mediterranean Sea off the Israeli coast; Sites HU, 130 and BA1 (Figure 6b), with 501 

water depths of 66 m, 58 m and 693 m respectively.  Total core lengths for the three 502 

sites were 234, 254 and 30 cm respectively.  The sediment from site BA1 was 503 

collected using a box corer, while a piston corer was used for sites 130 and HU. The 504 

organic carbon content at these sites ranges from ~0.5-1.0%.  Finally, pore fluid 505 

profiles are also presented from advanced piston cores collected by the Ocean Drilling 506 

Program (ODP) at ODP Sites 1052 and 807. Site 1052 (Leg 171B), is located on 507 

Blake Nose (NW Atlantic Ocean) at a water depth of 1345m, with a total sediment 508 

penetration of 684.8 m (60.2% recovery). Site 807 (Leg 130) (Figure 6a), is located 509 

on the Ontong-Java Plateau (tropical NW Pacific) at a water depth of 2805 m with a 510 

total sediment penetration of 822.9 m (87.1% recovery). The organic carbon content 511 

at Site 1052 it is below 1%, while at Site 807 ranges between 0.02-0.6%. 512 

 513 

3.2 Analytical Methods 514 

The samples from the Yarqon estuary and the Eastern Mediterranean sites 515 

were processed at Ben Gurion University of the Negev, Israel, usually on the same 516 

day as coring.  The cores were split into 1 cm slices under an argon purge.  The pore 517 

fluids were extracted from each cm slice by centrifuging under an argon atmosphere 518 

to avoid oxygen contamination.  The samples were acidified and purged with argon to 519 

remove sulfides and prevent their oxidation to sulfate.  The sulfate concentration in 520 
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the pore fluids from the Yarqon estuary was measured by high performance liquid 521 

chromatography (HPLC, Dionex DX500) with a precision of 3%.  The total sulfur 522 

(assumed to be only sulfate) concentrations from the Eastern Mediterranean were 523 

measured by inductivity coupled plasma-atomic emission (ICP-AES, P-E optima 524 

3300) with a precision of 2%.   525 

The ODP sediments were handled using standard shipboard procedures. 526 

Sulfate concentrations of the pore fluids from the ODP Sites were measured by 527 

Dionex ion chromatograph onboard the ship.  Pore fluid sulfate from the Yarqon 528 

estuary, the Eastern Mediterranean and the ODP sites were then precipitated as 529 

barium sulfate (barite) by adding a saturated barium chloride solution.  The barite was 530 

subsequently rinsed with acid and deionized water and set to dry in a 50 C oven.  531 

The sulfur and oxygen isotope composition of the pore fluid sulfate were 532 

analyzed in the Godwin Laboratory at the University of Cambridge.  The barite 533 

precipitate was pyrolyzed at 1450°C in a Temperature Conversion Element Analyzer 534 

(TC/EA), and the resulting carbon monoxide (CO) was measured by continuous flow 535 

GS-IRMS (Delta V Plus) for its δ18OSO4.  For the δ34SSO4 analysis the barite was 536 

combusted at 1030°C in a Flash Element Analyzer (EA), and resulting sulfur dioxide 537 

(SO2) was measured by continuous flow GS-IRMS (Thermo, Delta V Plus).  Samples 538 

for δ18OSO4 were run in replicate and the standard deviation of these replicate analyses 539 

was used ( < 0.4‰). The error for δ34SSO4 was determined using the standard deviation 540 

of the standard NBS 127 at the beginning and the end of each run (  ~ 0.2‰). Samples 541 

for both δ18OSO4 and δ34SSO4 were corrected to NBS 127 (8.6‰ for δ18OSO4 and 542 

20.3‰ for δ34SSO4).  A second laboratory derived barite standard was run for δ18OSO4 543 

(16‰) to correct for linear changes during continuous flow over a range of δ18OSO4 544 

values and to map our measurements more accurately in isotope space.  Since the bulk 545 
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of our δ18OSO4 data falls between 8 and 21‰, these standards were appropriate for the 546 

isotope range of interest.  547 

 

4. FIELD RESULTS 

 

The pore fluid sulfate concentrations and oxygen and sulfur isotope compositions 548 

for the seven new sites are shown in Figure 7.  The cores from the Yarqon estuary 549 

(Y1, 29 cm and Y2, 9 cm, figure 7a-7c) are similar and show almost total depletion in 550 

pore fluid sulfate (site Y1, figure 7c).  As sulfate concentrations decrease, both the 551 

δ18OSO4 and δ34SSO4 of the sulfate increase. At the greater depths, δ34SSO4 continues to 552 

increase, while δ18OSO4 reaches a constant value of 23-24‰ (site Y1 Figure 7c).  553 

The results from sites BA1 (30 cm) HU (234 cm) and P130 (254 cm) are 554 

shown in Figure 7e-7f.  There is a maximum of 40% consumption of sulfate, within 555 

the upper 234 cm at Site HU, and within 250 cm at Site P130.  Both the δ18OSO4 and 556 

δ34SSO4 increase with depth at both sites: the δ34SSO4 increases to 30.3‰ and the 557 

δ18OSO4 increases to 19.0‰ at site HU, while at site P130 the δ34SSO4 increases to 558 

38.8‰ and the δ18OSO4 increases to 24.0‰.  At site BA1, δ18OSO4 and δ34SSO4 both 559 

increase while the pore fluid sulfate concentration decreases (Figure 7d-7f)  560 

In ODP Sites 807 and 1052, pore fluid sulfate concentrations remain constant 561 

in the upper 30 m, and then decrease over the next ~200 m by 25 and 50% 562 

respectively (Figure 7g-7i).  At both Sites, the δ34SSO4 increases with decreasing 563 

sulfate concentrations, to values of 28-29‰ at ~300 m.  The δ18OSO4 also increases to 564 

22-23‰ at both Sites.  565 
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5. DISCUSSION  

 

5.1 Applying our time-dependent closed system model to pore fluid profiles        566 

In this section we discuss the use of our model of BSR (Section 2.1 and 2.2) to 567 

understand what controls the relative evolution of δ18OSO4 vs. δ34SSO4 in the natural 568 

environment.  Applying what is effectively a “closed system” model to an “open 569 

system” (environmental pore fluids) requires understanding the physical parameters 570 

that control each of the sulfate species concentrations (in our case 34S16O4
2-, 32S 571 

18O16O3
2- and 32S16O4

2-
 ) within the fluids in the sediment column (Jørgensen, 1979; 572 

Chernyavsky and Wortmann, 2007; Wortmann and Chernyavsky, 2011).  573 

In this study we utilize SALP, that is the relative change of δ18OSO4 vs. δ34SSO4, 574 

rather than the δ18OSO4 value during apparent equilibrium although both hold 575 

information about the mechanism of the BSR (see equation 7 and 8).  Focusing on 576 

SALP enables investigating the mechanism of BSR from sites that were not cored 577 

deep enough to observe apparent equilibrium (e.g. Mediterranean Sea sediments from 578 

this study, Figure 7d-f).  Also, it is not clear whether the δ18OSO4 really reaches 579 

equilibrium values at some sites (e.g. the ODP Sites, Figure 7g-i).  580 

The outstanding question is how can we apply SALP as observed in the relative 581 

evolution of the δ18OSO4 and δ34SSO4 in the pore fluids to the model for the 582 

biochemical steps during BSR as derived for pure cultures?  How do you bridge the 583 

gap between the “closed system” equations and the application to the “open system”? 584 

To explore this, we will briefly explore how SALP changes between closed and open 585 

systems in two extreme cases: (a) Deep-sea temperature (2 C), low sedimentation rate 586 

(10-3 cm·year-1) and slow net sulfate reduction rate (low as 10-12 mol·cm-3·year-1), 587 

typical of deep-sea environments versus (b) Surface temperature (25 C), high 588 
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sedimentation rate (10-1 cm·year-1) and high net sulfate reduction rate (5 10-4 mol·cm-589 

3·year-1) conditions similar to shallow marginal-marine environments.  In each case 590 

we have calculated the “closed system” solution for a given mechanism, or 591 

intracellular fluxes during BSR, and then separately calculated the “open system” for 592 

the same mechanism give the natural conditions described above.  For the entire 593 

model description see Appendix C. 594 

Figure 9 presents the calculated open system versus closed system SALP for 595 

the two extreme environments, as function of the change in X3 (where X1 is fixed and 596 

equal to 0.99).  It can be seen that in applying the close system solution to the open 597 

system can lead to underestimation of as much as 10% in the value of X3 (For changes 598 

in X1, the misestimate will be similar in magnitude). Although there are vastly 599 

different physical parameters between these two synthetic sites, the resulting 600 

calculated SALPs are not significantly different. This similarity in calculated SALP is 601 

because the main difference moving to an open system from a closed system is the 602 

change the relative diffusion flux of any of the isotopologues.  We conclude that we 603 

can read the SALP from δ18OSO4 and δ34SSO4 pore fluid profiles (e.g. Figure 2) and 604 

apply our closed system model to understand the mechanism, with the caveat that we 605 

have error bars on our resulting interpretation.  606 

               

5.2 What controls the relative evolution of δ18OSO4 vs. δ34SSO4 in marine 

sediments during BSR 

It has been suggested that in the natural environment as well as in pore fluids, the 607 

relative evolution of δ18OSO4 vs. δ34SSO4 (SALP) is connected to the overall sulfate 608 

reduction rate (Böttcher et al., 1998, 1999; Aharon and Fu, 2000; Brunner, et al, 609 

2005).  We further suspect that the relative evolution provides information about the 610 
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mechanism, or individual intracellular steps, during BSR.  A plot of our data in 611 

δ18OSO4 vs. δ34SSO4 space displays a close-to-linear relationship between δ18OSO4 and 612 

δ34SSO4 (Figure 8).  The slope, however, varies greatly among the different sites 613 

(Figure 8).  In general, the sites from the shallower estuary environments have a more 614 

moderate slope (0.35-0.44), meaning the sulfur isotopes increase rapidly relative to 615 

the oxygen isotopes, while the shallow marine sediments have steeper slopes (0.99-616 

1.1), and the deep-sea sediments have the steepest slopes (1.7 and 1.4 respectively). 617 

The ODP Sites thus show the fastest increase in the δ18OSO4 relative to the δ34SSO4 618 

compared with the shallower sites.  The changes in the slope among the different sites 619 

correlates with the depth dependent sulfate concentration profiles, where the higher 620 

the rate of change in the sulfate concentration with depth below the sediment-water 621 

interface, the lower the slope, or the more quickly the sulfur isotopes evolve relative 622 

to the oxygen isotopes.  Site P130 (Mediterranean) is the exception and does not show 623 

a linear relationship between δ18OSO4 and δ34SSO4, likely due to poor sampling 624 

resolution.   625 

Previous studies have shown a similar initial linear relationship between 626 

δ18OSO4 and δ34SSO4, with the slope ranging between 1:1.4 (=0.71 compared to our 627 

cross plots, Aharon and Fu, 2000) to 1:4.4 (=0.22, Mandernack et al., 2003).  Our data 628 

(Figure 8) displays a wider variation in slope than previously reported, as anticipated 629 

in this study.  Most authors have attributed the linear evolution of sulfur versus 630 

oxygen isotopes in sulfate during BSR to a fully kinetic isotope effect in a closed 631 

system under ‘Rayleigh distillation’, neglecting equilibrium oxygen isotope 632 

fractionation.  The SALP, however, includes the equilibrium oxygen isotope effect 633 

during initial BSR prior to reaching apparent equilibrium. 634 
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We calculated the net sulfate reduction rate (nSRR) from each site from a curve fit 635 

of the sulfate concentration profiles in the pore fluids using the general diagenetic 636 

equation (Berner, 1980).  As sulfate from the ocean diffuses into the sediments to be 637 

reduced to sulfide, the length, or depth, scale over which sulfate concentrations 638 

decrease relates to the overall rate of sulfate reduction.  We assume the sulfate 639 

concentration is in steady state (this is based on the fact that the age of the sediments 640 

at all the sites in this study is much higher than the characteristic timescale of 641 

diffusion) and no advection. However, we acknowledge that these assumptions may 642 

be wrong in some of our sites.  To augment our data we also present nSRR from pore 643 

fluids profiles in previously published studies, where sulfate concentrations and sulfur 644 

and oxygen isotopes in sulfate were published.  This allows us to scale our results and 645 

model to an even wider range of environments than those we directly measured.  646 

Table EA.1 in the electronic annex summarizes data from the literature and the 647 

location for each site.   648 

In this larger dataset, the inverse of the slope between δ18OSO4 vs. δ34SSO4 is 649 

positively correlated with the logarithm of the nSRR (Figure 10). This observation 650 

confirms the hypothesis of Böttcher at al. (1998, 1999), who suggested that increases 651 

in overall nSRR, would result in decreases in the expressed sulfur and oxygen isotope 652 

fractionation, and thus the shape of δ18OSO4 vs. δ34SSO4 in sedimentary pore fluids. 653 

   

5.3 The Mechanism of BSR in marine sediments 

Our compilation from pore fluids in a diverse range of natural environments 654 

suggests a correlation between the SALP and the nSRR (Figure 10).  This association 655 

may provide further understanding about the mechanism of BSR in the natural 656 
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environment.  Combining the first order approximation for the SALP (equation 7) 657 

together with equations 8, 9 and 10 yields: 658 

 659 

 660 

Equation 13 shows that the SALP is a function of both X1 and X3 and does not 661 

depend on one more than the other.  Hence, a change in the SALP does not 662 

necessarily tell us which one of the above (X1 or X3) plays more important role in the 663 

relative evolution of δ18OSO4 vs. δ34SSO4.  664 

In order to address the question of the relative importance of X1 vs. X3 in the 665 

natural environment, we solved Equation 5 for three different cases: 666 

1) X1 varies and X3 is fixed (close to unity) – that is, the flow of sulfate in 667 

and out of the cell varies but the recycling of sulfite is fixed such that 668 

nearly all the sulfite is reoxidized back to the internal sulfate pool. 669 

2) X3 varies and X1 is fixed (close to unity) – that is the percentage of the 670 

recycling of the sulfite varied but the flow of sulfate in and out of the cell 671 

is fixed such that nearly all the sulfate that is brought into the cell exit the 672 

cell eventually. 673 

3) Both X1 and X3 vary simultaneously.  674 

The initial condition for this calculation is set by the isotopic composition of 675 

surface seawater sulfate (roughly 10‰ and 20‰ for oxygen and sulfur isotopes, 676 

respectively).  The kinetic sulfur isotope effect for each step is similar to the values 677 

previously described (Rees, 1973).  The kinetic oxygen isotope fractionation is taken 678 
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to be 1/4 of the fractionation of the sulfur isotope (Mizutani and Rafter, 1969).  The 679 

total equilibrium oxygen isotope fractionation between sulfite and the AMP-sulfite 680 

complex and ambient water is taken as 17‰, which produces an apparent equilibrium 681 

of about 22 ‰ in the case where X1 and X3 equal 1 (Equation 8).  As discussed in the 682 

introduction, it is enigmatic what impact temperature has on the δ18OSO4(A.E).  We 683 

therefore consider equilibrium oxygen isotope fractionation between sulfite and the 684 

AMP-sulfite complex and ambient water as constant among the different 685 

environments (equation 8).  The results from this calculation are shown in figure 11a-686 

11c, with the measured data included for comparison in figure 11d.  687 

The model solution for δ18OSO4 and δ34SSO4, when varying X3 only (Figure 688 

11b) fits the general behavior of pore fluid sulfur and oxygen isotopes (Figure 11d) 689 

highlighting the importance of X3 on the relative evolution of δ18OSO4 and δ34SSO4 in 690 

the natural environment.  The best-fit curves for the pore fluids in this study are 691 

presented as the solid lines in figure 11d. This calculation suggests values for X1 near 692 

unity (ranging between 0.96 to 0.99 -- indicating up to 99 % of the sulfate brought 693 

into the cell is ultimately recycled back out the cell).  However, we suggest that this 694 

kind of forward modeling is not accurate enough to estimate the real values for X1 and 695 

X3 in natural environments due to the uncertainty with the values in our model as well 696 

as the application of a closed system model to pore fluids.  Therefore, changes in X1 697 

may be more important to the relative evolution of δ18OSO4 vs. δ34SSO4 than our 698 

calculation suggest.  In addition, our solution is valid only if BSR is the only process 699 

that affects sulfur and oxygen isotopes in sulfate – which may not be the case.  Other 700 

subsurface processes can also affect this evolution, such as pyrite oxidation (e.g. Balci 701 

et al., 2007; Brunner, et al., 2008; Heidel and Tichomirowa, 2011; Kohl and Bao, 702 
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2011) or sulfur disproportionation (Cypionka et al., 1998; Böttcher et al., 2001; 703 

Böttcher and Thamdrup, 2001; Böttcher, 2005). 704 

Although most of the sites with δ18OSO4 and δ34SSO4
 data seem to fit our model, 705 

our closed system model cannot replicate scenarios where the apparent equilibrium 706 

values are relatively high (26-30 ‰) together with a steep SALP (higher than ~1) in 707 

the uppermost sediments.  As a result, by applying the closed system model, we 708 

cannot simulate data from Sites like ODP Site 1225 (Blake et al., 2006; Böttcher et 709 

al., 2006) and ODP Site 1130 (Wortmann et al., 2007).  We suggest that this may be 710 

an artifact of the uncertainty in the values of the oxygen isotopic fractionation during 711 

various intracellular processes or erroneous model assumptions; these include the 712 

possible importance of temperature on oxygen exchange with ambient water (e.g. 713 

Fritz et al, 1989; Zeebe, 2010) or our assumption that this isotope exchange is 714 

complete, which it may not be (Brunner et al., 2012).  The high sulfur isotope 715 

fractionation (>40‰) at these sites is consistent with the occurrence other 716 

complicating factors, such as activation of the trithionite pathway or subsurface sulfur 717 

disproportionation (Canfield and Thamdrup, 1994; Brunner and Bernasconi, 2005) 718 

that may skew the SALP, but which our model does not take into account.  719 

 720 

5.4 The role of sulfite reoxidation in marine sediments 

Our model suggests that X3 varies between 0.4 and ~1 in the natural environments 721 

we studied (Figure 11), and is inversely correlated with nSRR.  This hints that the 722 

reduction of sulfite to sulfide (Step 4) is connected to nSRR in marine sediments and 723 

may be the “bottleneck reaction”, or significant branching point, for overall BSR.  724 

The faster the reduction of sulfite to sulfide, and therefore faster overall SRR, less 725 
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sulfite is being reoxidaized back to the outer sulfate pool.  But what environmental or 726 

natural parameters control the functioning of this bottleneck? 727 

 We attribute secondary importance to pressure differences (also Vossmeyer et al., 728 

2012) among natural environments, since we found similar isotope behavior among 729 

sites that varied in water depth (i.e. pressure).  Similar to Kaplan and Rittenberg 730 

(1963) and Bradley et al. (2011), we speculate that one of the major environmental 731 

factors that could impact the different behavior of the communities of sulfate reducing 732 

bacteria might be related to the supply of the electron from the electron donor or 733 

carbon source. It has been shown that the nature and concentration of different 734 

electron donors is connected to the dynamics of each step during BSR (Detmers et al., 735 

2001; Bruchert 2004; Sim et al., 2011b), and the overall nSRR (e.g. Westrich and 736 

Berner, 1984).  Our data suggest that the higher the nSRR, the lower the sulfite 737 

reoxidation (over step 4, sulfite reduction).  This recycling of sulfite likely plays a 738 

critical role during BSR in marine sediments. One possibility is that where the 739 

availability of the electron donor is low (less organic matter availability), such as in 740 

deep marine sediments, sulfate reducing bacteria might maintain high intracellular 741 

concentrations of sulfite, which is manifest geochemically as the rapid change in 742 

δ18OSO4 relative to the slower change in δ34SSO4.  This could be contrasted with 743 

environments where there is high organic matter availability (for example marginal 744 

and shallow marine environments) where significant concentrations of intracellular 745 

sulfite would be unnecessary.  Although highly speculative, we suggest there is a 746 

relationship between the concentration of intracellular sulfite and the availability of 747 

the electron donor in the natural environment. Our data suggests that this relationship 748 

may impact the relative fluxes within the bacterial sulfate reducing community.  749 
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Although this paper deals specifically with BSR in the marine environment, it is 750 

likely that our results are applicable to BSR in other systems including freshwater and 751 

groundwater systems.  In these environments the hydrology is much more poorly 752 

constrained and the effects of advection and dispersion must be considered (Knoller et 753 

al., 2007).  While we have taken the first steps towards expanding the applicability of 754 

this isotope approach to resolving mechanism, the next logical steps would be to 755 

extend the approach to the terrestrial environment where BSR can play a critical role 756 

in water quality.    757 

 

 

6. SUMMARY AND CONCLUSIONS 

 

In this study we presented pore fluid measurements of δ34SSO4
 and δ18OSO4 758 

from seven new sites spanning a shallow estuary to a deep-sea sediment.  These pore 759 

fluid profiles exhibited behavior similar to previously published pore fluid profiles; 760 

the δ34SSO4
 increases monotonically during bacterial sulfate reduction, while the 761 

δ18OSO4 increased and at some point levels off, when it has reached apparent 762 

equilibrium.  When we plot the δ34SSO4
 vs δ18OSO4 in this large range of natural 763 

environments we explored the reason behind the change in slope of δ34SSO4
 vs 764 

δ18OSO4.  Combining our results with literature data, we demonstrated that the slope of 765 

this line correlated to the net sulfate reduction rate, as has been suggested in previous 766 

studies.  At sites with high sulfate reduction rates, the δ18OSO4 increases more slowly 767 

relative to the δ34SSO4, where at sites with lower sulfate reduction rates, the δ18OSO4
 768 

increases more quickly relative to the δ34SSO4. We reformulated the widely used 769 

model for the relative evolution of sulfur and oxygen isotopes in sulfate during BSR.  770 
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We used this new model with our data to explore how the intracellular fluxes impact 771 

the evolution of δ18OSO4 vs. δ34SSO4 during bacterial sulfate reduction.  772 

Our new data, together with our new model, suggested that the most 773 

significant factor controlling the evolution of δ18OSO4 vs. δ34SSO4 in the natural 774 

environment is the ratio between the fluxes of intracellular sulfite oxidation and APS 775 

reduction (X3).  The variation in the ratio and its correlation to the nSRR implies that 776 

sulfite reduction may be the bottleneck reaction during BSR.  We suggested that this 777 

recycling allows sulfate reduction to proceed even when the organic matter 778 

availability is low.  779 

 

 

 

 

7. FIGURE CAPTIONS 

 780 

Figure 1: The steps of bacterial sulfate reduction and the potential of oxygen and 781 

sulfur isotopic fractionations. ij_j,  34Si_j and  18Oi_j are the flux and the fractionation 782 

effect for sulfur and oxygen, respectively, for the forward (i=f) and backward (i=b) 783 

reaction j (j=1...4). Xk (k=1,2 and 3) is the ratio between the backward and forward 784 

fluxes.   785 

 786 

Figure 2: Schematic possible behavior of sulfate during bacterial sulfate reduction as 787 

SO4
-2, δ18OSO4 and δ34SSO4 profiles (a) and δ18OSO4 vs. δ34SSO4 (b). 'Trend A' shows 788 
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that δ18OSO4 and δ34SSO4
 increase at a constant ratio, while sulfate reduction propagates 789 

with depth (e.g. Aharon and Fu, 2000).  'Trend B' shows an increase in δ34SSO4 and 790 

δ18OSO4 values at the onset of the curve,  δ18OSO4 reaches equilibrium values as sulfate 791 

reduction prorogates with depth while δ34SSO4 continue to increase.   792 

Figure 3: Simplification of the bacterial sulfate reduction pathway shown in figure 1 793 

without the APS intermediate, and considering two branching points (Farquhar et al, 794 

2003; Canfield et al, 2006). 795 

 796 

Figure 4: θO vs.  34Stotal diagram as calculated by equations 9 and 10.  The gray circles 797 

are calculated from Mangalo et al. (2008).  The numbers are the values of nitrate 798 

concentrations in the corresponding experiment.  Error bars are calculated by the error 799 

between two parallel growth experiments.  800 

 801 

Figure 5: The SALP vs. nitrite concentration (a) and X1 (grey squares) and X3 (black 802 

squares) vs. the SALP from pure culture D.desulfuricans (modified after Mangalo et 803 

al. 2008) (b). Error bars for the SALP are calculated by the difference between two 804 

parallel growth experiments, and the error bars for X1 and X3 indicate the maximum 805 

and minimum values calculated using equations 9 and 10. The lines in panel b are the 806 

best-fit curves of the linear regression.   807 

 808 

 809 

Figure 6: Maps of the study area in a map of the world (a), and a map of the Eastern 810 

Mediterranean region (b). The dots and the corresponding labels indicate the site 811 

locations and names, respectively.  812 
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 813 

Figure 7: Pore fluid profiles in the Yarqon estuary at sites Y1 (filled symbols) and Y2 814 

(open symbols) of SO4
2- (a), δ18OSO4 (b), and δ34SSO4 (c). Pore fluid profiles in the 815 

Mediterranean Sea at sites HU (filled symbols), BA1 (gray symbols) and P130 (open 816 

symbols) of SO4
2- (d), δ18OSO4 (e) and δ34SSO4 (f). Pore fluid profiles in ODP Sites 807 817 

(filled symbols) and 1052 (open symbols) of SO4
2- (g), δ18OSO4 (h) and δ34SSO4 (i). 818 

  819 

 820 

Figure 8: δ18OSO4 vs. δ34SSO4 data in pore fluid sulfate of all studied sites. The lines are 821 

the linear regressions for Sites Y1, HU and 807.   822 

 823 

Figure 9: The SALP and function of X3 (where X1 is fixed and close to unity) for 3 824 

different scenarios: Closed system (according to equation 13), simulation of typical 825 

deep-sea sediment and simulation of typical estuary sediment.   826 

 827 

Figure 10: The slope of δ34SSO4 vs. δ18OSO4 in the apparent linear phase of BSR vs. the 828 

average nSRR, as deduced from our data and worldwide pore fluid profiles. Data are 829 

presented from this study (open circles) and from other references (close circles). The 830 

labels of each point indicate the site's name (the coresponding references for each site 831 

are given in Table EA.1 in the electronic annex). 832 

 833 

Figure 11: Schematic δ18OSO4 vs. δ34SSO4 plots, where X1 varies and X3 is fixed (close 834 

to unity) (a), X3 varies and X1 is fixed (close to unity) (b), both X1 and X3 vary 835 

simultaneously (c) and δ18OSO4 vs. δ34SSO4 data of pore fluid sulfate, the solid lines are 836 

the best-fit solution for X1 and X3 for each site as the color of the line is corresponding 837 
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to the calculated X3 value (d). (a) This study (b)Ahron and Fu (2000), (c)Turchyn et al. 838 

(2006). 839 
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ELECTRONIC ANNEX 

Table EA. 1: Worldwide pore fluid SALP -1, average nSRR (mol·cm-3·year-1) and the coresponding references 

Site name Location S.A.L.P-1 R2 Na nSRR Temperature (°C) References  

Y1 Yarqon Stream estuary  2.3 0.998 11 3·10-5 28 This study 

Y2 Yarqon Stream estuary  2.9 0.985 7 1·10-5 28 This study 

HU Eastern Mediterranean 1.0 0.979 9 7·10-8 20 This study 

BA1 Eastern Mediterranean 0.9 0.983 10 6·10-8 14 This study 

ODP 1052 NW Atlantic 0.6 0.989 8 3·10-12 2 This study 

ODP 807 NW Pacific 0.7 0.953 15 9·10-13 2 This study 

Gas Gulf of Mexico 3.4 0.951 12 5·10-4 b 6 Aharon and Fu, (2000) 

Oil Gulf of Mexico 2.8 0.940 13 3·10-5 b 6 Aharon and Fu, (2000) 

Ref Gulf of Mexico 1.4 0.901 6 2·10-6 b 6 Aharon and Fu, (2000) 

OST 2 Amazon delta 1.2 0.922 5 7·10-6 c 27 Aller et al., (2010)  

ODP 1123 SW Pacific 0.9 0.914 8 8·10-12 b 2 Turchyn et al., (2006) 

ODP 1086 West Africa 0.1 0.997 3 1·10-11 b 2 Turchyn et al., (2006) 

 

(a) The number of analyses that were used for the liner regression. 

(b) Calculated by the authors. 

(c) Taken from Aller et al. (1996). 
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EQUATIONS- GCA 8261 
1081 

 
1082 

 
1083 

Equation 1: 
1084 

ε34Stotal = ε34Sf_1 + X1 ⋅ ε34Sf_2 −ε34Sb_1( )+...

X1 ⋅ X2 ⋅ ε34Sf_3 −ε34Sb_2( )+ X1 ⋅ X2 ⋅ X3 ⋅ ε34Sf_4 −ε34Sb_3( )
(1)

 
1085 

 
1086 

Equation 2: 
1087 

ε34Stotal = −3‰ + X1 ⋅ X2 ⋅ 25‰ + X1 ⋅ X2 ⋅ X3 ⋅ 25‰ (2)  1088 

 1089 

Equation 3: 
1090 
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ε18Ototal = ε18Of_1 + X1 ⋅ ε18Of_2 −ε18Ob_1( )+...

X1 ⋅ X2 ⋅ ε18Of_3 −ε18Ob_2( )+ X1 ⋅ X2 ⋅ X3 ⋅ ε18Of_4 −ε18Ob_3( )
(3)  1091 

 1092 

Equation 4: 
1093 

δ18OSO4(A.E ) = δ18OH2O +ε18Oexchange + 1
X3

⋅ε18Of _ 3 (4)  1094 

 1095 

Equation 5: 
1096 

δ18OSO4(t) =

ε18Ototal

ε34Stotal

⋅ δ34SSO4(t) −δ34SSO4(0)( )+δ18OSO4(0 ) X1 ⋅ X2 ⋅ X3=0

δ18OSO4(A.E) − exp −θO ⋅
δ34SSO4(t) −δ34SSO4(0)

ε34Stotal

⎛

⎝
⎜

⎞

⎠
⎟⋅ δ18OSO4(A.E) −δ18OSO4(0)( ) 0 < X1 ⋅ X2 ⋅ X3 <1

⎧

⎨

⎪
⎪
⎪

⎩

⎪
⎪
⎪

(5)

 

1097 

Equation 6: 
1098 
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δ18OSO4(t) = δ18OSO4(0) + δ18OSO4(A.E) −δ18OSO4(0)( )⋅θO ⋅
δ34SSO4(t) −δ34SSO4(0)

ε34Stotal

(6)
 

1099 

 
1100 

Equation 7: 
1101 

SALP =θO ⋅
δ18OSO4(A.E) −δ18OSO4(0)

ε34Stotal

(7)
 

1102 

Equation 8: 
1103 

δ18OSO4(A.E) = δ18OH2O +ε18Oexchange + ε18Of_1

X1 ⋅ X3

+ ε18Of_3

X3

(8)
 

1104 

 
1105 

Equation 9: 
1106 

θO = X1 ⋅ X3

1− X1 ⋅ X3

(9)
 

1107 
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1108 

Equation 10: 
1109 

ε34Stotal = −3+ 25 ⋅ X1 + 25 ⋅ X1 ⋅ X3 (10)

 

1110 

 1111 

 1112 

Equation 11: 
1113 

SALP = 1
1− X1 ⋅ X3

⋅

ε18Of _1

X1 ⋅ X3

+ ε18Of _ 3

X1

+δ18OH2O +ε18Oexchange −δ18OSO4(0)

ε34Sf _1

X1 ⋅ X3

+ ε34Sf _3

X1

+ε34S4

(11)  1114 

 1115 
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