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Abstract

A synthesis of previous results, which we dub the ‘‘standard model,’’ provides a prediction as to how isotope fractionation during
sulfate reduction should respond to physiological variables such as specific rate of sulfate reduction and environmental variables such
as substrate availability and temperature. The standard model suggests that isotope fractionation should decrease with increasing specific
rates of sulfate reduction (rate per cell). Furthermore, the standard model predicts that low fractionations should be found at both high
and low temperatures whereas the highest fractionations should be found in the intermediate temperature range. These fractionation
trends are controlled, as a function of temperature, by the balance between the transfer rates of sulfate into and out of the cell and
the exchange between the sulfur pools internal to the organism. We test this standard model by conducting experiments on the growth
physiology and isotope fractionation, as a function of temperature, by the sulfate-reducing bacterium Desulfovibrio desulfuricans (DSMZ
642). Our results contrast with the ‘‘standard model’’ by showing a positive correlation between specific rates of sulfate reduction and
fractionation. Also by contrast with the standard model, we found the highest fractionations at low and high temperatures and the lowest
fractionations in the intermediate temperature range. We develop a fractionation model which can be used to explain both our results as
well as the results of the ‘‘standard model.’’ Differences in fractionation with temperature relate to differences in the specific temperature
response of internal enzyme kinetics as well as the exchange rates of sulfate in and out of the cell. It is expected that the kinetics of these
processes will show strain-specific differences.
� 2005 Elsevier Inc. All rights reserved.
1. Introduction

Sulfate-reducing prokaryotes are well known to frac-
tionate sulfur during sulfate reduction (Thode et al.,
1951; Harrison and Thode, 1958; Kaplan and Rittenberg,
1964; Chambers et al., 1975; Habicht and Canfield,
1997). Taken together, the extent of measured fractiona-
tions (esulfate–sulfide) ranges between about 0 and 46& (see
summary in Canfield, 2001a). Part of this variability is
due to inherent differences among species (Detmers et al.,
2001), and some is also due to environmental variables
such as electron donor supply, sulfate availability and tem-
perature (Harrison and Thode, 1958; Kaplan and Ritten-
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berg, 1964; Habicht et al., 2002). Among individual
species of sulfate reducers, reduced fractionations have
been noted at high specific rates of sulfate reduction (rate
per cell) (Harrison and Thode, 1958; Kaplan and Ritten-
berg, 1964; Kemp and Thode, 1968; Chambers et al.,
1975). As specific rates of sulfate reduction increase with
increasing temperature (within an organism’s growth
range), increasing temperature is frequently also linked
with reduced fractionations (Harrison and Thode, 1958;
Ohmoto and Felder, 1987; Canfield, 2001b). Fractiona-
tions are also reduced at low sulfate concentrations of less
than about 200 lM (Harrison and Thode, 1958; Habicht
et al., 2002).

With both high specific rates of sulfate reduction and
low sulfate concentrations, reduced fractionations are ex-
plained by the influence of sulfate limitation on isotope
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fractionation. Thus, as the argument goes, at high temper-
atures when rates of sulfate reduction are high, and at low
sulfate concentrations, the transport of sulfate across the
cell membrane becomes the rate-limiting step. There is little
isotope fractionation associated with this step (Kaplan and
Rittenberg, 1964), and if it becomes rate limiting, then the
greater fractionations associated with the intracellular
reduction steps will not be expressed (e.g Harrison and
Thode, 1958; Kaplan and Rittenberg, 1964; Rees, 1973).
Lower fractionations have also been noted at temperatures
approaching the minimum for growth for individual sul-
fate-reducing strains (Kaplan and Rittenberg, 1964; Kemp
and Thode, 1968; Canfield, 2001b). At low temperatures,
membrane fluidity is reduced (Scherer and Neuhaus,
2002), which may also limit sulfate transport across the
membrane resulting in reduced fractionations. These gener-
alizations on the controls of isotope fractionation by sul-
fate reducers can be viewed as the ‘‘standard model.’’
Our purpose here is to test this standard model. We do
so here by exploring the fractionations during sulfate
reduction by a Desulfovibrio strain across its whole temper-
ature range for growth. By doing so, we can assess the rel-
ative influence of sulfate exchange across the cell
membrane, and internal cellular processes, on isotope frac-
tionation through the growth temperature range. Surpris-
ingly, the ‘‘standard model’’ does not explain our results.

2. Further background and fractionation model

2.1. Biochemistry of sulfate reduction process

Our results will be interpreted in light of the internal
biochemical and physical pathways associated with the sul-
fate reduction process. These are outlined above, but con-
sidered in more detail here.

During dissimilatory sulfate reduction (meaning sulfate
reduction associated with energy metabolism) marine
strains of sulfate reducers using sulfate concentrations at
greater than around 100 lM bring sulfate into the cell
together with 2 Na+ ions (see review in Cypionka, 1995).
This is accomplished by special membrane-bound symport
proteins, and the process is reversible. The activity of mem-
brane-bound proteins is expected to be temperature sensi-
tive (Scherer and Neuhaus, 2002). At low temperatures,
membrane fluidity is reduced (Hochachka and Somero,
1984), and cells compensate by increasing the low molecu-
lar weight complement of membrane fatty acids and by
increasing the relative amounts of unsaturated fatty acids
(e.g. Scherer and Neuhaus, 2002). These adaptations with
temperature have been observed by Rabus et al. (2002)
for the psychrotolerant Desulfobacterium autotrophicum

grown between 4 and 28 �C. At low enough temperatures,
however, the membrane will become too rigid for mem-
brane-bound proteins to function. At high temperatures,
membrane fluidity increases and membrane-bound pro-
teins become less encumbered. Still, cells must combat
the potential destabilizing effects of high temperature,
and they do this by increasing their complement of high
molecular weight fatty acids and by increasing the propor-
tions of saturated fatty acid (Scherer and Neuhaus, 2002).
At high enough temperature, the membrane becomes too
unstable and the cell will lyse.

Once inside the cell, sulfate is reduced to sulfide through
a number of enzyme-mediated steps. The first is the activa-
tion of sulfate to adenosine phosphosulfate (APS) through
the enzyme ATP sulfurylase (Eq. (1)):

SO4
2�+ATP+2Hþ$APS+PPi ð1Þ

With a DGo0 of 46 kJ mol�1 (value at pH 7, but otherwise
standard state) this reaction is quite endergonic, and PPi
is rapidly hydrolyzed making the whole process favorable
(Cypionka, 1995). This step is reversible, as is the next step,
the reduction of APS to sulfite. This reaction is catalyzed
by the enzyme APS reductase, and it is shown in Eq. (2)
with H2 as the electron donor:

APS+H2$HSO3
�+AMP+Hþ ð2Þ

This reaction is exergonic with a DGo0 of �69 kJ mol�1.
From here, sulfite is generally assumed to proceed

straight to sulfide with the enzyme dissimilatory sulfite
reductase (Eq. (3)):

SO3
2�+3H2 +2Hþ!H2S+3H2O ð3Þ

This reaction is also exergonic with a DGo0 of
�174 kJ mol�1 (Cypionka, 1995), and it is believed that
most of the energy is conserved during sulfate reduction
through this step. There is, however, some evidence that
the reduction of sulfite to sulfide may proceed, at least un-
der some circumstances, through a variety of steps; the so
called trithionate pathway (e.g. Akagi, 1995). Here, sulfite
is first reduced to trithionate by sulfite reductase (Eq.
(4)). Trithionate is then reduced to thiosulfate with the en-
zyme trithionate reductase (Eq. (5)), and finally, thiosulfate
is reduced to sulfide through thiosulfate reductase (Eq. (6)).
All of these steps are exergonic with DGo0 values, in order,
of �48, �122, and �4 kJ mol�1.

3SO3
2�+H2 +4Hþ !S3O6

2�+3H2O ð4Þ

S3O6
2�+H2!S2O3

2�+SO3
2�+2Hþ ð5Þ

S2O3
2�+H2!H2S+SO3

2� ð6Þ

Whether dissimilatory sulfite reduction proceeds predomi-
nantly in one step (Eq. (3)), or in multiple steps (Eqs.
(4)–(6)), is currently unknown (see Rabus et al., 2000).

Also unknown is the extent to which the step(s) between
sulfite and sulfide are reversible. Sulfite reductase enzymes
are involved in oxidative metabolisms, and they are respon-
sible for the oxidation of sulfide to sulfite in phototrophic
and chemotrophic sulfide-oxidizing organisms (e.g., Dahl
and Trüper, 1994). However, efforts to document such
reversibility between sulfite and sulfide during sulfate
reduction have thus far proven futile (Kemp and Thode,
1968). Brunner and Bernasconi (2005) have recently
developed an isotope fractionation model incorporating



1 Our definition of f5, is somewhat different, but related, to the definition
used by Farquhar et al. (2003). From Farquhar f5 = u5/(u3 + u5), and
thus describes the fraction of sulfite which is NOT further reduced to
sulfide. When our f5 = 1, the f5 from Farquhar is 0, and vice versa. For our
purpose, the definition used here is more logical as both f3 and f5 are
defined for forward processes, and in particular both are defined relative
to the same parameter which is the flow of sulfide out of the cell, u3.
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the trithionite pathway, which also allows the steps in this
pathway to be reversible. This model is conceptually rigor-
ous and generates a more complex reaction network than
we explore below. However, the importance of the trithio-
nite pathway remains uncertain as does is the reversibility
of the steps in the pathway. Due to the complexity of their
network and the uncertainty of the pathways in it, we have
no means of rigorously evaluating our results with the
Brunner and Bernasconi (2005) model. In our modeling,
then, we adopt a simpler approach and assume that sulfite
reduction proceeds directly from sulfite to sulfide in a single
step and that this step is not readily reversible. If sulfite
reduction proceeds through multiple pathways (Eqs. (4)–
(6)), and if the reactions are reversible with associated
fractionations, then the formalities of our analysis will need
to be changed. However, our main conclusions will remain
robust concerning the relative significance of internal en-
zyme processes versus membrane exchange in controlling
fractionation.

2.2. Sulfur isotope model

As described briefly in Section 1, the fractionations ex-
pressed during sulfate reduction will depend greatly on
which steps limit the sulfate reduction process. Thus, if sul-
fate exchange across the cell membrane is the rate-limiting
step, then most, if not all, of the sulfate entering the cell will
be reduced and minimal fractionation will be expressed. On
the other hand, the largest fractionations will be expressed
if the last step in the process is rate limiting, and if the var-
ious intermediates along the path are rapidly reversible. In
this case, all of the fractionations associated with the indi-
vidual steps will be expressed (Rees, 1973).

Based on the principles outlined above, we construct a
model which can be used to interpret our isotope results.
The model is similar in spirit to the one developed by
Rees (1973), but uses Hayes (2001) and Farquhar et al.
(2003) as its formal starting points. Farquhar et al.
(2003) describes a reaction network for sulfate reduction
as follows:

SO4ðoutÞ
���! ���1;u1;a1

2;u2
SO4ðinÞ

�! �4a
5a

APS ����! ����4b;u4;a4

5b;u5
SO3

� �
���!3;u3;a3

H2S ð7Þ

The numbers designate the various steps, u represents mass
flow, and a is the fractionation factor associated with the
steps where fractionations apply. Within this network,
branching points can be defined describing both the ex-
change of sulfate across the cell membrane, as well as the
exchange of reaction intermediates in the internal cycling
of sulfur. The first branching point differentiates the inter-
nal and external cell environment. With this branch point,
the mass flow of sulfur into the cell matches the mass flow
out of the cell:

u1 ¼ u2 þ u3. ð8Þ
The fraction of sulfur exiting the cell as sulfide compared to
the total amount of sulfur entering the cell is given by:
f3 ¼
u3

u2 þ u3

. ð9Þ

When f3 approaches 1, there is little flow of sulfate back
through the cell membrane out of the cell, and when f3 is
low, most of the sulfate entering the cell exits it again. A
second branch point describes the extent to which the step
forming sulfite is reversible. In this case, the mass flow of
sulfur to sulfite is equal to the mass flow of sulfur back to-
wards sulfate plus the mass flow of sulfur to sulfide.

u4 ¼ u5 þ u3. ð10Þ
Only a fraction of the sulfite formed from sulfate is further
reduced to sulfide, and this fraction is given by f5

1:

f5 ¼
u3

u5 þ u3

. ð11Þ

Thus, if f5 is large, most of the sulfite formed from sulfate is
further reduced to sulfide, and as f5 approaches 0, there is
more exchange between sulfate and sulfite. Note that f5 re-
fers to the overall transfer between sulfate and sulfite, but
not necessarily the values for the individual steps in path-
ways 4 or 5. For example, if exchange between sulfate
and APS was very rapid, then, the exchange between sul-
fate and sulfite would be controlled by steps 4b and 5b.
On the other hand, if the exchange between APS and sulfite
was very rapid, but there was little exchange between sul-
fate and APS, then the overall exchange between sulfate
and sulfite would be controlled by steps 4a and 5a. As no
fractionation is believed to accompany the formation of
APS from sulfate (Rees, 1973), these two species should
have the same isotopic composition. If fractionation did
occur during between sulfate and APS, then an additional
branching point would need to be specified.

From the equalities presented above, and isotope mass
balance (see Appendix A), expressions can be written
describing the influence of f3 and f5 on the isotopic compo-
sition of sulfide resulting from sulfate reduction. The first
expression describes the internal isotopic composition of
sulfate in the cell:

rSO4ðinÞ ¼
rH2Sþ rH2S� f5rH2Sþ a3f5rH2S

a4½a3 þ a3rH2Sþ f5rH2S� a3f5rH2S�
. ð12Þ

In this expression r represents the isotope ratio (34S/32S) for
the species of interest. Isotope ratio can be converted to
isotopic compositions relative to an isotope standard,
which is normally Cañon Diablo troilite, with the
expression

d34S ¼ rsample

rstd
� 1

� �
� 1000. ð13Þ
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In our calculations we use 0.0441638 as the 34S/32S ratio of
the standard, which is the value for the Vienna Cañon
Diablo troilite standard (Ding et al., 2001). The following
expression relates the isotopic composition of sulfate out-
side the cell to the isotopic composition of sulfate in the
cell:

rSO4ðoutÞ ¼
rSO4ðinÞ þ rSO4ðinÞrH2S� f3rSO4ðinÞ þ f3rH2S

a1½1þ rH2Sþ f3rSO4ðinÞ � f3rH2S�
.

ð14Þ

To analyze the relationship between f3, f5, and d34SH2SðrH2SÞ
we first fix values for f3 and f5. We then choose rH2S, which
gives us values for rSO4(in) (Eq. (12)), and these are inserted
in Eq. (13) to recover the given value for rSO4(out). Thus,
rH2S values are chosen by trial and error until the correct
rSO4(out) is recovered.

3. Methods

3.1. Culture conditions

All experiments were performed with the brackish-water
strain Desulfovibrio desulfuricans (DSMZ 642). The cells
were vibrio shaped with an average length of 4 lm and an
average width of 0.7 lm. Cultures were grown on sterilized
modified DSMZ medium 194, which, in one liter of water,
contained: 5 g NaHCO3, 3 g Na2SO4 (21 mM), 20 g NaCl,
0.4 gMgCl2 Æ 6H2O, 0.5 g KCl, 0.2 g KH2PO4, 0.3 g NH4Cl,
0.15 g, 0.15 g CaCl2 Æ 2H2O, 0.75 g resazurin, 1 g yeast ex-
tract, and as organic substrate, 2.78 ml of 50% Na-lactate
(15.9 mM). Also included was 1 ml of sterilized trace metal
solution (SL-10), containing in one liter: 10 ml 7.7 M HCl,
1.5 g FeCl2 Æ 4H2O, 70 mg ZnCl2, 100 mg MnCl2 Æ 4H2O,
6 mg H3BO3, 190 mg CoCl2 Æ 6H2O, 2 mg CuCl2 Æ 2H2O,
24 mg NiCl2 Æ 6H2O and 36 mg Na2MoO4 Æ 2H2O. To this
was added 10 ml of sterilized vitamin solution containing
in one liter: 2 mg biotin, 2 mg folic acid, 5 mg pyridoxine–
HCl, 5 mg thiamine–HCl Æ 2H2O, 5 mg riboflavin, 5 mg nic-
otinic acid, 5 mg D-Ca-pantothenate, 0.1 mg vitamin B12,
and 5 mg p-aminobenzoic acid and 5 mg lipoic acid. This
medium was reduced with 0.5 mM Na2S.

The culture was grown in batch mode at 28 �C, and
transferred regularly until the start of the temperature
block experiments. A series of 70, 16 mm (OD) by
125 mm tall gas-tight culture tubes, containing 9 ml of
anoxic sterile medium (and a headspace of 10% CO2 and
90% N2), were rapidly inoculated with 1 ml of culture in
the late exponential growth phase. Two of these tubes were
immediately harvested as controls (see below for details of
tube harvesting). The tubes used for incubation were quick-
ly transferred to an aluminum temperature gradient block
(Isaksen and Jørgensen, 1996) maintained at �1 �C in the
cold end and 40 �C in the warm end. The tubes were
placed, in quadruplicate, at approximately 2 �C intervals
in pre-drilled holes along the block, which was enclosed
in 5-cm thick insulating foam. Temperature was monitored
continuously at the cold end of the block, at the center, and
at the hot end, and it remained stable (±1 �C at the cold
end, decreasing to ±0.1 �C at the hot end) throughout
the whole 150 day duration of the experiment.

Growth was measured regularly by turbidity (see be-
low) and tubes were harvested at different phases of
growth. The first tubes were taken during the middle of
the exponential growth phase (tube a) and this ranged
from a few hours to several weeks after start of the incu-
bation, depending on the temperature as it controlled
growth rate. Tubes were also taken late in the exponential
growth phase (tube b), early in the stationary phase (tube
c), and late in the stationary growth phase (tube d). A
preliminary experiment was run to help decide the timing
of sample collection, which was especially important for
the fastest-growing cultures. On removal from the block,
1.1 ml of culture was extracted through the rubber septum
on the top of the tube and transferred to a 1.5 ml Eppen-
dorf centrifuge tube. The samples from the Eppendorf
tube were quickly filtered through 0.2 lm Nalgene OEM
PVDF filters or centrifuged at 3500 rpm at 4 �C. In both
cases, the liquid phase was collected and frozen for later
analysis of sulfate concentration, as well as for dissolved
organic acid content (lactate, acetate, formate). The
remainder of the culture was fixed with one milliliter
20% (w/w) ZnCl2. These samples were frozen for later sul-
fide concentration and isotope analyses. The ZnCl2 arrest-
ed cellular metabolism (Fossing and Jørgensen, 1989) and
fixed the sulfide as insoluble ZnS. Furthermore, freezing
stabilizes the ZnS which slowly oxidizers in air. Freezing
does not negatively affect sulfide concentration measure-
ments; in fact, in our experience, ZnS particles become
more finely distributed after a freeze–thaw cycle and are
easier to sub-sample without bias. In some cases, 900 ll
of culture was collected and fixed in 100 ml 25% gluteral-
dehyde for later DAPI (40-6-diamidino-2-phenylindole)
staining and cell counting.

The optical density of all culture tubes was monitored
frequently using a system constructed of an Ultrabright
1000mCD light-emitting diode light source (kmax 660 nm)
opposite a photodiode at the same level (Cox et al.,
1989). The signal intensity of the photodiode was calibrat-
ed with cultures of known cell density and further, with
BaSO4 suspensions of known concentration (McFarland
standard). The reproducibility of the photodiode measure-
ments depended on cell density. With cell densities of
>�108 cells ml�1, the reproducibility of replicate measure-
ments was about 3%. At 5 · 107 cells ml�1 reproducibility
dropped to about 15%, and below 2 · 107 cells ml�1 noise
in the photodiode rendered optical density measurements
unreliable.

3.2. Chemical analyses

Sulfide was collected from the ZnCl2-fixed culture tubes
by distilling about half the content of the tubes (the rest
was stored and used if needed) in 6 N HCl, and trapping



7

7.2

7.4

7.6

7.8

8

8.2

8.4

8.6

8.8

0 100 200 300 400 500

Time (hours)

lo
g

(c
el

l d
en

si
ty

, 
ce

lls
 m

l-1
)

tube b
tube c

tube a

tube d
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at this temperature.
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the evolved H2S as Ag2S in AgNO3 solution. The Ag2S was
collected on filters, rinsed with distilled water and dried.
The acid solution in the distillation apparatus was filtered
through a GFF glass fiber filter, and the sulfate in the fil-
trate was precipitated as BaSO4 after adding one milliliter
1 M BaCl2 and heating to boil to aid crystal development
(Canfield, 1989). The Ag2S and BaSO4 samples, including
the culture controls processed in the same way, were ana-
lyzed for S isotopic composition by first combustion to
SO2 gas with an elemental analyzer, and then passing the
purified SO2 gas through an isotope-ratio mass spectrome-
ter. Isotopic compositions are reported relative to the Ca-
ñon Diablo-Vienna Troilite standard with a standard
deviation of ±0.3&.

Sulfide concentrations were determined on small sub-
samples of the ZnCl2-fixed cultures with the colorimetric
methylene-blue method (Cline, 1969). Standard deviation
is estimated at 10%. Sulfate concentrations (±2%) were
determined on ultra-centrifuged samples collected from
the culture tubes immediately after harvesting (see above)
by ion chromatography on a Sykam ion chromatograph
with column suppression. Concentrations of lactate, ace-
tate, and formate (±5%) were measured by ion chromatog-
raphy using a Sykam chromatograph with column HPX-
87H (Bio-Rad) and UV detection at 210 nm. Before run-
ning, the samples were diluted tenfold in a 5 mM H2SO4

buffer.

4. Results

From our organic acid analyses, sulfate reduction pro-
ceeded with the expected stoichiometry (Eq. (15)), and no
formate was formed, as can occur with some incomplete
oxidizing sulfate-reducing prokaryotes (Habicht et al.,
2005).

2C3H6O3+SO4
2�+2Hþ!2C2H4O2+H2S+2CO2+2H2O

ð15Þ
By comparing cell numbers measured with DAPI to the
corresponding optical densities measured with our photo-
diode, we generated a calibration curve from which all of
our optical density measurements could be converted to
cell densities. From these results a series of growth curves
were generated, with a typical example, from the tubes
incubated at 17.9 �C, shown in Fig. 1. The cell harvesting
times are also shown, and in this case, as was general for
the experiment, the growth trends in the replicate tubes
were very similar. Specific growth rates, l (h�1) (±3% for
all temperatures except 7 �C, where the uncertainty was
±15%), were calculated during the exponential growth
phase from:

l ¼ lnN � lnN 0

t
; ð16Þ

where N0 is the cell density at the start of the exponential
growth phase, and N is the cell density at time t in hours.
As expected, cell growth responded strongly to tempera-
ture and increased until about 32 �C, where a general pla-
teau was observed (Fig. 2A). Below 7 �C, some growth
occurred in the cultures, but it was slow, and an exponen-
tial growth phase could not be identified. In most cases,
growth stopped when lactate was exhausted, and sulfate
reduction could no longer occur.

Rates of sulfate reduction (±4%) were calculated during
the exponential phase of growth (up to the time where the
‘‘b’’ sample was harvested) as the change in sulfate concen-
tration divided by the time elapsed when the tube was har-
vested. The trend with temperature was very similar to the
specific growth rate (Fig. 2B). Specific rates of sulfate
reduction (rate per cell, ±6%) were calculated during the
exponential growth phase by dividing the sulfate reduction
rate with the cell numbers observed at the end of the expo-
nential growth phase. These rates also correlate with tem-
perature in a similar manner to specific growth rates and
volume-based rates of sulfate reduction (Fig. 2C).

Growth yield expresses the amount of cell material pro-
duced per amount of substrate used, and it provides an indi-
cation of the metabolic efficiency of the organism. This
could be of interest in interpreting fractionation patterns.
High growth yields mean that the energy or carbon derived
from growth substrates is efficiently channeled into biomass
production, whereas low growth yields mean less efficient
substrate utilization. Growth yields do not generally paral-
lel specific growth rates or cell-specific rates of substrate uti-
lization (e.g. Isaksen and Jørgensen, 1996). From our
experiments, growth yield (millions of cells/lmol lactate
used) was calculated by dividing the cell numbers (millions
of cells cm�3) generated at the point of complete lactate
consumption by the concentration of lactate used (lmol
cm�3). This calculation provided similar, though more cer-
tain (±3%), results than for growth yield calculated just
during the exponential growth phase (±8%). For growth
yields calculated during the exponential growth period
uncertainties in the lactate concentration measurements
add to the uncertainties of the growth yield calculation.
At the lowest temperatures, lactate was not completely
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used, and growth yield (±8%) was calculated by dividing
the cell numbers at the end of the experiment with the total
amount of lactate used. The results are shown in Fig. 3.
Growth yields were low at low temperature, and they in-
creased to a broad plateau between 17 and 32 �C. At higher
temperatures they again began to decrease. The deviations
at high and low temperatures are defined by relatively few
points, but they are also well outside of analytical
uncertainty.
Isotope fractionation during sulfate reduction (±0.5&)
was determined with a Rayleigh distillation model from
the measured isotopic compositions of sulfide and sulfate,
and the relative concentration changes in sulfide and sul-
fate during the incubation. Fractionations were indepen-
dently calculated from both the sulfate and the sulfide
data. For fractionations calculated from sulfate, the fol-
lowing formulation was used (e.g. Canfield, 2001a):

aSO4–H2S ¼ 1þ lnðdSO4-start þ 1000Þ � lnðdSO4-end þ 1000Þ½ �
lnðfSO4

Þ ;

ð17Þ
where aSO4–H2S is the fractionation factor between sulfate
and sulfide, dSO4-start is the isotopic composition of sulfate
at the beginning of the experiment, dSO4-end is the isotopic
composition of sulfate at the time of sampling, and fSO4

is the fraction of the original sulfate remaining.
During the course of the incubation, the isotopic com-

position of sulfide develops in relationship to the isotopic
composition of sulfate:

dSO4-end ¼
ðdSO4-start � dH2S–SRfH2SÞ

fSO4

; ð18Þ

where, in addition to the terms already defined, dH2S–SR is
the isotopic composition of sulfide added by sulfate reduc-
tion, and fH2S is the fraction of the original starting sulfate
converted into sulfide ðfH2S þ fSO4

¼ 1Þ. To calculate fracti-
onations from the sulfide data, dH2S–SR was substituted into
Eq. (18), from which dSO4-end was calculated. This, in turn,
was substituted into Eq. (17), from which fractionations
were calculated. Values for dH2S–SR were corrected for the
small amount of sulfide transferred with the original inoc-
ulum and used to reduce the medium and therefore:

dH2S–SR ¼
dH2S-total½H2Stotal� � dH2S-start½H2Sstart�

½H2SSR�
; ð19Þ
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where dH2S-total is the isotopic composition of sulfide mea-
sured at the time of sampling and [H2Stotal] is its concentra-
tion. Likewise, dH2S-start is the isotopic composition of
sulfide at the start of the incubation including inoculum
and the sulfideused to reduce themedium, [H2Sstart] is its con-
centration, and [H2SSR] is the concentration of sulfide added
from sulfate reduction ([H2Stotal] = [H2Sstart] + [H2SSR]).

The fractionations calculated from these equalities are
presented in Fig. 4. There is a small systematic difference
in the fractionations calculated from the sulfide and sul-
fate results, where the fractionations from sulfide are on
average about 0.3& depleted in 34S compared to those
from sulfate. We do not understand in detail the cause
of his systematic difference. The Rayleigh distillation
model should be robust for this type of experiment as
should the correction for the isotopic composition and
concentration of sulfide at the start of the experiment.
There could be possible systematic biases in the sulfide
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Fig. 4. Isotope fractionation during sulfate reduction (±0.5&) as a
function of temperature. (A) for tubes collected in the late exponential
growth phase, with fractionations calculated both from sulfate and sulfide
data, and (B) for tubes collected in the stationary growth phase with, as in
(A), fractionations calculated from both sulfate and sulfide data.
and sulfate isotopic measurements. We have not, however
explored for this. In any event, the differences are small
and have no influence on our interpretations of the frac-
tionation results.

For tubes collected during the late exponential growth
phase (Fig. 4A) a regular trend of relatively high fractiona-
tions is observed at the lowest temperatures, decreasing to
about 15 �C. After this, fractionations increased again with
increasing temperature, with an apparent decrease at the
highest temperature explored. Fractionations recorded in
the stationary growth phase (tubes c and d) (Fig. 4B) gen-
erally followed the same pattern, although in a couple of
instances, unexpectedly high fractionations were encoun-
tered. At the lower temperatures for tube c, the sulfide sam-
ples were unfortunately lost so no isotope analyses could be
performed.

5. Discussion

5.1. Growth physiology

As outlined in Section 1, the standard model suggests
that isotope fractionation during sulfate reduction should
be influenced in predictable ways by the physiology of
the sulfate reducer as controlled by factors such as sub-
strate availability and temperature. Temperature is the
control factor explored here. Thus, we will begin by dis-
cussing how temperature influenced the growth physiology
of D. desulfuricans strain DSMZ 642, after which we will
consider further how growth physiology might have influ-
enced our fractionation results.

The Desulfovibrio strain used in this study is a typical
Desulfovibrio species. Its size is typical with an average
diameter of 0.7 lm and a length of 3–4 lm. Furthermore,
like all Desulfovibrio species, it oxidizes lactate incom-
pletely producing equimolar amounts of acetate and
CO2 (see Eq. (15)). Strain DSMZ 642 has a temperature
optimum for growth in the range of 35–40 �C (Fig. 2),
which is in the higher end for other known D. desulfuri-

cans strains (e.g. Widdel, 1988). Strain DSMZ 642 has a
high maximum specific growth rate, l, of 0.22 h�1, giving
a doubling time of 3.3 h during exponential growth. Such
high growth rates have also been reported for strains of
Desulfovibrio vulgaris growing on H2 (Widdel, 1988).
The growth rate of strain DSMZ 642 responded to tem-
perature according to the Arrhenius equation within the
temperature range of 10–32 �C (Fig. 5A), which is ex-
pressed in natural log form as:

ln l ¼ lnA� Ea

RT
; ð20Þ

where A is a constant, Ea is an ‘‘apparent’’ activation ener-
gy (kJ mol�1), R is the gas constant (8.31 K�1 mol�1), and
T is temperature. Microorganisms, including sulfate reduc-
ers, exhibit an Arrhenius temperature response to growth
when growing within their optimal growth range (e.g.
Ingraham and Marr, 1996; Isaksen and Jørgensen, 1996;
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Knoblauch and Jørgensen, 1999). From the trend in
Fig. 5A, an ‘‘apparent’’ activation energy of 89.0 kJ mol�1

is calculated, which is not unusual for sulfate reducers
(Isaksen and Jørgensen, 1996; Knoblauch and Jørgensen,
1999).

There is a large drop in growth rate between 10 and
7 �C, suggesting that below 10 �C, growth was especially
inhibited. This trend is only well supported by one point,
but the drop is steep, and it is consistent with the general
behavior of microorganisms growing at the low end of their
temperature range (Ingraham and Marr, 1996). It seems
possible that at low temperatures the rigidity of the cell
membrane limits transport into and out of the cell and
therefore limits growth rate. From the growth yield results
(Fig. 3), a reduction of metabolic efficiency was observed at
10 �C becoming particularly acute at 7 �C. Thus, from both
specific growth rates and growth yield, metabolic perfor-
mance was restricted below 10 �C. Deviations from an
Arrhenius dependence on growth were also observed at
temperatures above 32 �C (Fig. 5A). At approximately this
same temperature growth yield also began to drop (Fig. 3),
but not severely. The drop in metabolic efficiency above
32 �C could be related to the increased channeling of ener-
gy into cellular repair as temperature increases and cellular
components become unstable. It could also be related to
the specific temperature response of critical enzymes in
the cellular metabolism of the organism.

The cell-specific rates of sulfate reduction measured here
(Fig. 2C) spanned a range quite typical for D. desulfuricans

strains in particular (e.g. Kaplan and Rittenberg, 1964) and
sulfate reducers in general (see Canfield et al., 2000 for a
summary). Our Desulfovibrio strain also responded to tem-
perature in a similar manner to growth following the
Arrhenius equation in the range of 10–32 �C with an ‘‘ap-
parent’’ activation energy, Ea, of 85.6 kJ mol�1. Also like
specific growth rate, they deviated from this trend at higher
and lower temperatures (Fig. 5C). Similar to growth, then,
the drop in specific rates of sulfate reduction below 10 �C
likely resulted, at least in part, from stiffening of the cell
membrane and the restriction of membrane-bound trans-
porter enzymes. At high temperatures (above 30 �C), rates
of sulfate reduction could have been hindered by increasing
cellular damage, or by the specific kinetic temperature re-
sponse of key enzymes in the sulfate reduction process, as
also discussed above for specific growth rate. Since the
energy for growth comes from sulfate reduction, it is no
surprise that specific rates of growth and specific rates of
sulfate reduction correlated closely together.

5.2. Isotope fractionation

The isotope fractionation produced during sulfate
reduction by D. desulfuricans strain DSMZ 642 ranged in
total from 4& to 12&. This range in fractionations is lower
than those observed for other D. desulfuricans strains
where fractionations up to 46& have been observed (Kap-
lan and Rittenberg, 1964), and fractionations in the range
of 20& are common (Kaplan and Rittenberg, 1964; Kemp
and Thode, 1968; Chambers et al., 1975). However, our
fractionations are generally higher than those measured
by Detmers et al. (2001) for a variety of different Desulf-

ovibrio species, although D. desulfuricans was not included
in their survey. Some of these differences in the magnitude
of fractionation, when comparing among studies, could be
due to differences in growth conditions. For example, in the
study of Detmers et al. (2001), cells were grown under opti-
mal conditions, whereas Kaplan and Rittenberg (1964)
measured fractionations on resting cell suspensions, and
Chambers et al. (1975) measured fractionations in continu-
ous culture. However, there may also be real strain-specific
differences in the fractionation among, ostensibly, the same
species. This latter hypothesis could be tested by examining
a variety of different strains of the same ‘‘species’’ under
identical conditions.

As our study focused specifically on the influence of
temperature on fractionation, it is most instructive to re-
view our temperature trends in fractionation with the pre-
dictions of the standard model. In the standard model, low
temperatures and stiffening of the cell membrane reduce
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sulfate transport across the membrane and thereby pro-
duce a reduction in fractionation. The results of Kaplan
and Rittenberg (1964) are consistent with this model, where
they found low fractionations for their D. desulfuricans

strain growing at low temperatures of 5–10 �C, when com-
pared to fractionations at higher temperatures. Also, Can-
field (2001b) found that fractionations at 5 �C were lower
when compared to 25 �C for natural populations of sulfate
reducers growing on both acetate and ethanol. No temper-
ature effect on fractionation, however, was observed when
the populations were grown on lactate. Finally, Brüchert
et al. (2001) observed lower fractionations at 4 �C com-
pared to 20 �C for the psychrophilic sulfate-reducing strain
ASv20 growing on acetate. However, other psychrophilic
strains showed no or little temperature effect on fraction-
ation (Brüchert et al., 2001). Thus, the results of the present
experiment differ from the predictions of the standard
model, and from a body of evidence (but not all evidence)
from pure cultures and natural populations of sulfate
reducers.

What about at high temperatures? In the standard mod-
el, high temperatures produce reduced fractionations. This
is because accelerating rates of sulfate reduction increase
sulfate demand by the cell, preferentially channeling sulfate
to sulfide, reducing exchange out of the cell. Again, some
observations support this model. Kaplan and Rittenberg
(1964) as well as Harrison and Thode (1958) found gener-
ally reduced fractionations at high temperatures where sul-
fate reduction rates were high. Indeed, from these studies,
and others (Kemp and Thode, 1968; Chambers et al.,
1975), one observes an inverse correlation between cell-spe-
cific rates of sulfate reduction and fractionation (see sum-
mary in Canfield, 2001b). This would also be consistent
with the standard model, but contrasts with the trends be-
tween specific rates of sulfate reduction and fractionation
observed here (Fig. 6). Finally, Canfield (2001b) observed
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Fig. 6. Specific rates of sulfate reduction plotted against isotope
fractionation for tubes harvested in the late exponential growth phase.
Fractionations have been calculated both from sulfate and sulfide data.
a strong decrease in fractionation for natural populations
of sulfate reducers when temperature was increased from
25 to 35 �C. A large increase in sulfate reduction rate
accompanied this temperature change, and the overall re-
sponse was, therefore, consistent with the standard model.
By contrast, in our experiments, isotope fractionation con-
tinuously increased with increasing temperature and specif-
ic rates of sulfate reduction. This response, as at low
temperatures, is also at odds with the standard model.

Overall, our results display fractionation trends with
metabolic activity (specific growth rate and specific rates
of sulfate reduction) and temperature that are different
from those observed previously and from those predicted
from the standard model. Part of these differences could re-
late to strain-specific differences in the controls on fraction-
ation with temperature. More studies of the type conducted
here could help identify between-strain differences in con-
trols on fractionation. Our results, clearly show that frac-
tionation trends can display internally consistent patterns
that are not predictable based on our previous understand-
ing of the main factors controlling fractionation. Our chal-
lenge, therefore, is to explain both our observations, and
those of the standard model. The quantitative fractionation
model developed above is the backdrop for this
comparison.

5.3. Quantitative fractionation model

We will explore our fractionation trends with tempera-
ture using the general model developed above for isotope
fractionation by sulfate reducers. However, we start by
exploring some of the model features and predictions. As
described above, and elsewhere (e.g. Harrison and Thode,
1958; Kaplan and Rittenberg, 1964; Rees, 1973; Farquhar
et al., 2003), the specifics of mass flow through reaction
networks exert a profound control on the expression of iso-
tope fractionation. Specifically, both the network associat-
ed with transfer of sulfate in and out of the cell, f3, and the
network associated with the exchange of the internal sul-
fate pool with sulfite, f5, can significantly control
fractionation.

In using our model we assume, as did Rees (1973), a
fractionation ðesulfateout�sulfateinÞ of �3& for the transport of
sulfate into the cell (a1 in Eq. (7)), and 25& for each of
the steps of APS to sulfite (a4 in Eq. (7)) ðesulfatein�APSÞ,
and sulfite to sulfide (a3 in Eq. (7)) (esulfite–sulfide). Brunner
and Bernasconi (2005) have suggested much larger fractio-
nations for the step from sulfite to sulfide. This arises from
their interpretation of the fractionation results of Detmers
et al. (2001), where, in particular, relatively high fractiona-
tions of 36.7& were observed for the rapidly metabolizing
Desulfobacula phenolica. In the view of Brunner and Ber-
nasconi (2005) such rapid metabolism would by necessity
yield (in our parlance) high values for f3 and f5. This, in
their view, would require higher than normally described
values for the internal fractionation steps to maintain the
reasonably high observed fractionation. This is possible,
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but in our opinion not yet proven. Indeed, there may be a
range of species-specific fractionations associated with the
different enzymatic steps in the sulfate reduction process.
This would be an interesting area of future research. In
what follows we will use the values originally proposed
by Rees (1973), recognizing that other values may be more
appropriate and that there may be variability between dif-
ferent sulfate-reducing organisms. The specific choice of
the individual fractionations will not, however, significant-
ly influence our interpretations of the present fractionation
results nor the conclusions offered below.

From Eqs. (12) and (14) we can calculate how the over-
all fractionation ðesulfateout�sulfideÞ will respond to changes in
f3 and f5 and these results are shown in Fig. 7. Starting with
Fig. 7A, when f5 is low, allowing maximum exchange be-
tween the internal sulfate pool and sulfite, fractionation is
very sensitive to f3, the transfer of sulfate in and out of
the cell. Under these circumstances, the maximum possible
fractionation (the sum of all the individual fractionations,
equal to 47& relative to the external sulfate pool) is ob-
served when f3 is also low. The isotopic composition of sul-
fide is always offset by 50& compared the internal sulfate
pool, and the isotopic composition of this pool varies line-
arly with f3. When f3 is constant and low (Fig. 7B), maxi-
mum fractionations, as before, are also expressed when f5
is low. However, even when f5 is 1, a fractionation of
22& (relative to the external sulfate pool) is still expressed.

Importantly, even with the same overall fractionation,
the isotopic composition of the internal sulfate pool can
vary depending on specific values of f3 and f5. A careful
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different relationships between f3 and f5. See text for details.
evaluation of the isotopic composition of the internal sul-
fate pool can, in fact, fix the values of f3 and f5. The isoto-
pic composition of this sulfate pool has never been
determined, but we can obtain unique solutions for f3
and f5 from Eqs. (12) and (14):

f3¼
a1rSO4ðoutÞ �a1rSO4ðoutÞrH2Sþ rSO4ðinÞ þ rSO4ðinÞrH2S

a1rSO4ðoutÞrSO4ðinÞ �a1rSO4ðoutÞrH2Sþ rSO4ðinÞ � rH2S
;

ð21Þ

f5 ¼
a3a5rSO4ðinÞ þ a3a5rSO4ðinÞrH2S� rH2S� r2H2S

rH2Sða3a5rSO4ðinÞ � a5rSO4ðinÞ þ a3 � 1Þ .

ð22Þ
With a knowledge of rSO4ðinÞ (the isotopic composition of the
internal sulfate pool) and all of the internal fractionations
(a values), Eqs. (21) and (22) are completely constrained
giving unique values of f3 and f5.

With this general background we can try to explore frac-
tionation trends with temperature by mixing the influences
of f3 and f5 as we might expect them to respond to temper-
ature. We will begin with trying to explain the standard
model. The standard model suggests that transfer across
the cell membrane controls fractionation at low tempera-
tures (f3), while the conversion efficiency of the internal sul-
fate pool to sulfide (f5) limits fractionation at high
temperatures. From the standard model, then, f3 should
be high at low temperature and decrease with increasing
temperature, while f5 should be low at low temperatures
and increase with increasing temperature. An example of
how f3 and f5 might vary with temperature, consistent with
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Table 1
Values of f3 and f5 to satisfy experimental results

Temperature f3 f5 Fractionation

Low 0.75 0.05 9.5
Medium 0.75 0.8 4.8
High 0.55 0.8 12.3

558 D.E. Canfield et al. 70 (2006) 548–561
the standard model, is shown in Fig. 8A. In this figure, pro-
ceeding from left to right represents an increase in temper-
ature. Using the same internal cellular fractionations as in
Fig. 7, the trends in fractionation with ‘‘temperature’’ are
consistent with the standard model: smallest at low and
high temperatures, and highest in between.

However, alternative trends in f3 and f5 could also satis-
fy the general prediction that f3 should decrease and f5
should increase with increasing temperature. These basic
conditions are also satisfied in Fig. 8B, and in this case
the fractionation trend resembles the one from our results
(compare to Fig. 4). Thus, trends in fractionation with tem-
perature, and controls of fractionation in general, depend
to a large measure on the exact relationships between f3
and f5. With this view, the standard model and those results
supporting it, represent a particular style of relationship
between f3 and f5, but not the only one consistent with
the general condition that f3 should decrease and f5 should
increase with increasing temperature.

The results in Fig. 8 are rather general and are not
meant to reproduce the fractionations we observed in our
experiments. However, through further exploration of the
model, we were able to reproduce our experimental trends
while still preserving the internal fractionations used in
Figs. 7 and 8 (Table 1). Thus, in principle, low fractiona-
tions, and the trends we observed between fractionation
and temperature, are reproduced through judicious choice
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is meant to represent increasing temperature. The trends in (A) represent those
results from the present study. Even though f3 and f5 break slope at the same
These trends are purely hypothetical and meant to reproduce the overall pre
details.
of f3 and f5. We can view these choices as yet untested pre-
dictions as to the magnitude of f3 and f5 with different tem-
peratures in our experiment.

The relatively high values of f3 required to match the
model predictions with isotope results (Table 1) suggest
that there was at all temperatures a rather limited exchange
between the internal and external sulfate pools. By con-
trast, the low values of f5 at low temperature suggest that
the internal sulfate pool is in near exchange equilibrium
with sulfite. This would occur if the reduction of sulfite
to sulfide was particularly sluggish. As temperature
increases into the intermediate and high range, increasing
values of f5 suggest that the reduction rate of sulfite to sul-
fide increases dramatically relative to the exchange rate be-
tween the internal sulfate and sulfite pools. At the same
time, a commensurate fall in f3 requires that the transfer
rates of sulfate in and out of the cell increases more
strongly with increasing temperature than the reduction
rate of sulfite to sulfide. Our physiological data seems to
support this as increasing temperature above about 32 �C
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erent relationships between f3 and f5. The x-axis, moving from left to right,
expected from the standard model, whereas the trends in (B) represent the
point in this analysis, there is no assumption that this is necessarily true.
dictions of the standard model as well as the present results. See text for
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had little effect on specific rates of sulfate reduction, yet,
presumably, increasing temperature increased membrane
fluidity and the transfer rates of substances across the cell
membrane.

Overall, our fractionation results suggest that different
parts of the sulfate reduction apparatus responded differ-
ently to temperature. Thus, in our experiments, the ex-
change rates of sulfate across the cell membrane and the
reduction rate of sulfite to sulfide apparently responded
more strongly to temperature than the exchange rate be-
tween the internal sulfate and sulfite pools. These responses
are not universal because for sulfate reducers following the
standard model, the opposite must be true. More broadly,
our results show how different combinations of f3 and f5
have a decided influence on isotope fractionation during
sulfate reduction. In addition, our results and associated
model provide a template by which we can further under-
stand the fractionation process. In particular, we point to
the internal sulfate pool as an important constraint on
the relative importance of f3 and f5 in controlling fraction-
ation. This work is not yet been accomplished, but should
be a high priority.

6. Conclusions

We have explored isotope fractionation accompanying
sulfate reduction by the sulfate reducer D. desulfuricans

strain DSMZ 642 as a function of temperature through
the whole temperature range where the organism metab-
olizes and grows. Different temperatures encourage differ-
ent metabolic rates and different degrees of metabolic
efficiency. Previous work on sulfate-reducing populations
suggests that membrane stiffening at the low end of the
organism’s temperature range will reduce sulfate transfer
rates across the membrane ultimately limiting the degree
of fractionation. Higher fractionations might be expected
in the intermediate temperature range, and lower fractio-
nations are expected again at the high temperature end
where rapid rates of cellular metabolism are believed to
limit the exchange between the internals sulfur pools.
Our goal was to test the predictions of this ‘‘standard
model’’ and to come further in understanding the pro-
cesses controlling isotope fractionation by sulfate
reducers.

In our experiments, D. desulfuricans strain DSMZ 642
fractionated between about 4 and 12& during sulfate
reduction. This range in fractionations is lower than
found in earlier work on isotope fractionation during sul-
fate reduction by Desulfovibrio strains, but our growth
conditions were also different. Importantly, we found
high fractionations at low temperatures, the lowest fracti-
onations in the intermediate temperature range and high
fractionations again at the highest temperatures. These
results are not consistent with the standard model. We
constructed a quantitative fractionation model consider-
ing mass flows of sulfur through various branch points
in the sulfate reduction pathway and the associated
fractionations. We found that we could easily reproduce
the trends in the standard model, as well as our own,
depending in the exact relationship between the extent
to which: (1) sulfate is transferred into and out of the
cell, and (2) the extent to which sulfur exchanges between
the internal sulfur pools. Thus, different sulfate-reducing
populations balance the magnitudes of these two ex-
change paths in different ways as a function of tempera-
ture. It is difficult, therefore, to predict a priori how
temperature will affect fractionation, but our results also
open the door to a better general understanding of the
processes controlling the extent of fractionation by sul-
fate-reducing organisms.
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Appendix A

We begin, as does Farquhar et al. (2003), by considering
a hypothetical, simple, reaction network with a single
branching point as expressed in Eq. (A.1):

A ���! ���1;u1;a1

2;u2;a2
B ���!3;u3;a3

H2S. ðA:1Þ

As in the main text, u represents mass flow, and a is the
fractionation factor associated with each step. We consider
the major isotopes of S, 32S and 34S (Farquhar et al., 2003,
also considered the minor S isotopes 33S and 36S), and we
follow the transfer of 34S through step 1, which is related
to the transfer through steps 2 and 3:

34n1 ¼ 34n2 þ 34n3; ðA:2Þ

where n is the number of atoms of isotope 34S transferred.
We can recast the number of atoms transferred as an iso-
tope ratio such that, for example:

34n1 ¼ u1

34n1
32n1 þ 34n1

. ðA:3Þ
With r1 =
34n1/

32n1, Eq. (A.3) may be rewritten as:

34n1 ¼ u1

r1
1þ r1

. ðA:4Þ

With this equality, Eq. (A.2) may be recast as follows:

u1

r1
1þ r1

¼ u2

r2
1þ r2

þ u3

r3
1þ r3

. ðA:5Þ
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From here, we consider the reaction network presented in
the text (Eq. (7)), slightly simplified without the APS inter-
mediate (see text for details):

SO4ðoutÞ
���! ���1;u1;a1

2;u2;a2
SO4ðinÞ

����! ����4;u4;a4

5;u5;a5
SO3

� �
���!3;u3;a3

H2S. ðA:6Þ

If we consider the branching point around SO3
2�, and by

analogy with Eq. (A.5), the following equality can be
written:

u4

r4
1þ r4

¼ u5

r5
1þ r5

þ u3

r3
1þ r3

. ðA:7Þ

From mass balance u4 = u3 + u5, and as in the text, we
define:

f5 ¼
u3

u3 þ u5

¼ u3

u4

. ðA:8Þ

With the equalities in Eq. (A.8), we eliminate the mass flow
terms in Eq. (A.7).

r4
1þ r4

¼ ð1� f5Þr5
1þ r5

þ f5r3
1þ r3

. ðA:9Þ

We also note the following equalities:

r1 ¼ rSO4ðoutÞa1; ðA:10Þ
r2 ¼ rSO4ðinÞ; ðA:11Þ
r4 ¼ rSO4ðinÞa4; ðA:12Þ
r5 ¼ rSO3; ðA:13Þ
r3 ¼ rSO3a3 ¼ rH2S; ðA:14Þ
r5 ¼ rH2S=a3. ðA:15Þ
Eqs. (A.12), (A.14), and (A.15) are substituted into (A.9),
yielding:

rSO4ðinÞa4
1þ rSO4ðinÞa4

¼
ð1� f5Þ rH2S

a3

1þ rH2S
a3

þ f5rH2S

1þ rH2S
. ðA:16Þ

This equation is solved algebraically for rSO4ðinÞ yielding Eq.
(12) in the text, reproduced here as Eq. (A.17):

rSO4ðinÞ ¼
rH2Sþ rH2S� f5rH2Sþ a3f5rH2S

a4½a3 þ a3rH2Sþ f5rH2S� a3f5rH2S�
. ðA:17Þ

Following the logic above, we can write a mass balance
equation for the branch point differentiating the inside
and outside of the cell (note this is identical to Eq. (A.5);
see text for details):

u1

r1
1þ r1

¼ u2

r2
1þ r2

þ u3

r3
1þ r3

. ðA:18Þ

As in the hypothetical case explored above, u1 = u2 + u3

and we define:

f3 ¼
u3

u2 þ u3

¼ u3

u1

. ðA:19Þ

From Eqs. (A.10) and (A.19), we can rewrite Eq. (A.18) as:

rSO4ðoutÞa1
1þ rSO4ðoutÞa1

¼ ð1� f3Þ
r2

1þ r2
þ f3

r3
1þ r3

. ðA:20Þ
The equalities, Eqs. (A.11) and (A.14), are substituted into
Eq. (A.20), from which the isotope ratio of the external sul-
fate pool, rSO4(out), can be solved (also shown as Eq. (14) in
the text):

rSO4ðoutÞ ¼
rSO4ðinÞ þ rSO4ðinÞrH2S� f3rSO4ðinÞ þ f3rH2S

a1½1þ rH2Sþ f3rSO4ðinÞ � f3rH2S�
.

ðA:21Þ
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