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Sulfur Isotope Fractionation during the Thiosulfate Disproportionation Reaction

1. Introduction

Although the sulfur isotope fractionation by sulfate-reducing bacteria has been interpreted
as a common mechanism for the **S depletion of sedimentary sulfide, the activity of sulfate
reducing bacteria causing an isotope fractionation up to 46 per mil (Chambers et al., 1975)
cannot account for the large depletion in marine sediments which is commonly between 35 and
60 per mil (Canfield and Teske, 1996). Hence, additional isotope fractionation process during the
marine sulfur cycle needs to explain such a large depletion. The disproportionation process of
various sulfur species of the oxidative sulfur cycle, which follows the sulfate reduction, is
thought to contribute the **S depletion of sedimentary sulfide because it generates sulfides more
depleted in **S than the original sulfide produced by sulfate reducing bacteria (Jorgensen, 1990;
Canfield and Thamdrup, 1994). However, the detail isotope fractionation mechanism during the
disproportionation reaction is not clarified yet.

There are various sulfur species participating in the disproportionation reaction such as
elemental sulfur (S%), sulfite (SOs>), and thiosulfate (S;05”). Among them, this study mainly
deals with the disproportionation reaction of thiosulfate. Thiosulfate has two sulfur atoms of
which the inner one is the oxidized sulfonate sulfur, while the outer one is the reduced sulfane
sulfur. During the disproportionation reaction, sulfonate sulfur is mainly converted to sulfate,
whereas about 90% of sulfane sulfur is converted to sulfide (Jorgensen, 1990). Such a process
presents two possibilities to generate **S-depleted sulfides and **S-enriched sulfate through the
bacterial disproportion reaction. One is that sulfur disproportionation bacteria preferentially cleave
the bond between light sulfane sulfur and heavy sulfonate sulfur compared to the opposite case
(kinetic control). The other is that regardless of the disproportionation reaction, sulfonate sulfur is
initially enriched in **S relative to sulfane sulfur through the equilibrium process or biologically-
mediated kinetic process. In this study, therefore, the isotope fractionation process during the
bacterial thiosulfate disproportionation reaction is reviewed and examined based on quantum

chemical calculations and previous experimental data.

2. Previous studies: experimental results
Review of bacterial thiosulfate disproportionation process (Habicht et al., 1998)

The bacterial sulfur disproportionation reaction consists of two steps: division of
thiosulfate into sulfide and sulfite, and oxidation of sulfite to sulfate. Figure 1 shows the sulfur

isotope fractionation among thiosulfate, sulfide, and sulfate during the bacterial thiosulfate



disproportionation process. As can be seen, there is no isotope fractionation associated with the
formation of sulfate from the sulfonate sulfur, while the fractionation of about 4 per mil is
observed through the formation of sulfide from sulfane sulfur. It may suggest that the bond
associated with light sulfane sulfur is preferentially cleaved by bacteria. In my view, however, it
is not certain whether this small fractionation is due to the kinetically-controlled bacterial process,
or rapid equilibrium isotope exchange reaction between sulfide and sulfane sulfur which will be
described in the following section. In addition, figure 1 shows another isotopic development
between sulfur species. The reduced compounds including sulfide and sulfane sulfur became
depleted in S over time, whereas the oxidized compounds, sulfate and sulfonate sulfur, show
the opposite trend. During the disproportionation reaction, there would be no chemical
transformation between reduced and oxidized sulfur; therefore, an isotopic exchange reaction
between reduced and oxidized sulfur could only explain this result. In particular, the similar
depleting trend of sulfide and sulfane sulfur as well as the similar enriching trend of sulfate and
sulfonate sulfur indicates that the isotope exchange would mainly occur between sulfonate and
sulfane sulfur. Because abiogenic isotope exchange between sulfane and sulfonate sulfur was
measured at temperature only above 100°C (Uyama et al., 1985), above evidence strongly
suggests that at low temperature the isotope exchange between sulfonate and sulfane sulfur
should be mediated by bacterial activity. However, it is still not clear how bacteria activity

facilitates the isotope exchange reaction between sulfane and sulfonate sulfur.

Review of nonbacterial sulfur isotope exchange reactions (Uyama et al., 1985; Chu et al., 2004)
Experimental data about the inorganic sulfur isotope exchange reaction was presented by
Uyama et al. (1985), and further discussed by Chu et al. (2004). Figure 2 displays the variation
with time of the isotope composition of thiosulfate, sulfate, and sulfide. It clearly shows that the
isotope exchange between sulfane and sulfonate sulfur is only catalyzed by the isotope exchange
reaction between thiosulfate and sulfide. Although in the sample containing only thiosulfate at the
beginning the isotope exchange occurred after 200 hours (Figure 2A), it is probably due to the
decomposition of thiosulfate, resulting in the proper concentration of sulfide. On the other hand,
sulfate hindered the isotope exchange between sulfane and sulfonate sulfur (Figure 2C). Figure 3
presents the variation with time of the sulfur isotope composition of thiosulfate and sulfide at
various temperatures. It indicates that the isotope exchange reaction among sulfide, sulfonate, and
sulfane sulfurs proceed at temperature over 100°C, and the exchange rate increases with
increasing temperature. At 50°C, the isotope exchange only between sulfide and sulfane sulfur
occurred. According to these results, presence of sulfide and the temperature higher than 100°C
are the prerequisites for the non-bacterial isotope exchange reaction between sulfonate and sulfane

sulfur. However, the detailed isotope exchange reaction is actually more complicated because the



isotope exchange between thiosulfate and sulfide is achieved through the intermediate step, the
formation of polysulfide. At high temperature, the formation rate of polysulfides is so fast that
the isotope equilibrium can be attained through the isotope exchange via polysulfides. At low
temperature and the given composition of sulfur species, however, the formation rate of
polysulfides may be slow, and thus the isotopic equilibrium cannot be obtained within the

experimental period.

3. Method
Reduced partition function ratio

The differences in the energy levels of the isotope are the fundamental cause of
equilibrium isotope fractionation, and these energy differences can be calculated based on the
vibration frequencies of molecules containing isotopes. Hence, if the vibration frequencies of
isotopomers are known, one can theoretically predict the isotope fractionation factor using the
reduced partition function ratio (Bigeleisen and Mayer, 1947; Urey, 1947). Since this theory was
first introduced, it has been used to calculate the equilibrium fractionation factors for various
isotope systems (Richet et al., 1977; Yanase and Oi, 2002; Schauble et al., 2004; Anbar et al.,
2005; Zeebe, 2005; Seo et al., 2007). In this paper, therefore, the theory is briefly reviewed
rather than explicated in detail.

Considering the isotope exchange reaction in which only one sulfur atom is exchanged,
the reaction between two sulfur species can be written as follows:

A”S + B¥S = A¥S + B”S

where A and B are polyatomic groups. In this reaction, the equilibrium constant of the

equation (K¢q) is identical to the fractionation factor (oas.ss).
aasns = Keg = (A™S) x (BYS) / (A”S) x (BMS) = B1432(AS) / Brasa(BS)
Then, in order to predict the fractionation factor, the reduced partition function ratio of

each molecule containing sulfur isotope should be calculated. This ratio is defined by:
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where
Ui = hy; / kT
Here, h and k are the Plank and Boltzman constants, respectively. N is the number of
each species; therefore, 3N-6 is the number of normal mode vibrations, T is the temperature (K),
v; is the vibration frequency of each isotopomer, and Q.3 is the vibration partition function.
Finally, fractionation factor and the isotope compositions expressed in terms of & values can be

correlated by:



1000 x In(aas.ss) O 8*Sas - 6*Sps
For the convenience, the reduced partition function ratios are expressed as the form of
1000 x In(Bss3;) following previous studies (Schauble et al., 2004; Anbar et al., 2005; Seo et al.,
2007).

Computational methods

Geometry optimization and vibrational frequency calculations were done using quantum
chemical program Gaussian03 (Frisch et al., 2003). Calculated molecules include HS’, H,S, SO,%,
and S,0,>. Hartree-Fock (HF) calculations with 6-21G* basis set without symmetry constraints of
molecules were used for all geometry optimization. It yields optimized geometry without negative
frequencies. The vibrational frequencies were also calculated using HF method with 6-31G* basis
set. For the geometry optimization and calculation of the vibration frequencies, the solution
effects were included using the polarizable continuum model (PCM) (Miertus et al., 1981;
Miertus and Tomasi, 1982) because thiosulfate disproportionation in the aqueous phase is
responsible for the **S depletion of sedimentary sulfide. Predicted vibration frequencies were then

used to obtain P43, following above equations.

4. Results

The vibration frequencies of optimized molecules of HS’, H,S, SO42’, and S,0;> and
substituted isotopomer were calculated with the HF method. Previous studies shows that HF
method tends to overestimate the vibrational frequency. Therefore, all calculated frequencies were
calibrated by the scaling factor 0.8928, which was calculated from the comparison between the
experimentally observed vibration frequencies (Shimanouchi, 1972) and the theoretical vibration
frequencies of H,S. Using this scaling factor, calibrated frequencies of SO,” are fairly in
agreement with the previous reported data for SOs” (Urey and Bradley, 1931). Hence, all
calculated frequencies were calibrated by this scaling factor. In table 1, the calibrated vibration
frequencies and frequency shifts are listed.

Table 2 and figure 4 show the calculated reduced partition function ratios, 10> x In(Pss.
32), of sulfur species with varying temperature from 50 K to 1200 K, including thetemperature
range of Uyama et al. (1985)’s experiment. As can be seen, sulfate shows the largest reduced
partition function ratios and HS™ has the smallest reduced partition function ratios. They show
that the oxidation state of S is a major factor controlling inorganic isotope fractionation.

Figure 5 presents the calculated 10’ x Ina values of sulfonate S-H,S, sulfane S-H,S, HS
-H,S, and SO, -H,S along with the experimental data and calculated curves. The temperature-
dependent trends in this study are consistent with the experimental data. Over 100°C at which

the isotopic equilibrium among sulfur species had been observed in the experiments, calculated



10> x Ina values reasonably agree with the experimental data. In particular, that of SO,”-H.S is
almost identical to the experimental data. In the case of other sulfur species, deviations from the

experimental data are less than 5%o.

5. Discussions

A direct comparison of the calculated results to the experimental or natural data is not
easy because not only a theoretical calculation cannot consider all the factors involved in the
natural process but also our knowledge about the transition state is insufficient. In spite of such
uncertainty, however, the comparison between the theoretical and experimental data is still helpful
to understand the S isotope fractionation. In this study, the temperature-dependent trends of 10° x
Ina values between sulfur species are consistent with the experimental data, whereas the absolute
values slightly deviate from the corresponding experimental data. This result increases confidence
in the experimental determination of the temperature-dependent isotope fractionation between
sulfur species. Also, such a little difference suggests the possibility that the discrepancy between
them can be calibrated by using some scaling factors. If calibrated, it would be very helpful to
understand the isotope fractionation at low temperature at which the equilibrium isotope
composition is hardly attained through the experiment.

Because many bacteria cannot live at such high temperatures, understanding the isotope
exchange reaction at low temperature is crucial to explain the isotope fractionation during the
bacterial thiosulfate disproportionation process. It is still not clear how bacteria activity facilitates
the isotope exchange reaction between sulfane and sulfonate sulfur. One possibility is that
bacterial activities such as selective uptake or export of the specific sulfur compounds would
shift the chemical equilibrium among sulfur species within the cell, resulting in the rapid
formation of intermediaries via which the isotope exchange between sulfane and sulfonate sulfur
can occur. It is reasonable because the reaction rate is dependent on both temperature and the
concentration of reactant and product. In that case, the role of bacterial activity can be
considered to promote an equilibrium process rather than kinetically control the isotope exchange
reaction. Consequently, the experimental or natural data can be correlated to the calculated
isotope fractionation. However, it is also possible that some bacterial activity would be actively
involved in the isotope exchange reaction. Then, the isotope fractionation is not an equilibrium
process, but is kinetically controlled, probably resulting in the isotope composition deviating from
the isotopic equilibrium.

Since the neutral pH is favored by most thiosulfate disproportionation bacteria (Finster et
al., 1998; Habicht et al., 1998; Jackson and Mclnerney, 2000), pH may affect the isotope
composition of sedimentary sulfide. Comparing the calculated results using H,S and HS’, the

influence of pH on the isotope fractionation between sulfur species can be indirectly inferred. As



shown in the figures 4 and 5, at neutral pH where HS is dominant, the isotope composition of
sulfide may become more **S-depleted than that at low pH. However, the experimental or natural
data are necessary to validate the theoretical results.

According to the Uyama et al. (1985)’s experiment, sulfate hinders the isotope exchange
between sulfonate and sulfaine sulfur. It can be explained by the chemical equilibrium among
sulfur species via the reaction:

8,05 + H,0 = SO, + H,S

In this reaction, abundant sulfate prevents the decomposition of thiosulfate, and thus the
formation rate of polysulfides cannot reach the level fast enough to mediate the significant
isotope exchange between sulfonate and sulfane sulfur. However, excluding the extreme case that
the whole sulfide produced by sulfur disproportionation bacteria will be removed by oxidation or
precipitation of sulfide minerals, sulfide is always available where the thiosulfate
disproportionation bacteria are present. Hence, the influence of sulfate on the isotope exchange
reaction during the bacterial sulfur disproportionation can be ignored.

Conclusively, reviewing previous studies and comparing experimental data with calculated
results provide confidence in our understanding of the isotope fractionation during the bacterial
thiosulfate disproportionation process. Also, it presents further steps to proceed in order to
understand this complicated process more clearly. First, the computational calculation of possible
intermediaries during the isotope exchange reaction using more accurate basis set will definitely
improve our understanding of the isotope fractionation during the bacterial disproportionation
process. In addition, to answer the question how bacteria mediate the isotope exchange reaction
even at low temperature, physiological study about the thiosulfate metabolism should be

conducted.
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HS SO,

-1

o 2 My 100001 ) 1000(1-*v/ ) Br:‘fg Z‘f ;3 no My 1000013 )
" 272144 271893 0.92 0.96 451 47231 47231 0.00
Vs 0.80 451 47290 472.90 0.00
v 0.99 611 65198 647.58 6.75
va 611 65221 647.83 6.72
v 611 65247 648.08 673
ve 983 106441 1064.41 0.00
v, 1105 121417 1198.19 13.16
v 1105 121440 1198.41 13.17
Vo 1105 121464 1198.66 13.16
R Sulfane (SSO;”)
cm

Py y 1000(1-*v/*v) 1000(1-"v/*v)

v 34543 34341 5.85 197

v 35433 35235 5.59 237

v, 47938 470.18 19.19 0.50

v 56555 56534 0.37 6.01

v 57794 57771 0.40 5.69

ve 71605 71475 1.82 16.52

v 109377 1093.76 0.01 4.00

v 1249.02  1249.02 0.00 12.57

vo 125020 1250.19 0.01 1258

Table 1. Calculated vibrational frequencies (32v, 3*v; cm ') and
frequency shifts (1000(1—34v/32v)) of various sulfur species
using the HF method



T(K) HS H,S S0,” Sulfane (SSO,)  Sulfonate (SSO,™)
50 31.36 79.50 726.01 158.95 658.65
100 15.22 38.38 333.04 63.60 298.34
150 9.84 24.67 202.44 33.92 179.24
200 7.15 17.82 137.94 20.79 121.00
250 5.53 13.71 100.17 13.94 87.26
300 4.46 10.98 75.88 9.95 65.77
350 3.69 9.04 59.29 7.44 51.21
400 3.11 7.59 47.48 5.76 40.90
450 2.67 6.48 38.79 4.59 33.36
500 2.31 5.60 32.23 3.74 27.68
600 1.78 4.30 23.19 2.62 19.88
700 1.41 3.40 17.43 1.93 14.92
800 1.15 2.75 13.55 1.48 11.59
900 0.95 2.27 10.82 1.18 9.25

1000 0.79 1.90 8.84 0.95 7.55

1200 0.58 1.38 6.20 0.66 530

Table 2. Calculated reduced partition function ratios, 103 x
In(3,, ;,), of various sulfur species from 50 to 1200 K using the

HF method



Figure captions

Figure 1. Disproportionation of thiosulfate by thiosulfate disproportionation bacteria in the
enrichment culture obtained from tidal flat sediments at Weddewarden (Germany). Figure 1A
shows the change in concentration measurement over time, and Figure 1B shows stable isotope
data (Habicht et al., 1998).

Figure 2. Variation with time of the isotopic composition of each sulfur species at 150°C
(Uyama et al., 1985). (Image removed due to copyright restrictions.)

Figure 3. Comparison between the experimentally measured values (solid symbols) and calculated
curve based on the experimental data for thiosulfate and sulfide (Chu et al., 2004).

Figure 4. Effect of temperature on the reduced partition function ratios, 10° x In(B34-32), of
various sulfur species (50—-170 °C) using the HF method.

Figure 5. Equilibrium fractionation factors plotted against temperature for various sulfur species.
Four solid curves are derived from the reduced partition function ratios in Table 2. The

broken curves and symbols are the experimental date.
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