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Abstract—The sulfur and oxygen isotope effects associated with anaerobic bacterial disproportionation of
elemental sulfur by a pure culturB¢sulfocapsa thiozymogenesd an enrichment culture were investigated
experimentally in the presence of synthetic Mn(IV)oxides. During bacterial disproportion#i&?’S were
fractionated in dissolved sulfate compared to elemental sulfur-B0y6 to +2.0%. [D. thiozymogengsand

—0.2 to +1.1%0 (enrichment culture) at cellular sulfur disproportionation rates 6f*4@nol S°/cell/h and

101" mol S°/cell/h, respectively. The measured sulfur isotope effects are much smaller than those observed
previously for the same cultures in the presence of Fe(lll) and Fe(ll) compounds, indicating that microbial
isotope fractionation was superimposed by the chemical re-oxidation of hydrogen sulfide ytd/slfate.
Significant re-oxidation of kB to sulfate was additionally confirmed by the oxygen isotopic composition of
sulfate, which was enriched ffO compared to water by 8 to +12%.. These new experimental results imply
that the overall influence of bacterial disproportionation on stable isotope partitioning in natural surface
sediments depends on the proportion and relative recycling rates of reactive Fe(lll) to
Mn(IV)(oxyhydr)oxides. Copyright © 2001 Elsevier Science Ltd

1. INTRODUCTION Jargensen, 1982; Thode—Andersen and Jgrgensen, 1989; Can-
field and Thamdrup, 1996).

The bacterial disproportionation of sulfur compounds is a  Significant sulfur isotope fractionation effects have been
class of processes during which sulfur species of intermediate found associated with the disproportionation reactions (Can-
oxidation state are transformed to sulfide and sulfate with no field and Thamdrup, 1994; Canfield et al., 1998; Cypionka et
external electron donor or acceptor, somewhat similar to the g|. 1998: Habicht et al., 1998: Boher et al., 2001), and are
fermentation of organic matter (Bak and Cypionka, 1987 pelieved to contribute to the strong overall enrichmeri2sfin
Thamdrup et al., 1993). Sulfur species with intermediate oxi- sedimentary sulfides (Jgrgensen, 1990a; Canfield and Tham-
dation states as elemental sulfur (S°), thiosulfags), and drup, 1994). Most recently, a large isotopic fractionation effect
sulfite (SG~) are metabolized. Whereas transformations of has also been observed for oxygen during the formation of
thiosglfate anq sulf!te are exergonic.under standard conditions,sozz; by S° disproportionation (Rtcher et al., 2001), with
the disproportionation of S°, according to: possible implications for the observed variations in the oxygen
isotope composition of S in coastal waters (Rtcher et al.,
1998b). Thus, investigations of the regulation of the dispropor-
tionation processes and their associated isotopic fractionations
are important for our understanding of the modern sulfur cycle
and for interpretations of the geological isotope record (Can-
field and Teske, 1996).

4H,0 + 4S°— 3H,S + SC;” + 2H" 1)

is endergonic (Bak and Cypionka, 1987), but may become
energetically favorable when 8 is removed from the solution,

e.g., by the reaction with Mn or Fe (oxyhydr)oxides (Thamdrup
et al.,, 1993). Disproportionating bacteria are widespread and Iron is an important scavenger of sulfide from sediment pore

abundant in anoxic sediments (Thamdrup et al., 1993; Finster et . ) . .
waters, and elemental sulfur disproportionation and associated

al., 1998) and disproportionation reactions have been found to . ) . . .
; . S . isotope effects have been investigated experimentally in the
be important in the sulfur cycle of both limnic and marine

sediments, where they may play a key role in the oxidation of presence of Fe(lll)oxyhydroxides or Fe(ll) carbonate (Canfield

. ' . and Thamdrup, 1994; Canfield et al., 1998;ttBber et al.,
sulfide produced by bacterial sulfate reduction (ergensen,2001 M ides h h 150 b found to b
1990a,b; Jargensen and Bak, 1991; Thamdrup et al., 1993;’ )- Manganese oxides have, however, also been found to be
Canfield and Thamdrup, 1996). Intermediate sulfur species

important in the oxidation of reduced sulfur compounds in
have been found as products of abiotic sulfide oxidation (Cline sediments (Aller and Rude, 1988; Canfield et al., 1993; Aller,

and Richards, 1965; Chen and Morris, 1972; Yao and Millero, 1994: Schippers and Jgrgensen, 2001), and disproportionating
1993, 1995, 1996). In natural sediments, high turnover rates bacteria are potentially significant in this oxidation (Thamdrup
lead to typically low concentrations of €0 and SO2~, but et al., 1993). In contrast to Fe-containing systems, sulfide does

elemental sulfur is a rather common compound (Troelsen and not precipitate during S° disproportionation in the presence of
Mn(IV)oxides but is rapidly reoxidized. Both S° and $0are

products of abiotic sulfide oxidation with MnQ{Fig. 1; Yao

*Author to whom correspondence should be addressed and Millero, 1993, 1995).
(mboettch@mpi-bremen.de). In the present study, we present the first results on the
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Fig. 1. Simplified sedimentary sulfur cycle illustrating the role of bacterial sulfur disproportionation and the influence of
Mn(IV)oxides.

influence of Mn(IV)oxides on sulfur and oxygen isotope frac-  the disproportionation reaction exergonic (Thamdrup et al., 1993; Lov-
tionation during bacterial disproportionation of elemental sul- ey and Phillips, 1994).

fur. Experiments were conducted with a pure cultubedul- Six completely filled screw-capped glass bottles (54)cfar each
culture were inoculated simultaneously and harvested after different

focapsa thiozymogerleand an enrichment culture. We USe  {ime intervals. Experiments were carried out at 28°C in a dark thermo-
stable oxygen isotope partitioning to interpret the pathways of constant room. At the end of the experiment, the bottles were vigor-
sulfur transformation. It is found that the superimposition of ously shaken and aliquots were taken for measurements of pH, cell
sulfur disproportionation and spontaneous partial re-oxidation numbers, and total and dissolved manganessS tas determined

. L spectrophotometrically on selected filtered samples @m2; N,-
of hydrogen sulfide to sulfate leads to a negligible overall sulfur g/ %o 0cs"~ Cetate filters from Sartoriustigen, Germany)

isotope fractionation between elemental sulfur and dissolved (ciine, 1969). The pH was determined on unfiltered samples immedi-
sulfate. The results indicate that the overall influence of bacte- ately after sampling by using an Orion combination electrode (Boston,
rial disproportionation on sulfur isotope partitioning in natural MA, USA). Another aliquot was filtered through cellulose acetate filter

; ; ; (0.45m). The Mn(ll) in the precipitate remaining on the filter, which
surfa_ce sediments depends on the. available proportions Ofis believed to consist of adsorbed Mn(ll) and precipitated Mn(I}CO
reactive Fe(lll) to Mn(IV)(oxyhydr)oxides. was measured after dissolution. After the filter was washed with dis-
tilled water, Mn(ll) was leached with 2 mL of 0.5 M HCl and 2 mL of

2. EXPERIMENTAL TECHNIQUES distilled water. Pure Mn@is not dissolved by this procedure. The

combined acid leachate and water from the last wash were analyzed for

A pure culture oD. thiozymogenestrain Bra2, DSM 7269; Janssen Mn(Il). The filtrate was acidified with HCIl and analyzed for manganese
et al., 1996) and the enrichment culture “Kuhgraben” (Canfield et al., by standard procedures by using an ICP-OES (Perkin—Elmer Optima
1998), both freshwater cultures, were used in the present studyDBoth ~ 3000XL). Total manganese was completely dissolved in dithionite-
thiozymogeneas well as the organism that dominates the Kuhgraben citrate-acetic acid and measured by atomic absorption spectroscopy
enrichment are rod-shaped with lengths of about 1.7 andu2®% (Perkin—Elmer). Samples for the determination of cell numbers were
respectively, and a width of 0.6m (Canfield et al., 1998D. thiozy- fixed with glutaraldehyde (2.5% final concentration) and stored at 4°C
mogeness a strictly anaerobic strain and is capable of reducing sulfate, in the dark. After dissolution of Mn©by a dithionite-citrate-acetic
as well as disproportionating thiosulfate and sulfite (Janssen et al., acid solution, cells were stained with DAPI and counted with a Zeiss
1996). The dominating organism from the Kuhgraben enrichment Axiolab epifluorescence microscope. Initial cell counts were about
has not yet been isolated for further physiological characterization. 3 X 107 cells/mL for D. thiozymogeneand 6 X 10" cells/mL for
Both cultures have been shown in a previous study (Canfield et al., Kuhgraben.

1998) to fractionate sulfur isotopes to the same magnitude as marine  The remaining experimental solution was rapidly mixed with 20 mL
strains. of 10% wt./vol. zinc acetate. The solution was filtered (045,

An anoxic bicarbonate-buffered medium without sulfate was pre- polynitrate filters) and sulfate was precipitated from the filtrate as
pared with the addition of vitamins and nonchelated trace metals BaSQ, for stable isotope and gravimetric sulfate determination. Purity
according to Widdel and Bak (1991). Flowers of synthetic sulfur of selected BaS@samples was checked by Fourier transform infrared
(Fluka, Buchs, Switzerland; purum quality) were ground in a mortar Spectroscopy.
with distilled water, and the suspension was autoclaved at 114°C for 30  Elemental sulfur was extracted from the final dried solids via Soxlet
min. Elemental sulfur was added in excess5(mmol) to the medium extraction with acetone for 48 h. S° was precipitated on activated Cu as
(54 cn?) with a sterile spatula, and 2.2-mmol synthetic X-ray amor  Cu$S, which was further converted into /&via HCI distillation (Allen
phous manganese dioxide (MpQwvith an average oxidation state of  and Parkes, 1995). Additionally, an aliquot of the dried samples was
3.98 = 0.05 (Thamdrup et al., 1993) was also added under anoxic treated with hydroxylamin hydrochloride solution (Thamdrup et al.,
conditions. MnQ was used as scavenger for hydrogen sulfide to keep 1993) to reduce residual Mn(IV) and then distilled with HCI (Allen and
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Table 1. Experiments conducted to investigated stable isotope fractionation during bacterial sulfur disproportionation in the presence of MnO

Time pH Log cell SO, 5%3(SQ) 5'%0(SQy) Mn(ll),aq Mn(ll), leach
(h) (28°C) number/mL (mM) (%o0) (%o0) (nM) (mM)
B-Mn

2 7.29 7.51 0 n.a. n.a. 0 1.1
94 7.49 8.15 0.8 15.0 n.d. 45 4.2
145 7.64 8.04 1.3 15.1 37 122 5.7
290 7.93 8.22 25 17.4 7 200 6.6
338 8.25 8.49 3.2 17.6 49 161 105
408 8.26 8.28 3.0 17.4 £9 a7 7.8
K-Mn

2 7.30 7.82 0 n.a. n.a. 0 1.0
169 7.56 8.18 1.0 15.5 @8 116 2.9
219 7.65 8.29 1.3 15.4 @8 123 3.6
364 7.69 8.18 14 16.5 14 171 4.3
412 7.73 8.43 15 16.7 14 188 4.4

Cellular sulfur disproportionation rates (cCSDR) as estimated from the sulfate concentrations (Eqn. 7; see text) W& 1amol S°/cell/h) in

experiment B-Mn, and 10'°-5-%-5 (umol S°/cell/h) in experiment K-Mn.
2n.d., not determined; n.a., not applicable.

POxygen isotopic composition was measured on pooled barium sulfate of two experiments each (B-Mr29@%5, 338+ 408 h; K-Mn: 169+

219 h, 364+ 412 h).

Parkes, 1995) to convert potential ZnS resulting from the fixation of
hydrogen sulfide into AgS. No hydrogen sulfide, however, was found
in any of the samples.

BaSQ, precipitates were carefully washed, dried, and analyzed for
the sulfur isotopic composition by combustion isotope-ratio-monitoring
mass spectrometry (C-irmMS) as described byt&wr et al. (1998a)
by using a Carlo Erba EA 1108 elemental analyzer connected to a
Finnigan-MAT 252 mass spectrometer via a Finnigan Conflo Il open
split interface (Bremen, Germany). International silver sulfide stan-
dards IAEA-S-1 and IAEA-S-2 were used to calibrate the mass spec-
trometer for sulfur isotope measuremer®¥'S values of+20.6%. and
+16.3%0 were obtained for the international reference materials NBS-
127 (barium sulfate) and IAEA-S-4 (elemental sulfur). Replicate mea-
surements agreed within0.15%.. The oxygen isotope composition of
BaSQ, was analyzed at the University of Bingen by fluorination with
BrFs (Clayton and Mayeda, 1963; Pickthorn and O’Neil, 1985). Of the
possible volatile reaction products;,050,, Bri;, and excess Bif
only O, passes through the liquid nitrogen cold trap and, hence, only
50% of the sulfate oxygen is extracted. The @ quantitatively
converted to CQby passing it over a graphite rod heated by a Pt-coil.
The *®0/**0 of CO, was measured on a Finnigan-MAT 252 mass
spectrometer. It had been determined by Pickthorn and O’Neil (1985)
and also confirmed in the laboratory atblingen University that the
fractionation between extracted,@nd residual products is indepen

dent of reaction temperature between 400°C and 600°C and of reaction

time (commonly 12 h). The present results were thus corrected for
systematic isotope fractionation resulting from the extraction of only
50% of the sulfate oxygen by using NBS-1290 = +9.34%o vs.
V-SMOW). Replicate measurements agreed to withif.3%.. The
oxygen isotope composition of a filtered aliquot (1-2 mL) of the
experimental solution was measured by equilibration with, @Da
closed system at 25°C. The fractionation factor between &@ H,O

at 25°C was taken from O’Neil et al. (1975) and replicates reproduce

3. RESULTS AND DISCUSSION

3.1. Manganese and Sulfate

During the course of the experiments wibh thiozymogenes
and Kuhgraben, cell growth and a continuous increase in the
concentrations of dissolved 0, and OH, and the amounts
of extractable manganese were observed (Fig. 2). Extracted
manganese is assumed to consist of adsorbed Mn(ll) and pre-
cipitated MnCQ (rhodochrosite). Both cultures showed the
same general trends for the concentrations of the dissolved
species, although the reaction progress with time for the Kuh-
graben enrichment was slower than Earthiozymogene#\fter
an initial increase in dissolved Mn(l}), a drop at higher pH
values (Table 1) indicates a further limitation of Mn(l})
accumulation by the enhanced precipitation of MnGiDe to
thermodynamic supersaturation. Precipitation of MnS can be
neglected under the present experimental conditions because
very high sulfide concentrations are required to make MnS to
become more stable in bicarbonate-containing aqueous solution
than MnCQ, (Bottcher and Huckriede, 1997). From a compar
ison of the data in Table 1 we conclude that essentially all
reduced manganese was bound to the solid phase. The precip-
itation of Mn(I)CO,; was additionally confirmed by a FT
infrared spectroscopic investigation of selected final solids,
which showed the typical infrared absorption bands of

better than 0.1%.. Oxygen isotope measurements were carried out on aMn(I)CO, with very limited incorporation of C& into the

Finnigan MAT 252 (University of Thingen) or a Fisons Optima mass
spectrometer (ETH Zich, Switzerland)*®0/*°0 and**SF2S ratios are
reported in the3-notation relative to the V-SMOW and V-CDT stan-
dards, respectively.

Elemental sulfur used in the experiments had a sulfur isotope com-
position of +15.6 = 0.2%o vs. V-CDT f = 13), and theexperimental
solutions had an oxygen isotope composition-6f.4 = 0.1%o vs.
V-SMOW. Concentrations and sulfur isotopic compositions of dis-
solved sulfate (Table 1) were corrected for the small amounts initially
derived from the pre-cultures.

carbonate lattice (White, 1974;"Boher et al., 1992; Bitcher,
1998).

No hydrogen sulfide was found in any of the samples. The
observed compositional variations are consistent with the over-
all process of hydrogen sulfide and sulfate production during
bacterial disproportionation of elemental sulfur followed by the
spontaneous oxidation of hydrogen sulfide (Thamdrup et al.,
1993) according to a combination of Eqns. 1 and 2:
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4H,0 + 4S°— 3H,S + SO~ + 2H" (1)

3H,S + 3Mn0O, — 3Mn** + 3S°+ 60H" 2

S°+ 3MnO, + 4H* —>SG + 3MM** + 2H,0  (3)

In contrast to the disproportionation of elemental sulfur in
iron-containing systems (Canfield et al., 1998ttBber et al.,
2001), the superimposition of Eqns. 1 and 2 leads to a contin-
uous increase in pH (Eqn. 3), in general agreement with the
experimental results (Table 1). In Egn. 2 it was assumed, that
the reaction of BS with MnQ, yields elemental sulfur as the
only re-oxidation-product (Thamdrup et al., 1993). The ob-
served stoichiometry between sulfate and accumulated Mn(ll)
is slightly lower than the theoretical value of 3 which is
expected from Eqn. 3. This is most likely due to a nonquanti-
tative extraction of Mn(11)CQ from the solids by HCI, because
the dissolution velocity of synthetic rhodochrosite in aqueous
solution is slow (Bttcher, unpublished experimental data). By
using sulfuric acid as extracting agent, Thamdrup et al. (1993)
found a stoichiometry close to 3 during disproportionation of
elemental sulfur by an enrichment culture in the presence of
Mn(1V).

3.2. Stable Isotopes

Under the conditions described by equations (1) and (2), the
stable isotopic composition of dissolved sulfate should reflect
the same enrichments S and*®0 caused by the dispropor
tionation process (Eqgn. 1) as found in experiments with Fe(lll)
and Fe(ll) compounds (Btzher et al., 2001; Canfield et al.,
1998). For the cultures under investigation, a range between
+11 and +18%0 has been found foP'SP?S fractionation
between sulfate and elemental sulfur and betwed® and
+17%0 for *80/*®0 partitioning between sulfate and water
under experimental conditions similar to the present experi-
ments, but using iron compounds as scavengers (Fig. 3;
Bottcher et al., 2001). In the presence of Mn(lV)oxides, how-
ever, the magnitude of overall isotope fractionation is signifi-
cantly decreased for both sulfur and oxygen isotopes (Fig. 3;
Table 1). Dissolved sulfate, for instance was only enriched in
39S compared to elemental sulfur by0.6 to +2.0% (.
thiozymogengsand —0.2 to +1.1%. (Kuhgraben). This indi-
cates that not all reactions taking place in our experiments are
described by Eqgns. 1 and 2, and dissolved sulfate must have
been produced by additional oxidative reactions, besides S°
disproportionation.

Sulfate formation in agreement with the observed concen-
tration shifts during the time courses can be explained by two
different mechanisms:

A) Bacterial oxidation of elemental sulfur to sulfate reducing
by Mn(IV)oxide, or

B) Bacterial disproportionation of elemental sulfur to hydro-
gen sulfide and sulfate followed by the reoxidation of
hydrogen sulfide to elemental sulfur and sulfate.

Both a one-step bacterial oxidation of elemental sulfur by
Mn(IV)oxides (A) and the combined pathway according to

$0,2 (mM)
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log (cells mI)
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Fig. 2. Reaction progress of dissolved sulfate (a), total Mn(ll) (b),
and cell numbers (c) during bacterial disproportionation of elemental
sulfur in the presence of Mn(lV)oxides. SquarBesulfocapsa thiozy-

process B would lead to the same stoichiometry between mogenescircles: Kuhgraben enrichment. The pH was used as the

Mn(Il) and sulfate of 3:1 (Eqn. 3). A combination of Eqn. 1

reaction progress variable.
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20 Mn(IV) limited conditions they observed the final accumula-
a. --T T R tion of hydrogen sulfide after all manganese was reduced; the
-7 ) same was found in longterm experiments with the Kuhgraben
r e FeOOH; FeCO, .~ enrichment in the presence of a limited amount of Mn(IV)oxide
( -~ (Bottcher and Thamdrup, unpublished). The formation of sul-
~-———-- - fate besides elemental sulfur during the chemical oxidation of
hydrogen sulfide by Mn(lV)oxides has previously been ob-
served experimentally (Yao and Millero, 1993, 1995, 1996) and
is also in agreement with theoretical considerations based on
_ the frontier-orbital theory approach (Luther, 1990). Additional
---"""""mo O ‘[a support comes from experiments where oml$0% of hydro-
0 'li 0O o O_> gen sulfide oxidized experimentally by Mn(IV)oxides was re-
---------- MnO covered as elemental sulfur (Burdige and Nealson, 1986). Yao
2 and Millero (1993, 1995, 1996) found up to 30% of,H
B chemically oxidized to sulfate by MnQJpH 7.5; 25°C). In the
latter experiments, the importance of sulfate as an oxidation
product increased with increasing [MgJl)H ,S] ratios. In the
0 100 200 300 400 500 experiments conducted in the present study, no measurable
Time (h) accumulation of hydrogen sulfide above levels ofiBl was
found, indicating that a very high [Mn{D[H,S] ratio was
20 maintained. From the experimental results of Yao and Millero
i b_ (1996) derived in seawater, it is expected that the relative
----------------- - importance of sulfate as an oxidation product exceeded 30% in
e S--- _Eeppﬂ;_':fggs ————— - the experimental solutions of the present study.
A more detailed and quantitative estimate for the sources of
B sulfate can be done following oxygen isotope partitioning.

12 ----- -+

10 -

3%48(80,%) - 3%48(S°) [%d]

3.2.1. Oxygen isotopes

. An important and quantitative argument that Eqns. 1, 2, and
8- MO, ‘o _ _-" © 4 took place during the course of our experiments comes from

oxygen isotope fractionation between water and dissolved sul-
B fate: under anoxic conditions, the oxygen atoms of newly
formed sulfate are completely derived from water. Nonbiologi-
cal oxygen isotope exchange between sulfate and water is
L extremely slow at a neutral pH and low temperatures (e.g.,
Lloyd, 1968; Mizutani and Rafter, 1969; Chiba and Sakai,
1985) and can be neglected under the experimental conditions
of the present study. Therefore, the oxygen isotopic composi-
tions of both species are related by (Taylor et al., 1984):

5180(S0,%) - 51%0(H,0) [%c]
0

1 I 1 ' 1 I 1 ' 1
0 100 200 300 400 500
Time (h)

Fig. 3. Sulfur (a) and oxygen isotope (b) fractionation between 1 18
elemental sulfur and dissolved sulfate in the presence of different 57°0(SQ) = 6°0O(H,0) + €120 (5)
metal(oxyhydr)oxides. Data for FeOOH and FeCide from Bitcher . . .
et al. (2001). Square®esulfocapsa thiozymogenesrcles: Kuhgra- The magnitude of the isotope enrichment factgf,o, depends
ben enrichment. Note: Average run times were used to present oxygenon the bacterial and chemical processes involved in sulfate

isotope fractionation (Table 1). formation (e.g., Taylor et al., 1984; van Stempvoort and
Krouse, 1994). For the present study,,, values between
+8.2 and+12.3%o. are calculated for the data in Table 1. On the
other hand, microbial disproportionation of elemental sulfur
without reoxidation of HS was accompanied bysg,,o value

with the complete oxidation of hydrogen sulfide to sulfate (Eqn.
4), for instance, yields the overall Eqn. 3:

4H,0 + 45°— 3H,S + SO + 2H" 1) of gbout+17%o (Battcher et_al., 2(?01). During bacterial oxi-
dation of elemental sulfur, Mizutani and Rafter (1969) found no
H,S + 6H" + 4MnO, — 4Mn*" + SG;” + 4H,0  (4) oxygen isotope fractionation between sulfate and water and,
therefore,e,o Was close to zero. Isotope effects of different
S°+ 3MnO, + 4H" — SO~ + 3MR?* + 2H,0  (3) magnitudes were reported for the oxidation of hydrogen sulfide

(van Stempvoort and Krouse, 1994), and Taylor et al. (1984)
Thamdrup et al. (1993) have experimentally shown that micro- reported a mean value of aboti4%o.. These previous studies
bial disproportionation of elemental sulfur occured in the ab- show that the experimental results of the present study cannot
sence of Mn(IV)oxide by a bacterial culture that was enriched be described by an one-step oxidation of elemental sulfur to
on Mn(lV) and elemental sulfur, arguing that Eqns. 1 and 2 sulfate (mechanism A). Actually, the oxygen isotopic compo-
took place in the presence of Mn(IV)oxide. Additionally, under sition of dissolved sulfate additionally confirms its dual origin
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from the bacterial disproportionation of elemental sulfur and
the reoxidation of BS (mechanism B). The overall isotopic

composition of sulfate observed in the present study (Table 1)

is consistent with a binary mixture of sulfate originating from
Eqns. 1 and 4 according to:

§°0(SQ) = X {5°0(H;0) + €201}
+ (1= X){8°0(H;0) + €n0-2t (6)

whereX is the fraction of sulfate derived from the dispropor-
tionation of elemental sulfur anel,,o_, is the associated iso
tope effect.e;»0.5 IS the isotope enrichment factor related to
reoxidation of hydrogen sulfide to sulfate. By using the exper-
imental results from Table 1 and average values-&¥%. and
+4%0 for e,0.4 and g,0.5 respectively, the contribution
from the reoxidation of BS into the sulfate pool is estimated
from Eqn. 6 to range between 31 and 69%. The relative

M. E. Bdtcher and B. Thamdrup

8¥S(SQ) = X{8¥S(S°) + €nis}
+ (1= X){8S(H:S) + eoxt (8)

whereX is the fraction of sulfate derived from the dispropor-
tionation of elemental sulfur anel,; is the associated isotope
effect. However, the approach used for oxygen isotopes (Eqn.
6) is not quantitatively applicable to the sulfur isotopic com-
position of sulfate, because the effective magnitude of sulfur
isotope partitioning between the educt3Hand the product
SO2~ (and S°) depends not only on the kinetic isotope effect,
£oxi» DUt also on the reservoir sizes. The size of thS ool
from which the oxidation took place is not known but should be
rather small. Additionally, both S° and §0 are the products

of the oxidation reaction (Eqns. 2 and 4). Whereas no prefer-
ential isotope consumption with respect to elemental sulfur was
observed during disproportionation (Canfield and Thamdrup,

proportion of the latter reaction seems to decrease with the 1994), effective and fast }$ reoxidation may decrease the
reaction progress (Table 1), probably indicating the importance overall isotope fractionation.

of kinetic factors influencing the processes at the interface
between oxidizing metal oxide and the solution.

Considering a contribution of 50% to the total dissolved
sulfate pool derived directly from disproportionation of ele-
mental sulfur, cellular rates for the disproportionation (cSDR)
of elemental sulfur in the presence of Mp@an be estimated
from

cSDR[umol S°/cell/h]=2(§S - S _ 1)

(C+C D))t — )" (7)
S, C, andt refer to the amounts of sulfatgifnol], the total cell
number, and reaction time, respectively, at time intervalsd
i — 1. cSDR values varied between 1% to 10 °° pumol
Se/cell/h forD. thiozymogenesand 10 *°°and 10 **-° umol
Se/cell/h for Kuhgraben. Cell growth actually stopped during

the final stages of the experiments. This could have been cause

by an increase in pH during the disproportionation process in

the batch experiments (Table 1) as indicated by the overall Eqn.

3. Janssen et al. (1996) reported Brthiozymogenegrowth
within a range of pH 6.8 and 8.0, in agreement with our
observations. cSDRs in the presence of Mn(lV) are smaller

Thiosulfate was observed as a byproduct gStéxidation by
Mn(lV)oxides in seawater (Yao and Millero, 1995, 1996), and
the formation of this sulfur intermediate cannot be excluded for
the present experiments. However, thiosulfate is also rapidly
disproportionated byD. thiozymogeneglanssen et al., 1996)
and this process is associated by a pronounced sulfur isotope
fractionation between the products sulfate and hydrogen sulfide
(Cypionka et al., 1998; Habicht et al., 1998). The small
overall enrichment of“S in dissolved sulfate indicates that
this process was of minor importance in the present exper-
iments.

By using an average observats enrichment of about 1%
in the experiments of the present study (Table 1), an enrichment
of +14%. for sulfate formation through the disproportionation
process (Bticher et al., 2001), and an average contribution of

0% to the total sulfate pool derived from disproportionation
Section 3.2.1), then the average sulfur isotopic composition of
sulfate derived from reoxidation of J3 ({8**S(H,S) + eoy}
in Eqgn. 8) is estimated to be about 4%.. This is isotopically
somewhat lighter than the actual measurements & (AVS)
in cultures with Fe (Canfield et al., 1998; ®cher et al., 2001)

than those observed with the same cultures in the presence ofindicating that isotope fractionation during,$i oxidation to

Fe(ll) and Fe(lll) compounds (Canfield et al., 1998tt8ber et
al., 2001). The difference is more pronounced for the Kuhgra-
ben enrichment than fdp. thiozymogenegTable 1).

3.2.2. Sulfur isotopes

34SP?S ratios in dissolved sulfate were fractionated eom
pared to elemental sulfur by 0.6 to +2.0% ©. thiozymo-
gene¥and—0.2 to+1.1%. (Kuhgraben). Because the$ithat
is produced upon disproportionation has a lowt8/£S ratio

than the consumed elemental sulfur (Canfield and Thamdrup,

sulfate took place. This finding is in general agreement with the
experimental results of Fry et al. (1988). Sulfur isotope frac-
tionation between k5 and the sulfate produced during oxida
tion may have occurred, because two oxidation products were
formed and isotopes were discriminated between these two
pools. Therefore, isotope fractionation was possible although
the H,S pool was generally very small.

It should be noted that in a recent study, Smith (2000)
reported small sulfur isotope fractionation effects during pure
abiotic hydrolysis of elemental sulfur at 50°C. The experi-
ments, however, have been carried out in highly concentrated

1994; Canfield et al., 1998), these results are consistent with CU acetate solutions and cannot be directly compared to the

significant reoxidation of hydrogen sulfide to sulfate (Eqn. 4)
and the oxygen isotope results. A kinetic isotope effegj of
about—5%. upon H,S oxidation has been observed experimen
tally (Fry et al., 1988) and the overall sulfur isotope fraction-
ation into sulfate can, therefore, be described according to:

present study. Bacterial disproportionation of elemental sulfur
leads to significant isotope discrimination (Canfield et al.,
1998; Bitcher et al., 2001) and only an additional abiotic

(oxidation) reaction yields the small isotope effects observed in
the present study.
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3.3. Geochemical Implications of dissolved Mn(Il) and HS in the anoxic water column of the
deeps takes place during “flushing-events” when specific me-

The present experimental findings have strong implication tereological conditions force water from the North Sea to enter
for the influence of sulfur disproportionation on the sedimen- the Baltic Sea. This oxygenated dense water mixes with the
tary stable isotope isotope record. Canfield and Thamdrup anoxic waters and Mn(IV)oxides are precipitated, which form
(1994) suggested that the strong depletior?& observed in discrete layers at the sediment water interface. The reestablish-
sedimentary sulfides may be related to cycles of reoxidation of ment of suboxic/anoxic conditions in the bottom waters leads to
hydrogen sulfide to elemental sulfur followed by the bacterial the reduction of Mn(IV)oxide and the formation of Mn(Il)GO
disproportionation to sulfate and hydrogen sulfide. This sulfur Although the exact biogeochemical mechanisms associated
isotope effect has actually been confirmed experimentally using with the formation of the discrete carbonate layers are not yet
Fe(lll) or Fe(ll) compounds as scavengers foySHCanfield known, a complex interaction between the manganese, sulfur,
and Thamdrup, 1994; Canfield et al., 1998:tBber et al., iron, and carbon cycles is suggested, including the formation of
2001). However, besides Fe(lll)oxyhydroxides, Mn(IV)oxides sulfur intermediates. Under these conditions, the reactions in-
may also contribute to the reoxidation of hydrogen sulfide and vestigated experimentally in the present study may have an
FeS in the chemocline of modern anoxic basins (Jacobs et al.,enhanced impact. This biogeochemical environment has been
1985; Millero, 1991a,b,c) and near-surface sediments (Canfield suggested to be a model for the enrichment of manganese in
et al., 1993; Aller, 1994; Moeslund et al., 1994). The experi- manganiferous black shales (Huckriede and Meischner, 1996),
mental results of the present study imply that the overall and the influence of Mn(lV) on stable isotope partitioning in
isotope effect associated with elemental sulfur disproportion- sedimentary sulfur phases may have to be considered here as well.
ation in natural surface sediments depends on the ratio and From the changes in the oxygen concentration of the Earth’s
relative recycling rates of reactive Fe(lll)oxyhydroxides to atmosphere (Canfield and Teske, 1996) and the accumulation
Mn(IV)oxides. Although reactive manganese is typically of manganese ores of sedimentary origin (Laznicka, 1992),
present in smaller amounts than iron, the much higher turnover with time it can be inferred that the biogeochemical role of
rates of manganese (Thamdrup et al., 1994) may also lead to aMn(IV)oxides in water may have changed during geological
more pronounced importance for the interaction with the bio- time. Additionally, changes in the seafloor hydrothermal fluxes
geochemical sulfur cycle. The relative rates may additionally (e.g., Carpenter and Lohmann, 1997) may have influenced the
be influenced by the reactivity of the sedimentary oxides, which availability of Mn(VI) in marine sediments influenced by metal
is related to their mineralogy (Thamdrup, 2000, and references input originating from hydrothermal activity.
therein). The overall sulfur isotope signature preserved in the  More studies in recent and sub-recent sediments are needed
sediment will additionally be influenced by the relative rates of to characterize and quantify the relations between biogeo-
iron sulfide formation and 8§ reoxidation. The indirect influ chemical reactions, microbial community structure, with spe-
ence of different metal(oxyhydr)oxides on the oxygen isotopic cial regard to disproportionating bacteria, and the resulting
composition of dissolved sulfate in pore and surface waters stable isotope signals to proof the importance of the different
may be of special significance in marine surface sediments, parallel reactions and derive further interpretation tools for the
where high turnover rates in the biogeochemical sulfur cycle fossil sedimentary record. Future studies should consider both
and intense bioturbation may occur and varid5®@/*°0 ratios oxygen and sulfur isotope fractionation.
in sulfate have been observed (Bher et al., 1998b). It is,
therefore, expected that in coastal and estuarine sediments WithﬁclsncéwledgminftsThe aUtTOFtSh thankl ltD'rOfl.fJ.'l!f'u"ketrtﬁnc: Ptr‘(t)f't .

P H H i i .-J. brumsack Tor access 10 the analytical 1acilities al e Institute o
Egshe bé?gg:a(lsicr:ggg 2?dal\{,er:{9%);_r;]a'?k:;r§l(jlrf3;; ir;daT,aq%gll; Chemistry and Biology of the Marine E%vironment (ICBM), University

] ) of Oldenburg, and S. Fleischer (MPI Bremen) and Dr. B. Schnetger
Canfield and Thamdrup, 1996; Huettel et al., 1998; Kristensen

(ICBM) for technical assistance. The oxygen isotopic composition of
et al., 2000) the influence of Mn(IV)oxides may be increased.
One likely effect of Mn(1V) is a decrease of the overall sulfur
isotope effect, which would otherwise be observed if only
Fe(lll) would act as a scavenger for,&l In the case of the
oxygen isotopic composition of sulfate, manganese dioxide
may lead to a lowering of the isotope signal compared to a
system dominated by sulfate reduction and disproportionation
in the presence of Fe(lll) compounds @er et al., 2001).

In the sedimentary system, dissolved Mn(ll) is much more
mobile than Fe(ll), leading to a flux of Mn(ll) from reduced
sediments into the bottom waters, whereas iron is easily pre-
cipitated in the anoxic part as iron sulfide (Calvert and Petersen,
1996). However, even in anoxic systems, Mn(IV) may have an
impact on metabolism of sulfur intermediates and associated
isotope effects. The relative contribution of Mn(IV) on isotope
partitioning in surface sediments may increase in environmen-

tal systems that are enriched in manganese as the anoxic basinﬁI

of the Baltic Sea (Huckriede and Meischner, 1996). Huckriede
and Meischner (1996) proposed a scheme in which reoxidation

sulfate was measured by Dr. T. Vennemann (University ‘dfifigen),

and the water samples were kindly analyzedf@ contents by Drs. T.
Vennemann and S. Bernasconi (ETHri¢h). Dr. P.-L. Gehlken (Eber-
gotzen, Germany) kindly carried out the FTIR spectroscopic measure-
ments. Comments by Drs. J. Kuever, O. Larsen, and A. Schippers
improved an early version of the manuscript. The study was supported
by Max Planck Society, Munich. The manuscript was improved by the
constructive comments of three anonymous journal reviewers and the
associate editor Prof. K. Kyser.

Associate editorK. Kyser
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