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Abstract

We present a 3-year study of concentrations and sulfur isotope values (8°*S, A**S, and A%*S) of sulfur compounds in the
water column of Fayetteville Green Lake (NY, USA), a stratified (meromictic) euxinic lake with moderately high sulfate con-
centrations (12-16 mM). We utilize our results along with numerical models (including transport within the lake) to identify
and quantify the major biological and abiotic processes contributing to sulfur cycling in the system. The isotope values of
sulfide and zero-valent sulfur across the redox-interface (chemocline) change seasonally in response to changes in sulfide oxi-
dation processes. In the fall, sulfide oxidation occurs primarily via abiotic reaction with oxygen, as reflected by an increase in
sulfide 5**S at the redox interface. Interestingly, S isotope values for zero-valent sulfur sampled at this time still reflect pro-
duction and recycling by phototrophic S-oxidation. In the spring, sulfide S isotope values suggest an increased input from
phototrophic oxidation, consistent with a more pronounced phototroph population at the chemocline. This trend is associ-
ated with smaller fractionations between sulfide and zero-valent sulfur, suggesting a metabolic rate control on fractionation
similar to that for sulfate reduction. Comparison of our data with previous studies indicates that the S isotope values of sul-
fate and sulfide in the deep waters are remarkably stable over long periods of time, with consistently large fractionations of up
to 58%, in 8>*S. Models of the 5>*S and A*S trends in the deep waters (considering mass transport via diffusion and advection
along with biological processes) require that these fractionations are a consequence of sulfur compound disproportionation at
and below the redox interface in addition to large fractionations during sulfate reduction. The large fractionations during sul-
fate reduction appear to be a consequence of the high sulfate concentrations and the distribution of organic matter in the
water column. The occurrence of disproportionation in the lake is supported by profiles of intermediate sulfur compounds
and by lake microbiology, but is not evident from the 8°*S trends alone. These results illustrate the utility of including minor
S isotopes in sulfur isotope studies to unravel complex sulfur cycling in natural systems.
© 2010 Elsevier Ltd. All rights reserved.
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settings produces the majority of the isotopic signal. In labo-
ratory experiments, pure cultures and mixed populations of
sulfate reducers have generated sulfide that is up to 489, de-
pleted in **S from reactant sulfate (Kaplan and Rittenberg,
1964; Canfield, 2001a; Habicht and Canfield, 2001). Isotope
fractionation during sulfate reduction has been shown to
vary not only with the organism (e.g., Detmers et al., 2001),
but also with environmental parameters such as sulfate con-
centration, carbon or electron donor availability, and tem-
perature (Harrison and Thode, 1958; Kaplan and
Rittenberg, 1964; Habicht et al., 2002; Briichert, 2004; Can-
field et al., 2006). Fractionations between sulfate and sulfide
in ancient sediments and in modern anoxic systems often ex-
ceed the maximum fractionations measured in experiments
with sulfate reducers alone (up to 70%; Fry et al., 1991; Can-
field and Teske, 1996; Canfield, 2001b; Neretin et al., 2003).
In some systems, these exceptionally large fractionations
can be attributed to recycling of sulfide by oxidation and/or
disproportionation reactions (Canfield and Thamdrup,
1994; Habicht et al., 1998; Serensen and Canfield, 2004). Oxi-
dation processes (e.g., phototrophic oxidation of sulfide with
sunlight, or chemotrophic oxidation with oxygen or nitrate),
produce small fractionations in *#S/*2S (0-5%,; Fry et al.,
1984, 1986, 1988). Biological disproportionation of interme-
diate sulfur compounds (zero-valent sulfur, SO;~, and
S,057) to sulfide and sulfate can generate additional larger
fractionations, with product H,S generally depleted in **S
by 5-7%,, and product SO,*>~ generally enriched in **S by
17-219, (Canfield, 2001a). Numerical models of sediment
sulfur isotopes (Goldhaber and Kaplan, 1980; Wortmann
etal.,2001) and of the sulfate reduction metabolism (Brunner
and Bernasconi, 2005) have additionally suggested that sul-
fate reducers are capable of producing much larger fractiona-
tions than what has been measured experimentally, perhaps
explaining the large fractionations observed in nature with-
out invoking additional oxidative cycling. These large fracti-
onations have only recently been demonstrated in
incubations with natural populations of sulfate reducers
(Canfield et al., 2010).

Meromictic (permanently stratified) lakes provide un-
ique environments in which to study sulfur transforma-
tions, particularly those involved in the oxidative part of
the sulfur cycle. In these environments, density stratifica-
tion of the water column typically results in an upper,
well-oxygenated mixed water mass (mixolimnion), overlying
a stagnant anoxic deep water mass (monimolimnion). Given
sufficient sulfate, sulfate reduction can occur throughout
the anoxic deep waters, leading to the buildup of hydrogen
sulfide and euxinic conditions. The redox interface between
oxic and sulfidic waters (the chemocline) in these systems
harbors steep geochemical gradients and is an intense zone
of sulfide oxidation (e.g., Mandernack and Tebo, 1999). If
the chemocline occurs in the photic zone, these environ-
ments often support a dense community of phototrophic
sulfur oxidizing bacteria that can sustain high levels of
nutrient cycling and primary productivity rivaling that of
the epilimnion of dimictic lakes (e.g., Overmann et al.,
1991; Overmann, 1997; Canfield et al., 2005).

Previous workers have measured 8°*S of sulfur com-
pounds in stratified systems as a proxy for sulfur cycling

processes. Studies of the **S of sulfide in euxinic Mariager
Fjord demonstrated that most of the sulfide accumulating
in the fjord was formed in the sediments (presumably via
sulfate reduction), but the isotopic composition of sulfide
within the water column was affected by further oxidative
processes, such as disproportionation (Serensen and Can-
field, 2004). These researchers also demonstrated that the
3*S composition of sulfide in Mariager Fjord fluctuated
in response to periods of net sulfide oxidation and sulfate
reduction in the basin. The 3**S of sulfur compounds in
the Black Sea water column has been investigated by a
number of workers (Sweeney and Kaplan, 1980; Lein and
Ivanov, 1990; Fry et al., 1991; Muramoto et al., 1991; Nere-
tin et al., 1996, 2003). These studies documented an enrich-
ment in >*S in sulfide near the chemocline, due to either
sulfide oxidation or decreased fractionation during high
rates of sulfate reduction at the chemocline. Mandernack
et al. (2003) similarly suggested that decreasing sulfate
534S at the redox interface of Framvaren Fjord was due
to sulfide oxidation, with a zone of sulfur disproportion-
ation just below indicated by higher sulfate 8**S and '%0.

A number of studies have examined the 8**S of sulfur
compounds (primarily pyrite) in the sediments of euxinic
environments, to distinguish diagenetic pyrite formed in the
sediments from syngenetic pyrite formed in the water column
(Lyons, 1997, Wilkin and Barnes, 1997; Suits and Wilkin,
1998; Lyons et al., 2003; Werne et al., 2003; Donahue et al.,
2008). These studies were primarily undertaken in an attempt
to evaluate the validity of using °*S of ancient sedimentary
pyrite to infer conditions in the water column during forma-
tion, and the results were highly variable. For example, a low
percentage of syngenetic pyrite was found in sediments from
Fayetteville Green Lake, NY (Suits and Wilkin, 1998), in
contrast to the Black Sea, where nearly all of the sedimentary
pyrite appeared to be syngenetic (Lyons, 1997). The differ-
ences in pyrite formation were concluded to arise from vari-
ations in the physical and chemical properties of
sedimentation in the basin, along with the physical, chemical,
and biological conditions in the chemocline (Suits and Wil-
kin, 1998; Werne et al., 2003).

The above studies have demonstrated the utility of 8**S in
understanding sulfur cycling in stratified systems. However,
uncertainties still remain as to the relative roles of sulfate
reduction, sulfur compound disproportionation, and sulfide
oxidation in sulfur cycling, and in controlling the isotopic
composition of sulfur in the environment. Minor sulfur iso-
topes (**S and *°S) are providing a new and powerful tool
in reconstructing biogeochemical cycles in modern and an-
cient systems. These minor isotopes are subject to inorganic
and organic fractionation mechanisms that are similar to
those for **S. In addition, the redistribution of multiple S iso-
topes within biogeochemical systems (at both the cellular and
ecosystem level) produces unique patterns that can be used to
assess the contribution of different pathways (enzymatic or
biogeochemical) to the measured isotopic values. Previous
experimental studies have shown that biological S metabo-
lisms produce characteristic minor isotope patterns, which
arise from differences in the individual steps controlling the
material flow through the metabolic pathways (Farquhar
et al., 2003, 2007; Johnston et al., 2005a, 2007, 2008a; Ono
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et al., 2006; Zerkle et al., 2009). These isotope patterns have
been utilized in models examining the sulfur cycle in natural
systems (Farquhar et al., 2008; Johnston et al., 2008a; Zerkle
etal., 2009), and used to interpret sulfur isotope signatures in
ancient sediments (Johnston et al., 2005b, 2006, 2008b).

One recent focus in multiple sulfur isotope studies is on
gauging their utility in describing sulfur cycling in modern
environments (Farquhar et al., 2007, 2009; Gilhooly et al.,
2009; Canfield et al., 2010). In this regard, we present mea-
surements of the concentrations and isotopic values of sul-
fate, sulfide, and intermediate S species in meromictic
Fayetteville Green Lake (FGL), and utilize the patterns we
see to constrain the involvement of different sulfur metabo-
lisms in the lake’s sulfur cycle. Additionally, we use a
depth-derived model of sulfide in the deep waters to assess
the contribution of physical processes (diffusion and advec-
tion) and biogeochemical processes (sulfate reduction, sulfur
compound disproportionation, and sulfide oxidation) to the
isotopic composition of sulfide in the lake. FGL is a model
system for this type of study because it is one of the most
well-studied meromictic lakes in the US (with literature dat-
ing back to the mid-1800s; Vanuxem, 1839), it has a thriving
microbial ecosystem (including a large population of photo-
trophic S-oxidizing organisms at the chemocline; Thompson
et al., 1990), and large fractionations in 5>*S have previously
been measured between sulfide and sulfate in the water col-
umn (Deevey et al., 1963; Fry, 1986).

2. STUDY AREA

Fayetteville Green Lake (FGL) is a small (0.26 km?),
permanently stratified lake located in Green Lakes State

Fayetteville

Lafayette

76°|W

Park, approximately 20 km east of Syracuse, near the town
of Fayetteville, New York, USA (Brunskill and Ludlam,
1969) (Fig. 1). FGL has a long history of scientific study
dating back to the mid-1800s (Vanuxem, 1839; Brunskill,
1969; Brunskill and Harriss, 1969; Brunskill and Ludlam,
1969; Culver and Brunskill, 1969; Ludlam, 1969). More re-
cently, the lake has been the subject of intense study due to
its extensive accumulations of benthic calcium carbonate
bioherms and perennial “whiting” events of carbonate pre-
cipitation in surface waters (Thompson and Ferris, 1990;
Thompson et al., 1990, 1997).

FGL occupies a deep (~52 m) basin in the lower unit of
the Silurian Syracuse Formation and Vernon Shale. This
steep-sided plunge basin was carved out by glacial water-
falls during the late Wisconsinan glaciations (Muller,
1967). Over 50% of the lake’s water supply comes from
ground water sources, and the rest is from surface runoff
(Brunskill and Ludlam, 1969). Calcium- and sulfate-rich
groundwater enters the lake at ~16-18 m depth, corre-
sponding to the contact between the green and red shale fa-
cies of the gypsum-rich Vernon shale (Brunskill and
Ludlam, 1969). This saline groundwater input maintains
density stratification and elevated sulfate levels (12—
15 mM) (Takahashi et al., 1968; Brunskill and Ludlam,
1969; Torgersen et al., 1981; Thompson et al., 1990). The
large sulfate input additionally supports high rates of
microbial sulfate reduction, leading to the buildup of over
1 mM H,S in the deep waters, and the development of a
sharp oxic—anoxic interface at around 18-21 m depth
(Brunskill, 1969; Brunskill and Ludlam, 1969). The chemo-
cline at FGL harbors a dense and productive community of
phototrophic S-oxidizing bacteria, consisting of both green

Fayetteville
Green Lake

0 100 200
——

meters

Fig. 1. Location of Fayetteville Green Lake in upstate NY, USA, and lake bathymetry (from Brunskill and Ludlam, 1969). Star symbol

indicates approximate sampling position.
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and purple sulfur bacteria (Culver and Brunskill, 1969;
Thompson et al., 1990). The remainder of primary produc-
tivity in the lake is due to oxygenic phototrophs (Synecho-
coccus sp.) that populate the upper oxygenated water
column and are suggested to be responsible for the bio-
herms and whiting events (Thompson and Ferris, 1990;
Thompson et al., 1990).

Previous studies have measured the isotopic composi-
tion of sulfur species in FGL (Deevey et al., 1963; Fry,
1986), and reported large fractionations between sulfate
and sulfide in the water column (56-57.5%,). Here, we ex-
pand upon these previous 6>*S measurements, and include
measurements of A*3S and A*°S, as well as a seasonal com-
parison between isotopic values in the fall (October—
November) and in the spring (April-May).

3. METHODS

Most of the field work for this study was completed in
October, 2008 (at the end of a seasonal whiting event),
and in April-May, 2009 (just before). Samples of sulfide
and sulfate for isotope analysis were also collected during
a field excursion in November, 2006 (Riccardi, 2007). Geo-
chemical profiles (depth, temperature, pH, specific conduc-
tivity, turbidity, and oxygen concentration) were taken
in situ with a YSI 6600 multiparameter sonde.

Samples for sulfate concentrations (taken in November)
were filtered through a 0.45 um in-line filter, immediately
precipitated with BaCl, as BaSQ,, filtered and dried. Sul-
fate concentrations were determined gravimetrically (ana-
lytical error of ~2%). Samples for sulfide concentrations
and isotopes were taken directly in 1:10 (by volume) 1 M
Zn-acetate and analyzed by the colorimetric methylene-blue
method (Cline, 1969). We estimate a total of ~11.5% error
on sulfide measurements (10% sampling error + 1.5% ana-
lytical error). Sulfide and sulfate isotope samples were fil-
tered to capture ZnS, then 1M BaCl, was added to
precipitate BaSO,, then samples were filtered again to cap-
ture BaSO4. ZnS and BaSO, captured on filters was frozen
at —20 °C and stored for less than 2 weeks. Filtering of ZnS
also captured biomass and other particulates (particularly
across the chemocline), and therefore samples for sulfide
isotopes were redistilled to H,S by the acid-volatile sulfur
method (boiling in 5 M HCI), which volatilizes zinc-sulfide
but not zero-valent sulfur or organically bound sulfur.
BaSO, was reduced to H,S gas by boiling in a solution of
320 ml HI, 524 ml HCI, and 156 ml H,PO, per 1 (Forrest
and Newman, 1977). In both reactions, H,S gas was
trapped as ZnS with Zn-acetate and converted to Ag,S with
drop-wise addition of AgNO;. Ag,S was cleaned with
350 ml of Milli Q water and 50 ml of 1 M NH4OH and
dried overnight.

Samples for zero-valent sulfur quantification (elemental
sulfur + polysulfides, herein referred to as “ZVS”) were ta-
ken in triplicate (40 ml sample added to 4 ml of 5% Zn-ace-
tate) and frozen immediately in dry ice. In October, select
samples were additionally filtered through 0.45 pm and
0.2 pm syringe filters to distinguish between particle-associ-
ated ZVS and dissolved ZVS. Immediately before analysis
samples were thawed, an internal standard (40 ul of

400 mg/1 solution of 4,4'-dibrombiphenyl in methanol)
was added, and samples were extracted twice with 2 ml of
chloroform. ZVS concentrations were measured on an Agi-
lent Technologies 1100 HPLC system with multiple wave-
length UV-vis detector, following methods adopted from
Kamyshny et al. (2009). Samples for ZVS isotope measure-
ments (900 ml) were added to 100 ml of 5% zinc acetate
solution and immediately frozen in dry ice. In the labora-
tory, samples were thawed and extracted three times by
100 ml of chloroform, dried with calcium chloride, filtered,
and evaporated to 0.5-1 ml volume. Concentrated samples
for isotope analyses were either reduced to H,S utilizing a
Cr(II) reduction solution in water with ethanol (according
to Groger et al., 2009), or purified by preparative HPLC
(as in Kamyshny et al., 2009) and reduced to H,S by reac-
tion with a highly active Raney—Nickel catalyst. Raney—
Nickel reactions were performed using a method modified
from Granatelli (1959). Briefly, 0.8 g of freshly prepared
Raney—Nickel catalyst was introduced into a clean three-
neck round-bottom flask containing 15 ml of methanol
solution and ZVS sample. The solution was first purged
with N, then 0.5ml of a 1.5 mol/l NaOH solution was
added by to the flask by syringe. The flask content was
boiled for 15 min under N,, cooled to room temperature,
and then concentrated HCI was added drop-wise into the
reaction flask. The reaction mixture was heated a final time
to release the converted H,S gas, which was immediately
precipitated with AgNO; to Ag,S for isotopic analysis.
Mean recovery for repeat reductions of ZVS using this
method was 94 £ 2%.

Samples for thiosulfate and sulfite analysis (0.5 ml) were
added to 50 pl of 5% zinc acetate and frozen immediately in
dry ice. All samples were taken in triplicates. In the labora-
tory, samples were thawed and immediately derivatized by
monobromobimane and analyzed by HPLC with fluores-
cence detector following the method of Zopfi et al. (2004),
with the exception that a 250 mm column was used for
separation.

For fluorination, Ag,S was reacted in Ni bombs with
10x excess F, gas at ~250 °C for ~8 h, to quantitatively
convert the Ag,S to SFg. Product SF¢ was purified cryogen-
ically by distillation in a liquid N,-ethanol slurry at
—115°C, and by gas chromatography on a 12’ molecular
sieve 5 A/Hasep Q column with a TCD. The isotopic abun-
dance of the purified SF¢ was analyzed on a Finnigan MAT
253 dual inlet mass spectrometer at m/e- values of 127, 128,
129, and 131 (**SF5 ", ¥SFs", *SF5", and *°SFs"). We use
values for TAEA-S1 on the VCDT normalization of
—0.30%,, 0.94%,, and —0.79%, for §3S, A¥S, and A**S. Ana-
lytical uncertainties on S isotope measurements, estimated
from long-term reproducibility of Ag,S fluorinations, are
0.14, 0.008, and 0.20 (lg) for &S, A®S, and A%S,
respectively.

The S isotopic composition of sulfur species (in per-
mil, 9,) is presented using the standard delta (3) notation:

XS = [(*Ruumpie/*Rycor) — 1] (1)

where 3XRsamplc/ XRyepr is the isotopic ratio of a sample
(**R = **S/*?S for 3X = 33, 34, or 36) relative to the Vien-
na-Caiion Diabolo Troilite (VCDT) standard. We define



Sulfur cycling in meromictic Green Lake 4957

the fractionation factor between two sulfur species, o, using
the following equation:

Ny _ 3XRA/3XRVCDT (2)
AP T XRy/XRycpr

The minor isotope compositions of sulfur species are
presented using the AXS notation, which describes the
deviation of a sample datum in **S or **S (in %) from a ref-
erence fractionation line:

ABS — 5B _ [(34Rsample/34RVCDT)0'515 B 1] 3)
and
ASSS _ 836S _ |:(34Rsamplc/34RVCDT)1'90 . 1:| (4)

The exponents 0.515 and 1.90 are reference values assigned
to approximate mass-dependent fractionations during ther-
modynamic equilibrium isotope exchange at low tempera-
ture (Hulston and Thode, 1965; Farquhar et al., 2003;
Farquhar and Wing, 2003; Johnston et al., 2007; Ono
et al.,, 2007). Small deviations from these reference values
occur in biogeochemical systems because the redistribution
of mass between sulfur pools by, e.g., mixing or Rayleigh
processes, results in the isotope ratios of sulfur pools evolv-
ing in a linear fashion according to:

(BXS/SZS) — 32Xa (3)(8/328)a + 32Xb(3XS/3ZS)b (5)

tot

where a and b are distinct pools of sulfur (e.g., sulfate and
sulfide) with isotope ratios XS/32§ (for 33S, 3*S, and 3°S),
and *?X is the fraction of **S sulfur existing in each of
the pools. This linear relationship differs from that calcu-
lated for reference fractionation arrays, which follows an
exponential trend, as in:

(US/28),/(7S/28), ~ [(MS/78),/(*S/ZS) 7 (6)

for 33S. For a more detailed explanation of how these signa-
tures are produced in natural systems, see explanations in
Farquhar et al. (2003, 2007) and Johnston et al. (2005a,
2007). The exponent characterizing these deviations is de-
fined theoretically as 6:

In o
Ko = )
In34a
for 330 and 3°0. This exponent can also be calculated from
measured data (experimental or environmental samples,

e.g., between sulfide and sulfate pairs) using the equation:

In (*Ra/*Rycpr) — In (*Rg/*Rycpr)

3X
Ia p =
AP In (¥*Ra/*Ryepr) — In (3*Rp/*Ryepr)

(8)

4. RESULTS

Profiles of temperature, pH, specific conductivity, and
turbidity for the lake during October and April are shown
in Fig. 2. Temperature reaches a maximum of ~16.5°C
in October at a depth of about 10 m, but in April only
reaches ~15°C in the top ~2m. In April, we observed
the pronounced temperature increase around the chemo-
cline that has been previously described (Brunskill and Lud-
lam, 1969). Temperature in the monimolimnion was

constant, at around 8 °C. pH was 7.6-8 in the surface
waters, decreasing to a constant 6.5 in the deep waters. Spe-
cific conductivity was around 3.7-4 mS em™! in the surface
waters, increasing to ~5 mS cm ™! at around 16 m, coincid-
ing with the depth of the primary groundwater input (Brun-
skill and Ludlam, 1969). Turbidity remained near zero in
the surface and deep waters, with a sharp increase in the
chemocline around the area of visible pink water. This tur-
bidity maximum was enhanced during the sampling before
the whiting event, from to ~60 NTU in October to
~90 NTU in April.

Fig. 3 shows profiles of dissolved oxygen and sulfur spe-
cies. O, begins to sharply decline at around 15 m, to 2-8%
O, saturation from 20 to 22 m, then to 0% below 22 m. Sul-
fate increases from 12 to 16 mM from the mixolimnion to
the monimolimnion (in the range of previous sulfate concen-
tration measurements; Deevey et al., 1963; Brunskill and
Ludlam, 1969), exhibiting a subtle maximum around 19—
20 m. Sulfide concentrations were within estimated error be-
tween the two sampling periods, appearing at around 20 m
and increasing with depth to 1.5-1.8 mM near the sedi-
ment-water interface. ZVS peaked around the chemocline,
to >30 uM in October and >40 uM in April. Filtration of
ZVS samples through 0.45 pym and 0.2 pm pore-size filters
in October indicated that ZVS pools within the water column
show very different particle size distributions (Fig. 4). At
20.5 m depth in the chemocline, where total ZVS concentra-
tion is the highest (31.1 uM), none of the ZVS passed a
0.45 um filter. At 22 m depth just below the chemocline,
nearly all of the ZVS passed through a 0.45 um filter but
not a 0.2 um filter (>90%). In the deep waters near the sedi-
ment-water interface (44.1 m), most of the ZVS passed
through a 0.2 pum filter (87%). At 46.6 m depth, the deepest
point sampled, around 70% passed through a 0.45 um filter
and ~50% passed through a 0.2 um filter. Thiosulfate and
sulfite concentrations in FGL were very low (less than
1 uM), with the exception of one anomalously high thiosul-
fate value of ~3.4 uM at 45 m depth in April.

The 5°*S, A*S, and A*°S values of sulfate, sulfide, and
ZVS from the FGL water column are listed in Table 1 and
shown in Fig. 5. The isotope values of sulfate and sulfide
are remarkably similar for all three sampling intervals exam-
ined here, and also consistent with 5°*S values reported in
previous studies (Deevey et al., 1963, sampled in June, and
Fry, 1986, sampling season not reported). The one exception
is that we see an increase of 1-49%, in sulfide 5**S at the oxic/
anoxic interface, rather than the small decrease of ~19, pre-
viously measured (Fry, 1986). We also see very large fractio-
nations in 8>S between sulfate and sulfide in the FGL
monimolimnion (calculated here as (**a — 1) * 1000), during
both the fall season (49-569%,) and in the spring (53-58%,),
similar to fractionations reported in Deevey et al. (1963)
and Fry (1986) (mean of 56-56.59,,). Lambda values calcu-
lated between sulfate and sulfide in the FGL water column
(using Eq. (8)) range from 0.5119 to 0.5134 for **A, and from
1.9225 to 1.9341 for ), with a A**S/A®S slope —10.6, which
is within the range of mass-dependent relationships predicted
for natural systems (Johnston et al., 2007).

ZVS samples collected from the chemocline in October
have &**S values of —19.6%,, which is 6-7%, more enriched
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Fig. 2. In situ geochemical profiles for October, 2008, and April, 2009.

in 3*S than sulfide from the same sampling horizon (Fig. 5).

cline in October is similar to that of the surrounding sulfide
The A*S value of ZVS sampled at the top of the chemo-

(0.120%,), while ZVS sampled at the horizon with the high-
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Fig. 4. Particle size distribution of ZVS samples from October,
2008, based on filtration through 0.45 and 0.2 pum pore-size filters.
At the chemocline ZVS exists as large particulates, likely biolog-
ically associated (i.e., intracellular). At 22 m the ZVS is mostly
smaller extracellular particulates. Deeper in the water column the
ZVS is predominantly in the form of dissolved polysulfides,
although large particles near the sediment-water interface (at
47 m) could indicate some sediment resuspension.

est turbidity (20.5 m) has a much smaller A*S (0.017%,).
Sulfide sampled at this depth has significantly smaller
A®S (0.088Y%,) and significantly larger A*®S (—1.207%,) as
well. In April, ZVS had 5>*S values only about 19, more
enriched in **S than sulfide, and a smaller correlative de-
crease in A*S (to 0.106%,). A*°S values of ZVS from April
look similar to that of sulfide (—1.3%, to —1.5%,).

5. DISCUSSION
5.1. Sulfide oxidation at the chemocline

We examined the concentrations and isotopic values of
sulfur species at the chemocline to determine which path-
ways are important in sulfide oxidation and how these pro-
cesses are affected by changes in the phototroph community
caused by the summer whiting event. Experimental evi-
dence indicates that different sulfide oxidation processes
produce distinct sulfur products and small but distinct iso-
tope effects in 8**S. Most notably, biological oxidation of
sulfide by anoxygenic phototrophic S-oxidizing organisms
produces ZVS that is enriched in **S by 2-4%,, leading to
an overall decrease in sulfide &**S values (Fry et al,
1986). Abiotic reaction of sulfide with oxygen, on the other
hand, produces a mixture of **S-depleted products, result-
ing in an increase in sulfide 3**S of up to 5%, (Fry et al.,
1988). Other oxidation reactions have been shown to pro-
duce negligible fractionations (<19, e.g., oxidation of sul-
fide by chemotrophic S-oxidizers or with Fe-oxides;
Goldhaber and Kaplan, 1975; Fry et al., 1986).

In October, after a whiting event, sulfide 84S values at
the chemocline of FGL were approximately 4%, more
enriched in **S than values from sulfide sampled directly

below this horizon (Table 1 and Fig. 5). This increase in sul-
fide 5°*S at the chemocline suggests that sulfide oxidation
(and the isotopic composition of sulfide at the chemocline)
at this sampling were primarily controlled by abiotic reac-
tion of sulfide with oxygen. Oxidation of sulfide with O,
at near neutral pH produces a mixture of products, domi-
nated by sulfate with minor production of sulfite and thio-
sulfate (Zhang and Millero, 1993). Sulfate is depleted in **S
by approximately 39, at the redox interface (from 20 to
22 m) compared to 8**S values measured lower in the mon-
imolimnion (at >25m) (Table 1), supporting the produc-
tion of **S-depleted sulfate by this reaction. In April
before a whiting event, the enrichment in **S of sulfide at
the chemocline was less pronounced than in October (only
~2%.), which could reflect a greater contribution from
phototrophic oxidation processes at this sampling. Photo-
trophic oxidation would presumably be enhanced due to
greater light availability before a whiting event, as evi-
denced by a more dense community of phototrophs at the
chemocline during this time.

Sulfur isotope values of ZVS at the chemocline provide
insight into oxidation processes as well (Table 1 and Fig. 5).
In October, ZVS was enriched in 3*S by 6-79%, relative to
sulfide from the same sampling horizon. This relationship
is consistent with equilibrium isotope effects observed be-
tween elemental sulfur and sulfide in equilibrium with poly-
sulfides (S,*”) (Amrani et al., 2006), and could reflect either
abiotic speciation of ZVS at the redox interface, or intracel-
lular equilibrium isotope effects associated with sulfide oxi-
dation by anoxygenic phototrophs (Zerkle et al., 2009). No
ZVS passes through a 0.45 pm filter at 20.5 m, demonstrat-
ing that ZVS at the chemocline is in particulate form
(Fig. 4), either stored intracellularly or associated with or-
ganic matter in the form of biological sulfur globules
(e.g., Kleinjan et al., 2005). In April, ZVS is only ~19, en-
riched in **S over sulfide at the chemocline, likely reflecting
a dampening in the expression of these isotope effects due to
very fast turnover of sulfide by a more productive photo-
troph community. A similar metabolic control on fraction-
ation has been demonstrated for sulfate-reducing bacteria,
which produce smaller fractionations at higher rates of sul-
fate reduction, when entry of sulfate into the cell becomes
rate-limiting (see Canfield, 2001b, for a detailed discussion).

In contrast to the similar 8**S values of ZVS samples
from the chemocline in October, the A*’S values of these
samples are dramatically different (Table 1 and Fig. 5).
The A*S of ZVS from the top of the chemocline is
~0.19, less than the ZVS sampled below, corresponding
to a maximum in turbidity (indicating the most dense pho-
totroph community). A similar difference in the A**S has
been shown to occur between the first-formed ZVS product
from phototrophic sulfide oxidation and the residual ZVS
reactant during phototrophic oxidation of ZVS to sulfate
by the green sulfur bacterium Chlorobium (syn. Chlorobac-
ulum) tepidum (Zerkle et al., 2009). This change in A*S may
indicate that further phototrophic oxidation of ZVS is
occurring at the top of the FGL chemocline. Many anoxy-
genic phototrophs will oxidize ZVS when sulfide is limiting
(Pfennig, 1975), and these organisms tend to be sulfide-lim-
ited in the top of chemocline communities in stratified sys-
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Sulfur isotope values of sulfide (AVS), zero-valent sulfur (ZVS), and sulfate in the water column of Green Lake, normalized to VCDT (in 9,).

o values are standard deviations on individual analyses (for n > 3 runs per sample). Data are plotted in Fig. 5.

S species Depth (m) 338 o A%S o A%S ¢
April-May, 2009

AVS 20.5 —28.49 0.007 0.144 0.010 —-1.522 0.170
AVS 21 —29.47 0.005 0.151 0.013 —1.524 0.147
AVS 21.5 —~30.99 0.003 0.143 0.009 —1.565 0.086
AVS 22 —-29.35 0.003 0.128 0.007 —1.539 0.090
AVS 23 —~30.66 0.006 0.132 0.012 —1.569 0.083
AVS 25 —29.81 0.005 0.141 0.003 —1.548 0.121
AVS 26.5 —29.52 0.005 0.133 0.003 —1.526 0.011
AVS 28 —29.21 0.003 0.147 0.007 —1.533 0.053
AVS 30 —28.95 0.005 0.142 0.016 ~1.630 0.081
AVS 33 —-28.15 0.009 0.144 0.017 -1.627 0.092
AVS 37 —27.29 0.006 0.147 0.013 —1.552 0.100
AVS 40 —-26.02 0.007 0.144 0.002 —1.654 0.129
AVS 43 2427 0.005 0.148 0.014 —1.500 0.152
AVS 47 —24.14 0.004 0.148 0.005 —~1.528 0.131
AVS 49 2421 0.004 0.162 0.009 —1.493 0.069
VAR 20 —26.94 0.008 0.126 0.007 —1.356 0.147
A 20.6 —28.06 0.018 0.115 0.012 —~1.520 0.071
Sulfate 15 24.60 0.011 —0.003 0.012 0.030 0.135
Sulfate 20 24.87 0.006 0.019 0.007 0.043 0.071
Sulfate 20.5 25.12 0.005 0.007 0.014 —0.131 0.106
Sulfate 21 24.93 0.006 0.010 0.012 0.065 0.043
Sulfate 21.5 26.70 0.004 0.018 0.002 —0.087 0.073
Sulfate 25 28.41 0.004 0.012 0.014 —0.058 0.119
Sulfate 30 29.21 0.007 0.013 0.009 —0.068 0.121
Sulfate 43 29.11 0.004 0.070 0.007 —0.394 0.151
Sulfate 49 30.97 0.012 0.034 0.011 —0.232 0.018
October, 2008

AVS 20.1 -26.12 0.006 0.150 0.007 —~1.609 0.067
AVS 20.5 —26.41 0.012 0.088 0.014 —1.207 0.255
AVS 20.9 —28.68 0.004 0.134 0.003 —1.558 0.013
AVS 22.1 —-30.25 0.005 0.139 0.009 -1.513 0.115
AVS 23.0 ~30.03 0.004 0.148 0.006 —1.543 0.141
AVS 25.0 —29.35 0.008 0.145 0.010 —1.701 0.032
AVS 26.5 —29.48 0.007 0.141 0.015 —1.688 0.083
AVS 28.0 -29.14 0.006 0.137 0.008 —1.756 0.112
AVS 30.0 —28.73 0.006 0.142 0.014 ~1.510 0.109
AVS 33.1 —28.05 0.011 0.139 0.017 —1.524 0.127
AVS 40.0 —26.02 0.011 0.140 0.011 —1.547 0.099
AVS 44.1 —24.97 0.009 0.146 0.011 —1.636 0.053
ZVS 20 ~19.66 0.016 0.017 0.014 —0.127 0.519
VAR 20.5 —~19.60 0.018 0.120 0.015 0.257 0.382
Sulfate 52 21.85 0.007 0.029 0.009 0.053 0.116
Sulfate 15.0 24.25 0.010 —0.001 0.013 0.032 0.162
Sulfate 19.0 24.17 0.005 —0.003 0.005 0.080 0.092
Sulfate 19.5 24.01 0.002 0.005 0.005 0.105 0.064
Sulfate 20.1 24.29 0.005 —0.006 0.008 0.030 0.067
Sulfate 20.5 24.84 0.003 0.005 0.010 0.171 0.074
Sulfate 20.9 25.09 0.007 0.015 0.013 0.126 0.115
Sulfate 22.1 25.09 0.007 0.015 0.013 0.126 0.115
Sulfate 23.0 27.08 0.007 0.030 0.012 0.012 0.087
Sulfate 25.0 28.22 0.003 0.017 0.004 0.042 0.052
Sulfate 26.5 27.73 0.005 0.026 0.003 0.013 0.082
Sulfate 28.0 28.59 0.006 0.014 0.004 —0.042 0.121
Sulfate 30.0 28.59 0.006 0.014 0.004 —0.042 0.121
Sulfate 33.1 28.54 0.004 0.045 0.010 0.042 0.433
Sulfate 37.1 29.80 0.004 0.039 0.003 0.015 0.116
Sulfate 40.0 30.75 0.012 0.046 0.014 0.070 0.055
Sulfate 44.1 31.38 0.011 0.054 0.010 0.050 0.087

(continued on next page)
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Table 1 (continued)

S species Depth (m) 534S o A*S o A%S ¢
Sulfate 47.0 32.17 0.006 0.038 0.010 0.099 0.088
November, 2007

AVS 225 —29.84 0.009 0.130 0.003

AVS 25 —29.19 0.002 0.134 0.005

AVS 30 —28.60 0.008 0.142 0.016

AVS 47 —24.67 0.011 0.114 0.015

Sulfate 5 23.91 0.014 —0.018 0.005

Sulfate 19.8 25.06 0.012 —0.010 0.021

Sulfate 20.8 25.59 0.010 0.006 0.016

Sulfate 25 26.45 0.007 —0.011 0.019

Sulfate 25 26.74 0.008 0.013 0.013

Sulfate 30 30.51 0.009 0.040 0.008

Sulfate 47 30.58 0.011 0.037 0.015

tems (e.g., Guerrero et al., 1985). Therefore, we would ex-
pect ZVS oxidation to be occurring at this horizon, but
see evidence for this process only in the minor isotopes.
In April, the A**S signature disappears, again presumably
due to more efficient recycling of sulfide and ZVS.

In summary, the isotope values of sulfur species at the
chemocline indicate that several processes are contributing
to sulfide oxidation, and the importance of these processes
fluctuates seasonally. Reaction of sulfide with oxygen dom-
inates the oxidation processes in the fall when the photo-
troph community is recovering from lowered light levels
after a whiting event. In the spring before a whiting event,
the anoxygenic phototroph community is more pronounced,
and contributes a greater proportion of sulfide oxidation.
There may also be times during which phototrophic S-oxi-
dation dominates sulfide oxidation at the chemocline, as
seen in Fry (1986; sampling season not reported). While
the S isotope values of sulfide at the chemocline reflect multi-
ple oxidation processes, the values of ZVS appear to reflect
production and reoxidation by phototrophic S-oxidation.
The change in fractionations between sulfide and ZVS de-
crease with enhanced phototrophic oxidation in the spring,
suggesting that the fractionations respond to metabolic rates
in a manner similar to sulfate reducers.

5.2. Sulfur cycling in the monimolimnion

We and others have measured very large fractionations
in 8%*S between sulfate and sulfide in the FGL monimolim-
nion (>489,). These fractionations indicate that sulfate
reduction in the lake is producing larger fractionations than
those measured in laboratory experiments, and/or that oxi-
dative recycling of sulfide is contributing to the isotopic sig-
nal. We can further constrain the contribution of sulfur
metabolisms to the sulfur cycle in the lake by examining
the trends in 8**S and minor S isotope values of sulfur spe-
cies in the monimolimnion.

5.2.1. Trends in sulfate S isotopes

Sulfate S isotope values show a fairly wide range in the
surface waters (8°*S from +229%, to +259%,), then increase in
both 8**S and A**S with depth in the monimolimnion
(Fig. 5). Deevey et al. (1963) measured a 8°*S value of
+24.79, for sulfate in the primary surface inlet of the lake.

The lighter 8**S values we measure at around 5 m (Table 1)
could reflect mixing with sulfate delivered by precipitation
or an additional surface source. S isotope values for gyp-
sum from the Vernon Shale have not been published; how-
ever, the sulfate S isotope values at and below the
chemocline suggest a heavier §**S for the subsurface sulfate
source. The increase in sulfate S isotopes with depth in the
monimolimnion could reflect a difference in the isotopic
composition of sulfate input into the deep water, or alterna-
tively it could reflect changes in water column S cycle pro-
cesses that consume sulfate and recycle reduced sulfur.
Torgersen et al. (1981) hypothesized the presence of a sec-
ondary chemocline in the FGL water column at around
32.5 m, potentially associated with a secondary source of
groundwater input at this depth. Since we have not directly
sampled the groundwater inputs we cannot completely dis-
regard a change in the composition of the source sulfate
associated with a secondary input. However, both sources
would derive their sulfate from dissolution of gypsum in
the surrounding Vernon Shale, and should therefore have
a uniform isotopic composition.

A simple scenario capable of producing this trend in sul-
fate S isotopes via changes in the sulfur cycle would be a
reservoir effect associated with irreversible consumption of
sulfate at depth. A Rayleigh-type model can be used to de-
scribe this effect in a closed system, where sulfate consump-
tion proceeds via a single unidirectional process (i.e., sulfate
reduction) with a constant fractionation factor, and no iso-
tope exchange occurs between residual sulfate and product
sulfide (Mariotti et al., 1981). We calculated the isotopic
composition (in 8**S and A**S) of residual sulfate and accu-
mulated sulfide in FGL produced under such a scenario,
using a fractionation in 8**S based on the measured values

35 = 0.945) and a range of **) values approximating equi-
librium (0.515) and sulfate reduction (0.512-0.513) pro-
cesses. With this model we can reproduce the general
trends in 8**S and A*S in both sulfate and sulfide utilizing
a lambda value of 0.513; however, this model requires that
greater than 20% of sulfate is reduced to sulfide during sul-
fate reduction. If this scenario is correct we would expect to
see the buildup of 2.4 to greater than 3.2 mM sulfide in the
deep waters, which is significantly larger than the 1.5-
1.8 mM sulfide we measure. Conservation of sulfur mass
in the monimolimnion (sulfide + sulfate + S-intermediates)
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Fig. 5. 8%S, A%S, and A’S for sulfide (diamonds), sulfate (squares), and ZVS (circles) in the FGL water column. Gray symbols are from
November, 2007, black symbols are from October, 2008, and white symbols are from April, 2009. The gray bars for 5**S indicate the range of
values presented in Deevey et al. (1963) (sampled in June) and Fry (1986) (sampling season not reported). Bottom panels provide a closer look
at sulfide and ZVS isotope values across the chemocline, from 20 to 23 m. Data are given in Table 1.

suggests that no significant amount of sulfur is lost from the
water column (e.g., via burial of sulfide as pyrite in sedi-
ments). Therefore, the concentration of sulfide in the deep
waters is insufficient to support a single-step removal pro-
cess for sulfate in the deep waters. Instead, a more complex
sulfur cycle, including multiple removal processes for sul-
fate and/or recycling of sulfide in the water column, is re-
quired to produce the measured isotope values.

5.2.2. Depth-derived model of sulfide

We examined more complex scenarios for the FGL sul-
fur cycle by constructing a one-dimensional depth-derived
model of sulfide in the monimolimnion, considering physi-
cal as well as biogeochemical processes. In this model, we
include diffusion, advection, sulfate reduction (SR), sulfur
compound disproportionation (SD), and sulfide oxidation
(SO) processes (Table 2). We utilized this model to fit the
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Table 2

Inputs for the one-dimensional depth-derived sulfide models.
Diffusion rates are in m”> day ', upwelling rates are in m day ',
and metabolic rates are in mmol m—> day~'. SO is sulfide oxida-
tion, SR is sulfate reduction, and SD is sulfur compound
disproportionation. Ranges are values used for a best fit of the
mean sulfide data, and best fits for the mean =+ estimated error.
Model A was run with sulfate reduction fractionations set to the
maximum measured in laboratory cultures (48%,), and does not fit
the data (Fig. 6). Model B was run with sulfate reduction
fractionations set to a best fit of the data, and requires fractiona-
tions outside those possible for the SR metabolism (Fig. 7). Model
C was run including disproportionation, and can fit the data with
reasonable (although still large) SR fractionations (Fig. 6 and 7).

Model/process  Depth (m) Rate o 3
(A) Transport + SO + SR (set to 48%,)

Diffusion 20-50 0.0864 1.000 0.5150
Upwelling 20-50 0.014 1.000 0.5150
SO 20-21 0.5 1.005 0.5150
SR 20-25 2.5-3.0 0.952 0.5130
SR 26-44 0.07-0.1 0.952 0.5130
SR 45-50 0.4-0.8 0.952 0.5130
(B) Transport + SO + SR (variable)

Diffusion 20-50 0.0864 1.000 0.5150
Upwelling 20-50 0.014 1.000 0.5150
SO 20-21 0.5 1.005 0.5150
SR 20-25 2.5-3.0 0.944 0.5130
SR 26-44 0.07-0.1 0.928-0.932  0.5135
SR 45-50 0.4-0.8 0.945 0.5130
(C) Transport + SO + SR (variable) + SD

Diffusion 20-50 0.0864 1.000 0.5150
Upwelling 20-50 0.014 1.000 0.5150
SO 20-21 0.5 1.005 0.5150
SR 20-25 1.0-1.4 0.950-0.952  0.5131

SR 26-44 0.07-0.1 0.935-0.938  0.5140
SR 45-50 0.3-0.8 0.945 0.5130
SD 20-25 0.5 0.985 0.5120
SD 26-37 0.04-0.05  0.985 0.5120

general trends in sulfide in the monimolimnion (the concen-
tration profiles, and the large fractionations between sulfide
and sulfate). Sulfide oxidation is concentrated in the upper
few meters of the monimolimnion, and as such is difficult to
examine within the scale of this model (refer to Section 95).
We use the following equation to calculate sulfide
concentrations:

oc o°C aC
E"'DE—UE‘F%R"“]SD_%O:O 9)
where C is the concentration, D is the vertical diffusivity, U
is the upwelling velocity, and ¢ terms are the various meta-
bolic rates. We also calculate sulfide 8°*S and 8*S using the
equation:

3X n
aBGt S_ <ZF,- L5, — 53Xsaa—f> /c, (10)
i=1

where F; refers to the different sulfur mass fluxes (e.g., via
diffusion, upwelling, sulfate reduction, etc.; Table 2). We
solved the system of equations using a FTCS (forward in
time centered in space) finite difference approximation, with

a time step of 1day and a spatial step of 1 m. Boundary
conditions were set at 1.5-1.8 mM sulfide at the bottom
boundary (to reflect the mean sulfide concentration near
the sediment-water interface + estimated error), with an
isotopic composition of &%*S=-24.6%, and A*®S=
0.15%,, and 0 mM sulfide at the top boundary. Initial con-
ditions were set at 0 mM sulfide. Sulfate concentration was
held constant (i.e., non-limiting) with depth. As discussed
above, we have no constraints on the isotopic composition
of sulfate entering the monimolimnion, so we used the mea-
sured sulfate isotope values with depth as the starting value
for sulfate reduction. We used vertical diffusivity and
upwelling velocities derived for the FGL monimolimnion
by Torgersen et al. (1981). We assumed that the diffusivity
and upwelling rates are constant and independent of depth,
and that no fractionation is associated with either of these
transport processes. Sulfide oxidation and associated frac-
tionation was only calculated in the top boxes of the model
(at the chemocline) where the majority of the oxidation is
occurring (e.g., Mandernack and Tebo, 1999). We used a
sulfide oxidation rate similar to values measured in the
chemoclines of other stratified systems (from Mandernack
and Tebo, 1999; Table 2), and assumed a fractionation of
+59, for inorganic sulfide oxidation. Below this, the isoto-
pic value of S-intermediates (as the substrate for dispropor-
tionation) was set to that of the coexisting sulfide, assuming
oxidative production associated with very small isotope
effects compared to sulfate reduction and sulfur dispropor-
tionation (see Section 5). The model reaches steady state
from zero after about 20 years.

Sensitivity tests showed that the modeled sulfide concen-
tration profile is most sensitive to diffusivity, rates of sulfate
reduction and sulfur disproportionation, and the bottom
boundary condition (sulfide input). The sulfide profile is
only significantly affected by upwelling rates or oxidation
rates at orders of magnitude higher values than estimated
for this system. The 5**S profile is primarily sensitive to
the rates and alpha values used for sulfate reduction (and
sulfur compound disproportionation). It is also fairly sensi-
tive to the 3**S used for input sulfide and coexisting sulfate,
which were constrained by the data. The A**S profile is sim-
ilarly very sensitive to the alpha and lambda values used for
sulfate reduction, and to the A*S of the input sulfide and
sulfate (also constrained by data).

All models included transport processes (diffusion
and advection), sulfide oxidation, and sulfate reduction
(Table 2). We varied the sulfate reduction rates with depth
to fit the sulfide concentration profile, first for the mean
sulfide concentrations, then for the sulfide concentra-
tions + estimated errors, to produce a range in SR rates
and fractionations. Depths were binned according to reac-
tion zones at the chemocline (20-25 m), the sediment-water
interface (45-50 m) and the rest of the monimolimnion (26—
44 m). We can fit the range of measured sulfide concentra-
tions with high rates of sulfate reduction at the top of the
monimolimnion (2.5-3 mmol m~> day™!), lower sulfate
reduction rates in the middle of the monimolimnion
(0.07-0.1 mmol m~> day™"), and moderate rates of sulfate
reduction at the bottom of the monimolimnion (0.4—
0.8 mmol m > day~!) (Table 2). These sulfate reduction
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rates are within the range of values calculated for other an-
oxic water bodies (e.g., Overmann et al., 1996), but higher
than that estimated for FGL by Torgersen et al. (1981)
based on calculated sulfide fluxes (0.005 mmol m~> day~!).

In the first model (Table 2, model A) we set the %o value
for sulfate reduction constant at 0.952, representing the
maximum fractionation measured in laboratory experi-
ments with sulfate-reducing prokaryotes (48%,; Kaplan
and Rittenberg, 1964; Canfield, 2001a; Detmers et al.,
2001; Habicht and Canfield, 2001). This model demon-
strates that the maximum experimental fractionation for
SR is insufficient to fit the data for &°*S (Fig. 6, solid line).
We ran a second model with variable values of **o and **)
for SR, to determine what fractionations are required to fit
the isotope data without disproportionation (Table 2, mod-
el B). With this model we can only fit the measured 5**S and
A®®S values if we utilize extremely large fractionations in
the middle of the monimolimnion, from 689, to 729, with
3 values of 0.513-0.5135. These fractionations for SR are
impossible based on our current knowledge of the sulfate
reduction metabolism, plotting well outside the range of
possible fractionations in 8>*S and A*3S calculated by Far-
quhar et al. (2007) based on the SR metabolic models of
Brunner and Bernasconi (2005) (Fig. 7, black symbols).
In the final model, we included sulfur compound dispropor-
tionation, utilizing constant **a and **\ values for dispro-
portionation (0.985 and 0.512, respectively), and adjusting
sulfate reduction parameters to fit the measured data
(Table 2, model C). We used disproportionation rates of
0.04-0.5 mmol m > day’l, which are consistent with mea-
sured rates of sulfur disproportionation in pure and enrich-
ment cultures (Bottcher and Thamdrup, 2001; Bottcher
et al.,, 2001, 2005) and the high density of cells in the
FGL chemocline ( 107 cells/ml; Thompson et al., 1990). This
model is the only model that can fit the measured data using
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Fig. 7. Comparison of fractionations from this study with the field
of possible 8**S and A*3S values calculated by Farquhar et al.
(2007) for the Brunner and Bernasconi (2005) model of the sulfate
reduction metabolism (dotted line). Gray symbols are fractiona-
tions between sulfide and sulfate measured in the GL water
column. These values plot within the field but near its limits. Black
symbols are the fractionations for SR that are required to fit the
data in a model without sulfur compound disproportionation
(Table 2, model B), and include fractionations outside the range of
possible 3**S and A*3S values for the sulfate reduction metabolism.
Empty symbols are the fractionations for SR that fit a model
including sulfur compound disproportionation (Table 2, model C).
These fractionations plot within the range of possible values, but
are still much larger than those measured in culture experiments
with sulfate-reducing prokaryotes (shown as gray area; data from
Farquhar et al., 2003; Johnston et al., 2005a, 2007). The gray bars
on the model values represent the range of fractionations required
to fit models for the mean sulfide concentrations + estimated error.

reasonable values for SR fractionations (Fig. 6, dotted
line). The required SR fractionations are still larger than
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Fig. 6. Depth-derived models of sulfide concentrations and isotopes (5>*S and A**S) in the FGL monimolimnion. Symbols are mean values
for data from all three sample sets, with error bars representing the standard deviation between sets (isotopes) or the estimated analytical error
(sulfide). The solid line is the model including transport + sulfide oxidation + sulfate reduction at a fractionation of 489, (Table 2, model A).
The dotted line is the best fit model including transport + sulfide oxidation + sulfate reduction (at a variable fractionation) + sulfur

compound disproportionation (Table 2, model C).
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those measured in laboratory experiments; however, they
plot within the range of possible 8>S and A**S values for
the SR metabolism (Fig. 7, white symbols). The model
therefore requires both sulfur compound disproportion-
ation and large SR fractionations to reproduce the mea-
sured isotope trends in the FGL water column.

We discuss further lines of evidence for disproportion-
ation and its significance in the following section. The mod-
eled patterns in SR fractionations required to fit the data
provide some insight into the controls on sulfate reduction
in the FGL monimolimnion as well. These SR fractionations
vary with depth and are inversely proportional to sulfate
reduction rates. SR fractionations respond to environmental
variables such as temperature, sulfate availability, and elec-
tron donor supply (Harrison and Thode, 1958; Kaplan and
Rittenberg, 1964; Habicht et al., 2002). Temperature remains
constant with depth in the FGL monimolimnion (Fig. 2), and
sulfate concentrations are uniformly high, allowing the
expression of large fractionations (Habicht et al., 2002).
Experiments with sulfate reducers utilizing various organic
electron donors has shown that the extent of fractionation re-
sponds to the specific rates of sulfate reduction (rates/cell)
(Harrison and Thode, 1958; Kaplan and Rittenberg, 1964;
Kemp and Thode, 1968; Chambers et al., 1975), as we see
with water column sulfate reduction rates in the model. This
trend suggests that the change in fractionations with depth
predicted by the model could be related to changes in the
availability or quality of organic matter. Primary production
at the chemocline provides an abundant source of organic
matter to support high rates of sulfate reduction at and just
below this interface. The amount and quality of organic mat-
ter should decrease with depth below the chemocline, as the
most “labile” organic compounds are preferentially con-
sumed, leading to lower rates of sulfate reduction and corre-
spondingly higher fractionations lower in the water column.
In this scenario, the moderately high sulfate reduction rates
and fractionations at the “bottom” of the modeled lake might
then reflect sulfate reduction processes in the sediments,
where the residual organic matter is concentrated and sulfate
reduction rates in some cases can be higher than in the water
column (e.g., Serensen and Canfield, 2004). The 53*S values
of sulfate and sulfide in the deep part of the basin (43—
49 m) are identical to that of the pore-water sulfate and
acid-volatile sulfur in the top of the sediments (Riccardi,
2007), supporting a sediment source without the necessity
for additional sulfate reduction in the bottom part of the
water column. We tested this scenario by setting sulfate
reduction rates constant at 0.1 mmol m~> day~' from 26 to
50 m, and increasing the bottom boundary condition (reflect-
ing a greater sulfide input from the sediments), and found we
can still fit the sulfide concentration and isotopic data in the
deepest boxes reasonably well (not shown). We therefore
conclude that high sulfate concentrations and organic matter
distribution are responsible for sulfate reduction rates and
associated large fractionations in the FGL water column.

5.2.3. Evidence for sulfur compound disproportionation
The model we present above requires sulfur compound
disproportionation to produce the measured isotope trends

in the FGL water column. Further lines of evidence, both
geochemical and biological, support a role for dispropor-
tionation in the sulfur cycle of this system. Specifically, geo-
chemical profiles of S compounds in the lake reflect the
availability and intense recycling of intermediate sulfur
compounds utilized in disproportionation. Thiosulfate, sul-
fite, and ZVS are all used as substrates for SD (Bak and
Cypionka, 1987; Bak and Pfennig, 1987; Kramer and Cyp-
ionka, 1989; Thamdrup et al., 1993). Profiles of sulfite and
thiosulfate in FGL (Fig. 3) lack the pronounced peak at the
redox interface that is common in other stratified aqueous
systems (Zopfi et al., 2001; Li et al., 2008), indicating very
fast turnover of these compounds at the chemocline. Partic-
ulate extracellular ZVS provides another substrate for dis-
proportionation just below the chemocline (at 22 m,
Fig. 4). Furthermore, organisms related to known dispro-
portionators have been identified at various depths in the
FGL water column (Desulfocapsa sp., Meyer, 2008).
Thamdrup et al. (1993) calculated that disproportion-
ation of ZVS is thermodynamically favorable only at very
low activities of sulfide (<1 uM), but these researchers also
demonstrated that disproportionation can sustain bacterial
growth at higher sulfide concentrations in the presence of a
sulfide scavenger, such as FeOOH or Mn-oxides. The cul-
tures in this study continued to accumulate sulfide to con-
centrations of >1 mM even after the metal oxides were
depleted (Thamdrup et al., 1993). Given these constraints,
disproportionation of ZVS could proceed unimpeded at
the very low sulfide levels presumably sustained at the top
of the FGL chemocline. However, even at 22 m where
extracellular particulate ZVS is an available substrate, sul-
fide concentrations reach up to 370 uM (Figs. 3 and 4). Dis-
proportionation of ZVS could still occur at this depth if
coupled to Fe or Mn reduction, as in the Thamdrup et al.
study. Both amorphous and crystalline Fe-oxides are pres-
ent in the top 0.5 cm of FGL sediments (Suits and Wilkin,
1998), indicating surface influx and settling of FeOOH
through the water column, providing such an electron sink
for SD even at the depths indicated by our model (>35 m).
A second option would be a biological sulfide sink for
disproportionation, specifically involving an association
with sulfide oxidizing phototrophs. Such a synergistic rela-
tionship has been suggested for meromictic Lake Cadagno,
in Switzerland, where researchers identified aggregates of
the disproportionator Desulfocapsa sp. and the phototroph-
ic sulfide oxidizer Lamprocystis sp. (Peduzzi et al., 2003a,b;
Tonolla et al., 2003). The spatial coupling and complemen-
tary metabolisms of these organisms led the researchers to
postulate a source-sink relationship for sulfide. The aggre-
gates form up to 45% of the microbial community at the
Lake Cadagno chemocline, suggesting an important role
for these organisms in sulfur cycling at the redox interface.
Similar aggregates have been observed in FGL, and clones
related to both genera identified in Lake Cadagno have
been retrieved from samples at and below the chemocline
(at 20.5 m and 25 m depth; Meyer, 2008). This type of rela-
tionship is therefore likely to be occurring in FGL and, if
widespread, could have important implications for the dis-
tribution of disproportionation in natural systems.
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6. CONCLUSIONS

A comparison of our S isotope data with results of
previous studies indicates that FGL is an appropriate
natural laboratory for understanding steady-state sulfur
cycling in stratified euxinic systems with intermediate sul-
fate concentrations (e.g., ancient oceans). The sulfur cycle
of FGL is remarkably stable over long periods of time,
and is not markedly affected by seasonal changes in light
availability or organic matter delivery, with the exception
of at the chemocline. The biogeochemical processes con-
tributing to sulfur cycling, however, appear to be spa-
tially heterogeneous with depth in the FGL water
column, and are reflected in the isotopic composition of
sulfur species.

Sulfide is enriched in *S across the redox interface by
sulfide oxidation via reaction with O,, in spite of the dense
population of phototrophic S-oxidizing organisms that in-
habit the chemocline. Very little evidence for this abiotic
oxidation is seen in the concentrations or isotopes of prod-
uct sulfur species, e.g., thiosulfate, sulfite, or zero-valent
sulfur, suggesting very fast turnover of S-intermediates by
oxidation and/or disproportionation processes. The isoto-
pic enrichment in sulfide across the chemocline is less pro-
nounced in the spring than in the fall, consistent with a
greater contribution from phototrophic S-oxidation reac-
tions under higher light availability before a whiting event.
Size distribution and isotopic values of ZVS in the chemo-
cline in October reflect production and reoxidation by
phototrophic processes, including intercellular isotope ex-
change between S°, polysulfides, and sulfide, and further
oxidation of ZVS to sulfate. Smaller fractionations are
measured between sulfide and zero-valent sulfur in April,
suggesting a metabolic rate control on the extent of frac-
tionation similar to that seen in sulfate-reducing
prokaryotes.

In the deep waters of FGL, the high sulfate concentra-
tion (16 mM) buffers against large changes in the S isotopes
of sulfate (and sulfide) while allowing for very large fracti-
onations during sulfate reduction. Numerical models of sul-
fide 8°*S and A**S require that the fractionations for sulfate
reduction are much larger than those measured in labora-
tory cultures, even in models including additional fraction-
ation via oxidative recycling. The relationship between
fractionations and sulfate reduction rates and their distri-
bution with depth suggest that these fractionations are re-
lated to changes in the availability or quality of organic
matter in the water column. The isotopic composition of
sulfide and sulfate near the lake bottom, on the other hand,
seems primarily to reflect sulfate reduction processes in the
sediments. The numerical models coupled with profiles of
intermediate sulfur compounds and the microbiology of
the lake support a role for disproportionation in the FGL
sulfur cycle, particularly at the chemocline. The occurrence
of disproportionation at high sulfide concentrations deeper
in the water column requires a close association with a sul-
fide sink, either abiotic or biological, highlighting some
interesting questions about the distribution of dispropor-
tionation in natural systems and providing a target for fu-
ture research.

In summary, the results of this study indicate that FGL
harbors a complex sulfur cycle, with multiple processes con-
tributing to sulfide oxidation at the chemocline and sulfur
compound formation in the deep waters. Some of these
processes are evident from the 8>*S values (e.g., oxidation
of sulfide with O,), but others are only inferred from minor
isotope patterns (e.g., disproportionation and potentially
ZVS oxidation). The inclusion of minor S isotopes in stud-
ies of sulfur compounds in this, and presumably other, nat-
ural systems facilitates the identification and quantification
(to some extent) of these sulfur cycling processes.
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