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Turnover Rates of Intermediate Sulfur
Species (S7 , SY, $,05 , S40% , SO3 )
iIn Anoxic Freshwater and Sediments

Alyssa J. Findlay *' and Alexey Kamyshny

Department of Geological and Environmental Sciences, Be@urion University of the Negev, Beer Sheva, Israel

The microbial reduction of sulfate to sul de coupled to orgaic matter oxidation followed
by the transformation of sul de back to sulfate drives a dynanic sulfur cycle in a variety
of environments. The oxidative part of the sulfur cycle in pacular is dif cult to constrain
because the eight electron oxidation of sul de to sulfate ocurs stepwise via a suite of
biological and chemical pathways and produces a wide varigtof intermediates (§ , S0,
S,03 , 8405 ,and SO; ), which may in turn be oxidized, reduced or disproportionad.
Although the potential processes affecting these intermedtes are well-known from
microbial culture and geochemical studies, their signi cace and rates in the environment
are not well constrained. In the study presented here, timeourse concentration
measurements of intermediate sulfur species were made in aemded freshwater
water column and sediment incubation experiments in ordera constrain consumption
rates and processes. In sediment incubations, consumptiorrates were Sgolloidal >
S§ > S03 S40% > S,03 , which is consistent with previous measurements of
SO3 , S40% , and S,05 consumption rates in marine sediments. In water column
incubations, however, the relative reactivity was &4, > SO > S§ > S;03 >
S4O§ . Consumption of thiosulfate, tetrathionate and sul te wasprimarily biological,
whereas it was not possible to distinguish between abiotic ad biological polysul de
consumption in either aqueous or sediment incubations. §)||oida| consumption in
water column experiments was biologically mediated, howear, rapid sedimentary
consumption was likely due to reactions with iron mineralsThese experiments provide
important constraints on the biogeochemical reactivity ofntermediate sulfur species
and give further insight into the diversity of biological ahgeochemical processes that
comprise (cryptic) environmental sulfur cycling.

Keywords: sulfur, sul de oxidation, intermediate sulfur spec ies, sulfur biogeochemistry, thiosulfate

INTRODUCTION

Cryptic sulfur cycling (i.e., the simultaneous reductionsoiifate and reoxidation of sul de) has
recently been observed in a variety of di erent environmefrtam pelagic oxygen minimum
zones Can eld et al., 201pto marine sedimentsHolmkvist et al., 2011; Glombitza et al., 2016
and salt marshesMills et al., 2011 Moreover, experimental work in low sulfate, iron rich
sediments indicates that an active sulfur cycle exists evenvironments in which microbial iron
reduction is expected to be favorable to sulfate reductiganiel et al., 20)5In all cases, this
cycle involves the concomitant reduction of sulfate, vianmobial sulfate reduction (MSR), and
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oxidation of the sul de thereby produced. The cryptic nature sulfur atom with the oxidation state (-II).
arises because although the possible processes and intatagedi
involved with oxidative sulfur cycling are well charactexd from xS C HS § Q)
both microbial and geochemical studies, it is unknown which
processes and intermediates prevail in a particular envirartme The reaction depicted in Equation (1) is a dynamic equililoniu
Sulde oxidation can occur biotically as well as abiotigall in which § represents a spread of polysul de species with
and results in the formation of a wide variety of inorganicdi erent chain lengths X is typically 2—9 in natural systemSun
intermediate species{S, &, $03 , $03 , and SG ). Recent et al., 200)in equilibrium with each other. Under equilibrium
analytical advances have made accurate quanti cation eé¢h conditions the distribution of chain lengths can be preditte
compounds possible, however the low concentrations typicallpased upon chemical parameters (pH and the concentration of
observed likely do not correlate with their biogeochemicalZVS and sul de;Kamyshny et al., 2004, 209 however, non-
importance Zop et al., 2004. equilibrium concentrations are frequently observed in matu
The sulfur species formed during sul de oxidation aresystems amyshny and Ferdelman, 2010; Lichtschlag et al.,
dependent upon the physical and geochemical characteristie®1?. Polysul des may also be formed directly as an enzymatic
of a particular system, including the concentration of cheahi product of microbial metabolismGriesbeck et al., 200€.f.Dahl,
oxidants [, Fe(lll), and Mn(lll, IV) oxides] and microbial 200§ c.f.Findlay, 201}k
community composition. Experimental work has indicated that When oxidant concentrations (£ MnQOy) increase relative to
under low oxidant to sul de ratios, chemical sul de oxidati by  sul de, the predominant products of chemical sul de oxidatio
02, FeOOH, and MnQ typically yields zero-valent, or elemental, appear to switch from elemental sulfur to thiosulfate and syl t
sulfur (ZVS, 8) as the primary oxidation productGhen and with sulfate as the stable end produciten and Morris, 1972
Morris, 1972; O'Brien and Birkner, 1977; dos Santos Afongb anThiosulfate in particular has been shown to be a major oxidatio
Stumm, 1992; Yao and Millero, 199@ue to thermodynamic and product of sul de in both freshwater and marine sediments
kinetic constraints on sul de oxidationL{uther et al., 20l)land  (Jgrgensen, 19903,Ht is also the primary sulfur oxidation
the stability of solid inorganic sulfur (orthorhombigprelative  product of pyrite oxidation with Fe(lll) Cuther, 198) and can
to other intermediates. Elemental sulfur is additionallynfied accumulate to high concentrations {00mM) under intensive
during oxidation of sedimentary iron monosul des?{zik and pyrite oxidation (uther et al., 1986 MnO; is also capable
Sommer, 198)] through acid decomposition of polysul des or of oxidizing sul de to thiosulfate and sulfate, likely throlig
thiosulfate Dinegar et al., 1951; Chen and Gupta, 1PaRd polysul des as an intermediateB(irdige and Nealson, 1986
may also form during biological sul de oxidation. Photopbic ~ Thiosulfate is also produced biologically; for example during
sul de oxidizing bacteria oxidize sul de anaerobically two  chemotrophic sul de oxidation with oxygenChildress et al.,
steps, the rst of which yields zero-valent sulfufrigaard and 1991; van den Ende and van Gemerden, 1993; Beinart et al.,
Dahl, 2008; Eddie and Hanson, 2013; Findlay et al., R0HKen 2015 or during incomplete microbial sulfate reduction under
sul de is exhausted, these bacteria then oxidize ZVS talf substrate-limiting conditions\(ainshtein et al., 1990
Under O, limiting conditions, ZVS may be formed during Thiosulfate is used widely in microbial sulfur metabolism by
chemotrophic sul de oxidation by @ (Fisher et al., 1988; van nearly all chemotrophic sulfur bacteria and many phototrophic
den Ende and van Gemerden, 1993; Fuseler et al., 1996; €dsldrbacteria flam et al., 20183 It has low chemical reactivity to
and Girguis, 201)L Chemotrophic sul de oxidation using nitrate oxygen, but may be oxidized by Fe(lll) or MRpQ(Schippers
has furthermore been demonstrated to produce elementalisulf and Jagrgensen, 200%o form tetrathionate, which may also
as an intermediate during the complete oxidation of sul deform during pyrite oxidation Cuther et al., 1986 Tetrathionate
to sulfate Fuseler et al., 1996As a metastable intermediate, is furthermore a common product of chemoheterotrophic
elemental sulfur is a common and widespread component aficrobial thiosulfate oxidation via thiosulfate dehydrogee
many aqueousNa et al., 2006; Li et al., 2008; Zerkle et al.(Equation 2)Mason and Kelly, 1998
2010; Kamyshny et al., 2011; Findlay et al., »0deédimentary
(Henneke et al., 1997; Zop et al., 2004; Ycel et al., 010 28_:0% C2H,OCOy! 5405 C40H 2)
and hydrothermal systems3(eier et al., 2012; Findlay et al.,
2019. The speciation of this sulfur is likely heterogeneoudsdsol and of heterotrophic thiosulfate oxidation by denitrifying
orthorhombic G is the most stable form of ZVS; howevef, S bacteria Gorokin et al., 1999 Although it is observed in
produced by bacteria is typically more soluble and the speciati microbial culture [Tuttle and Jannasch, 1972; Mason and Kelly,
can vary among bacteriaK(einjan et al., 2003 Moreover, 1988; Bak et al., 1993; van den Ende and van Gemerden), 1993
nanoparticulate elemental sulfur 0.2nmm) has recently been tetrathionate has only very rarely been detected in envirental
observed to be a common component of a variety of sul dicsamplesodgorsek and Imho , 1999
systemsKindlay et al., 2004 The most oxidized intermediate, sul te, forms during sued
Elemental sulfur formed either abiotically or microbially oxidation at high oxidant to sul de ratiosGhen and Morris,
reacts with sul de to form polysul des & ), which are the most  1972; Zhang and Millero, 19%3but oxidizes quickly further to
reduced of the intermediate species (EquatioBdhwarzenbach form SOZ (Zhang and Millero, 1991 Sul te also reacts readily
and Fischer, 1960; Chen and Morris, 1972; Kleinjan et al5)200 with organic matter {airavamurthy et al., 1994and is oxidized,
They consist of a chain of zero-valent sulfur atoms bound to aeduced and disproportionated by a variety of microorganisms
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for energy conservationJénssen et al., 1996; Cypionka et al.solutions of their sodium salts which were prepared in anofic 1
1998; Lie et al., 1999Due to its high chemical and biological Me water directly preceding addition to the experiment.
reactivity, it does not tend to accumulate to high concetitras A polysul de stock saturated with respect to elemental sulfur
in natural systems. was made by preparing a mixture of 600 mM 4$a9H,0 and
Once formed, each of these intermediate species m&M & in 50 mL deoxygenated deionized water. This solution
be microbially reduced, oxidized or disproportionated, orwas sealed, stirred and gently heated (Z0for 4 h to (partially)
react further chemically. The prevalence of oxidative sulfudissolve elemental sulfur, then was allowed to stand ogéirat
cycling indicated by observations of cryptic sulfur cyclingroom temperature to equilibrate. The pH was then adjusted to
and intermediate production combined with the diversity of 7.4 (0.1-0.2 pH units lower than the pH of the experiments in
microbial and geochemical processes involving these speciasler to prevent precipitation of gSupon addition) and stood
clearly indicates the biogeochemical importance of theaetinee  for another 2 h to allow $to precipitate and settle. The pH was
intermediates; however, consumption rates in the environime con rmed, then the solution was Itered (0.2m) and used in
are not well constrained. Rates are available f@§ in  experiments the same day.
freshwater and marine sedimentsgfgensen, 1990a,b; Zop Elemental sulfur colloids were prepared according to the
et al., 200§ and for SO% and SC§ in marine sediments method of Janek (1933by the reaction of HS with SC'g)
(Podgorsek and Imho, 1999; Zop et al., 2004ut turnover under acidic conditions. 3.6g N8G; and 6.5g NaS 9H,0
rates for these species in aqueous environments and for Swere dissolved separately in 50mL deionized water. 1.5mL
and & generally are lacking. The goal of the study presentedf the NgSQ; solution was added to the sulde solution,
here is therefore to constrain the rates of and processedllyroa followed by about 8 mL HSQ; (25 %) added dropwise until the
responsible for the turnover of all inorganic intermediatdfar  cloudiness imparted to the solution upon addition of the acid
species (8, &, szog ,S02 ,SC% ) inthe sediments and water barely disappeared after stirring. At this point, 3 mL conceteda
column of a freshwater lake. In order to minimize the e ect HoSQ, were added to the N&QG; solution, which was then
of competing processes on rate measurements we use a sepesred into the sul de solution, turning the solution a milky
of incubation experiments in which each species is separatejgllow color. This mixture stood for 1h, then was Itered
amended. through a Whatman (Size 5) 12.5 cm paper lter. The ltrate was
washed with deionized water to remove soluble polythionates
then was resuspended in 300 mL deoxygenated deionized water
METHODOLOGY for use in experiments. The colloids created by this synghesi

Field Setting and Sampling were previously characterized Wyteudel et al. (1988who

Lake Kinneret is a seasonally strati ed freshwater lakeatied suggested a micellular structure and determined a formula of
in northern Israel (32 50° N, 35 35E). The lake covers X(NaHSQ/NazSQy) ¥ zNazSnOs (N D 6-10m D 4-16).
an area of 170 kfand is 40m deep at its deepest point

(Station A). Thermal strati cation begins around April anchés Incubation Experiments

- . . .~ Sediment slurry experiments were prepared using anoxic, non-
ring th nter (December-January). Durin rati caii ) . o . . ’
during the winter (December-January). During strati ' __sul dic sediment at a dilution of 1:1 (v/v) with anoxic, stkr

oxygen depletion and sulfate reduction in the water columd an .
: o " water taken from the overlying water column. The added water
sediments lead to the prevalence of euxinic conditions and an

active reoxidative sulfur cyclégossow et al., 20)5 was hea}t sterilized (autoclaved to. 120 before 'addmon in
. . . arder to isolate the e ects of the sediment microbial commntyni
Anoxic water samples for aqueous incubations were '[ake][}Om those in the water column. The sediment slurries (pH
in May 2016 from the water column at Station A below the ) b

chemocline (de ned as the point at which Cbecame non- 7.5) were prepared in a glovebag under an anoxic atmosphere

detectable, 17m depth) at a water depth of 20m. Oxygeﬁnd allowed to rest for at least 12h prior to the injection

concentrations were below detection {mM) and the sul de of the amendment solutions. Injections of anoxic amendment

. - solutions were made following the conditions outlined in
concentration was 15M. Water was pumped from depth into . : . .
. . Table 1 All experiments were conducted in duplicate. Following
covered glass containers that were sealed with a glass stopper. . - .
. N - Injection, the slurry experiments were incubated at @b
which prevented contamination of the samples by oxygen durin . .
e normal temperature of the chemocline of Lake Kinneret
transport to the laboratory, where the samples were procesged t .
. ; . In the summer Knossow et al.,, 20)5in the dark under
same day. Sediment samples for slurry incubations were take%ntle shaking and were returned to the glovebaa for sub
from Station A in November 2016 from sediments underlymgg 9 9 9

anoxic and sul dic water. The cores were sealed, transpdréet sampling. . . . .
Aqueous incubation experiments were set up in 150 mL glass
to the laboratory, and processed the same day.

vials sealed with rubber stoppers and aluminum caps. One
hundred twenty- ve milliliter of sample water (pHD 7.6) was
Preparation of Amendment Solutions transferred to each vial under an anoxic atmosphere in a glove
H2S amendments were made from a stock solution obag and allowed to rest at least 12h. We note that although
NapS 9H,0, which was prepared in deoxygenated, deionise¢he water contained 1BM sul de at the time of sampling, at

18 M= (MIlliQ ®) water less than 1h prior to addition. O,  the time the experiments were begun, the sul de concentretio
SZO2 , and SO% amendments were also made from stockwere between 0 and rBM, which are typical of interface
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TABLE 1 | List of experimental conditions and species measured for ezh incubation.

Experiment Name Conditions Amendment Sulfur species measured
Aqueous 1A Live HS, light HpS, S¢ L ZVS, $05 , SO
1B Killed
i 2 2 o2
2A Live HS, dark HS, S . 2VS, $03 , SO
2B Killed
3A Live s HaS, S7 | ZVS, $03 , SO3
3B Killed
4A Live (colloidal) S, S¢ ,ZVS,SZOS , S 3
4B Killed
5A Live $02 HzS, S,02 , SO3
5B Killed
6A Live $,02 H2S, 5,03 , SO3
68 Killed
i 2
7A Live sG; H2S, 5,03 , SO3
7B Killed
Sediment 8 Live S HoS
9 Live 4 HzS, Sz , 5,03 , SO3
10 Live & (colloidal) HS, ZVS, 03 , SO3
f 2 2
11 Live 03 H2S, $,03 , 5405 , SO3
12 Live 02 H2S, S,05 | S40% , SO3
i 2
13 Live le4 H2S, 5,03 , SO3
14 Live None SC‘%

environments. Experiments were begun upon syringe injeaifon Analytical Methods for Sulfur Speciation
the amended species through the rubber stopper. Non-stetilizeSul de  [operationally dened as S(-l) measured
experiments were conducted in triplicates and an abiotic mant spectrophotometrically6é S(-11) D H,S C HS C polysul de
for each experiment was constructed by heat sterilization o6(-11)] was preserved in zinc acetate (20 % w/v) and measured
the water under anoxic conditions (autoclaved to 12Pprior  using the spectrophotometric method dfline (1969)with
to amendment. The initial concentration of each amendedletection at 665 nm. The method detection limit isniA.
species was chosen to be as close to an environmentallymeleva Polysul des were quantied via HPLC following
concentration range as possible, but high enough to allowlerivatisation with methyl tri ate Kamyshny et al., 2004, 2006
accurate measurement of its consumption over tirfiable 2.  Briey, 0.1 mL ltered (0.2mM) sample, 0.1 mL phosphate bu er
Throughout the experiments, oxygen was monitored in sub{pH 7.6), and 6nL methyl tri ate were added simultaneously to
samples using a beroptic optode (detection limitiM; Firesting 0.8 mL methanol. The derivatised samples were stored2tC
Pyroscience) and no oxygen was detected during either thentil analysis. Concentrations of polysul des of chain lerg#+-8
preparation or course of the experiments. All experiments weravere determined in derivatised samples by reversed phase HPLC
stored in the dark unless otherwise noted (i.e., Experimgnt 1 with UV-detection at 220 and 230 nm. The method detection
Throughout the course of all incubation experiments, subdimitis 3—10mM depending upon chain lengtik@myshny et al.,
samples were taken and sulfur speciation was quanti ed fon eac2009.
experiment Table 1). All sub-samples were taken in a glovebag Zero-valent sulfur (colloidal and dissolved, Solysul de
under an anoxic atmosphere 0.1% Q) to reduce the risk for <, S;Og ) was quantied as SCN by HPLC using a C-
oxygen contamination of the experiments and oxidation adté 30 column modied with polyethylene glycol (5%)R(ng
in the sub-samples. Sub-samples from the sediment slurries al., 2005; Kamyshny, 200ZVS was converted to SCN
were taken using syringes and were Itered through a @b via cyanolysis by injecting 5-10mL of sample and 2D
prefabricated Iter (Millipore) prior to analysis. KCN (10% w/v) concurrently into 20mL of boiling boric
Due to the relatively long time scale of most experiments¢dayacid (1% wi/v), after which the solution was returned to a
to week), it is probable that the microbial community changed boil and the volume was reduced to 5-10mL. Corrections
response to the substrate additions, and thus is not represgat were made for contributions from 4S)§ and § , therefore
of in situ conditions. However, the lack of a lag phase in alZVS concentrations presented here represent only dissolved
incubations (with the exception of Experiment 6A) indicateatt and colloidal &. Cyanolysis was chosen over extraction by
the capability to utilize these substrates is present angl@atr is  organic solvents (e.g., chloroform or toluene) as deteation
readily activated when they are provided. of cyanide-reactive sulfur yields higher recovery of ZVS
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TABLE 2 | Initial consumption rates and pseudo- rst order rate constars for intermediate sulfur species from this work and the Erature.

Species Cpo Initial rate Initial rate k° non-sterilized 15k’ non-sterilized k° control  Environment References
(mM) live (mM/hr)  control ( mMI/h) b b )
Water H,S (light) 300 6.9 1.3 0.0229 0.0163 0.0041  Freshwater water This work
column samples (Lake
Kinneret)
H,S (dark) 300 0.58 0.42 0.0026 0.0011 0.0014
S)% -S 39 21 0.0103 0.0055 0.0081
so 25 0.61 0.042 0.0527 0.0086 0.0016
szog 125 3.0 0.29 0.023 0.0023 0.0017
Sy Og 120 0.5 0.031 0.0026 0.0003 0.0003
SO% 150 48 8.0 0.0517 0.0027 0.0201
Sediment H,S 500 1,200 125 n/a Freshwater sediment  This work
slurries (Lake Kinneret)
s2 3,500 0.28 0.078
s0 100 26 0.86 0.04
$,03 140 1.2 0.0076 0.003
S4Oé 110 14 0.18 0.01
so? 130 22 0.2 0.02
soz 218 1.0 0.015 n/a
szog 82 42 0.512 Black Sea sediment Zop etal., 2004
21 8.5 0.405 Black Sea sediment Zop etal., 2004
6 11 0.183 Black Sea sediment Zop etal., 2004
100 25 0.250 Odder River sediment Jagrgensen, 1990a
125 69 0.552 Braband Lake Jargensen, 1990a
sediment
2 2.6 1.3 Hiddensee sediment  Podgorsek and
Imhoff, 1999
S4O§ 180 31.8 0.177 Weser Estuary Zop etal., 2004
(reduced)
180 7.95 0.044 Weser Estuary Zop etal., 2004
(oxidized)
e 1.4 0.22 0.157 Black Sea sediment Zop etal., 2004

3

The rates for polysul des from this work are expressed as total polysul de

in Lake Kinneret waters, perhaps due to the presence dRate Calculations

biologically produced hydrophilic sulfur Khossow et al., All reactions were treated as pseudo- rst order and consumptio

2019. rates were calculated based upon the method of initial rates.
Tetrathionate was quanti ed immediately after sub-samplingPseudo- rst order behavior and kinetic constants were dediv

in ltered samples using the same HPLC method describedrom plots of In(concentration) over time.

above for cyanide-reactive ZVS samples. The detection fonit This treatment of the data means that the kinetics may be

this method is 0.51M. Tetrathionate concentrations in ltered described after the rate law given by Equation (3):

subsamples were found to be stable over time scales of 1—

3 h, which allowed su cient time for accurate measurement by dcC

HPLC. o P Kia ®)
Thiosulfate and sul te were quanti ed by HPLC following

derivatisation by monobromobimanélgwton et al., 1981; Zop ) ) ) ] )
et al., 200§t The method detection limit for both 2‘5)% and Where Cis the concentration of a particular species kftid the
803 is 0.0051M. pseudo- rst order rate constant. Equation 3 can be integrated

Sulfate  concentrations were measured by iorPiVe EQuation (4).

chromatography (Metrohm) with a conductivity detector
after Itration and dilution of sub-samples preserved in
zinc acetate. Sodium carbonate/bicarbonate buer was
used as the eluent. The detection limit for this method isThis assumes that the kinetics are dependent upon the
10mM. concentration of the species of interest, and that all other

C: D Coe ¥ (4)
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factors are constant during the experiment (e.g., microbiaBul te

biomass, chemical oxidants). As the electron donor or acrept SG; was consumed at an initial rate of 2kl h !
is unknown for the consumption reactions observed in thesgFigure 2C). After the rst day, low concentrations of sul de
experiments, this yields the most realistic representatibthe  were observed <1.5mM). In contrast to water column
decomposition kinetics. It is important to consider, however experiments (Section Thiosulfate)gcg concentrations were
that as most of the reactions examined here are microbiallgonstant at about 30M throughout the course of the

mediated, it is therefore likely that the actual kineticsvda  experiment.
relationship to the substrate concentration more congisteith
a Michaelis-Menten description.
RESULTS A
. i 140 . 3402' —7
Sediment Experiments 1 - HS -
0 120 - S,05 -6
Sul de, Polysulde, and S ¢ sidal | . 802 - F
Concentrations of all reduced sulfur species‘gSﬂ$ , %)Hoidal) 100 -5 =
decreased rapidly within the rst hour after amendment . r »g
(Figure 1, Table 2. Both sulde and Solloidal were depleted & 807 R
to below the detection limits of the relevant analytical & 60| 3 8
methods; however, after initial rapid consumption, polysié d 1 - ;
concentrations continued to decrease slowly during the 407N 2 3
remainder of the experiment. 20 . ‘ Ly
Thiosulfate 0 -pe—— o ——%-0
$03 was consumed at an initial rate of T h L. The initial 0 20 40 T::e(h;oo 120140160
consumption of 50% was accompanied by a small increase B )
in SG3 concentrations, which then decreased throughout the 1 |5
remainder of the experimentgure 2A). After the initial 12 h, 150] X
low concentrations (1-8M) of sul de were also observed. 1
S;Oé also appeared after 34 h, with concentrations increasing £ | 4 5
to nearly 7mM by the end of the experiment. ;i; 1 I
Q, 100 -3 @
. ) g o
Tetrathionate N F e
S;Oé disappeared at a rate of 1481 h 1, which was - 2 §
accompanied by a concomitant increase iQ®$ (Figure 2B). 2 5 .
SG concentrations were low throughout the course of the | \ =
experiments€ 1.5mM), and sul de was not detected. 1/ T L
4
0o o T T I 1*-0
0 10 20 30 40 50 60 70 80
Time (h)
500 % C
p e g2 L 20,000 140 1 -5
& H,S i (
400 — g0
colloidal
g -1
g 15000
=300 : 2, T
o8 10,0002 <
@ 200 - B =
U()“ L =
. C
100 5,000
0 At #—10
0 5 10 15 20
Time (h) Time (h)
FIGURE 1 | Timecourse for sul de, polysul de and Sf:)olloidal from separately FIGURE 2 | Sulfur speciation in slurry experiments amended with
amended sediment slurry incubation experiments. (A) thiosulfate (Exp. 11)(B) tetrathionate (Exp. 12), andC) sul te (Exp. 13).
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Sulfate Reduction Tetrathionate
A control experiment (i.e., no amendment) was set up inln non-sterilized experiments, tetrathionate consumptioryae
which S(i concentrations were measured over time inafter a lag period (20h). After this point, concentrations
order to estimate the sulfate reduction rate. The initial2SO decreased with an initial rate of 0.684 h *. In contrast, in
concentration in the experiments was 218!, which decreased the control, tetrathionate was relatively stable and decliat a
to 143mM over 3 days, yielding an apparent sulfate reductiorrate of 0.03mV h * (Figure 3P). In non-sterilized experiments,
rate of 1.020M h 1. No precipitation of sulfate is expected atthe 03  increased with initial tetrathionate consumption, then
concentrations present in the experiments. slowly decreased-{gure 4B), whereas the concentrations of all
measured sulfur species were stable in the conFiglure 4D).
Water Column Experiments Sulte
Sul de and.PonsuI de ) N SO§ was consumed with no lag time in both non-sterilized
U_nder gm@ent laboratory I|ght_ cond|t|ons_,_ sul de de_credse experiments (48M h 1) and controls 8.0V h 1)
with an initial rate of 6.9nM hr 1 in non-sterilized experiments
and 1.3nM h Lin the control Figure 3A). In dark experiments,
sul de loss rates were 0.58M h 1, with no signi cant di erence
between non-sterilized and sterilized experimerfgy(re 3B).
After 200 h, however, sul de concentrations were observed t

increase in non-sterilized experiments, likely due to migad solution, or reaction of HSQ (pKa D 6.97) with low amounts

sulfate reduction. ) .
. f sul n amendment leunisch, 197)/ Formation of
Polysul de concentrations (presented as the sum of squuP sulde upon amendment i /)i Formation o

atoms present in polysul des rather than of individual chgins add|t|0n§1l[ 533 durllng the time course was observed only in
decreased at an initial rate of 8 h 1 in non-sterilized non-sterilized experiments{gure 48).

experiments, with no signi cant di erence with respect to the g,jrate Reduction

control (Figure 30.

(Figure 3G. In both non-sterilized and control experiments,
most SG was not recovered in the measured sulfur pools
(sul de or 03 ). Low concentrations of 3 were measured
at the initial time point in both sterilized and non-sterilide
experiments, which may be due to impurities in the §O

An increase in sulde concentration attributed to sulfate
reduction was observed in Experiment 2A after 200 h. Assuming
that sul de oxidation continued at the same initial rate, an
apparent sulfate reduction rate of GrB1 h 1 may be estimated.

Zero-Valent Sulfur (S2, .1a)

Colloidal zero-valent sulfur in non-sterilized experiment
decreased at an initial rate of 0.6M h 1 with no lag time.
In controls, sulfur concentrations were constant over toerse
of the experiment (within the 15% error of the measurementDlSCUSSlON

Kamyshr_my, 2QOpindicating the absence of abiotic oxidation or Turnover of Sul de and Polysul de
coagulation Figure 3D).

SZO§ was initially present in the colloidal sulfur amendments
to both non-sterilized and control experimentBiQures 4A,B,
likely remaining from the synthesi$(eudel et al., 19%8&despite
washing during the preparation. In non-sterilized experimgnt
$03 decreased after a lag time of about 22 h at a rate afid12

h 1 SZO§ concentrations in the control did not change over the

During sediment incubations, the extremely rapid initial
consumption of sul de and polysul de was likely due to abiotic
reaction with iron minerals. The reactive iron content ranges
from 50 to 100mM Fe g ! (dry weight) at Station A Eckert,
2000 and the formation of iron-sul des is further suggested
by the change in the sediment color from brown to gray/black
) during these incubations. The slower decrease in polysul de
course of the experiment. concentrations after the initial consumption, however, may
~Innon-sterilized  experiments, sulde was presenthe gue to either continued reaction with less reactive iron
initially (8mM), likely due to ongoing sulfate reduction, minerals or microbial consumption. Further work is required
but decreased throughout the course of the experiment. In thg) ~4strain this, as polysuldes play an integral role in
control experiment, sulde was present at about¥ and it formation Rickard and Luther, 2007isotope exchange
concentrations did not change signi cantly throughout the processes between reduced sulfur spefiessing and Jargensen,
course of the experiment. In both the non-sterilized experitse 1990: Kamyshny et al., 2014and furthermore represent an
and controls S@ concentrations were low and stable over theimportant potential energy source for micro-organisnsr(diay,
course of the experiment. 2018.

. It is important to note that the results of the sul de and
Thlgsulfate _ B _ _ polysul de incubation experiments are not directly compaebl
03 was consumed in non-sterilized experiments with no lagog|ysyl de concentrations are dependent upon sul de and the
time at an initial rate of 3.@M h ™. In the control, $O5  rapid scavenging of sulde by these sediments would result
concentrations declined SIOleOVerthe course of the enﬂmﬂt in a Corresponding decrease in polysu| des. Therefore, the
at a rate of 0.26WM hr ' (Figure 35. No oxidation products consumption rate of polysul des should equal to or higher
were detected in non-sterilize@3 -amended incubations. A than that of sul de under similar conditions. To avoid this
slight increase in Sg) (to 2.3mM) was observed in the control, being the primary process aecting polysulde dynamics
likely re ecting a slow oxidation ofﬁ)g (data not showhn in these experiments, however, polysul des were added at
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FIGURE 3 | Time course of water column amendment experiments in live ahkilled control experiments.(A) Exp. 1; (B) Exp. 2; (C) Exp. 3; (D) Exp. 4; (E) Exp. 5;
(F) Exp. 6; (G) Exp. 7. Error bars represent three independent replicates?lease note that the scales of both the concentration (y) antime (x) axes change for each
experiment.
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FIGURE 4 | Sulfur dynamics in experiments amended with colloidal sulf (AD Exp 4A; BD Exp 4B), tetrathionate (AD Exp 6A; BD Exp 6B) and sul te (AD Exp 7A;
B D Exp 7B). Sul de concentrations in Experiment 7 were below degction (1mM) at all times. Error bars represent three independent reiphtes.

concentrations much higher than those of sul d&igure 1). In water column samples, a clear biological inuence on
The result of this is that polysul de consumption appearssul de oxidation was observed in the lighFigure 3A; Table 2
slower relative to sulde when corrected for concentrationover the dark rate in Experiment 2A, indicating that sul de
(Table?d, but this is an artifact of the experimental was oxidized phototrophically (either through phototrophic
conditions and not an accurate description of the relativesulfur bacteria, or cyanobacteria, both of which are typycal
reactivity. present at the chemocline, e.®immer et al., 2003 Despite
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this clear biological in uence, the production 0f,G@2 , the S02 , and that consumption of both species could not occur

main oxidation product, was similar between the non-steeli  simultaneously.

(0.2mM h 1) and control (0.3nM h 1) experiments data not One possible explanation for this observation may be the

shown. This could be due to internal storage of oxidation speciation of the sulfur colloids themselves. At 22 h,wtmés

products by phototrophic sulfur bacteriagn Gemerden, 1986 consumption began, approximately 414% of the golloidal had

so that the solution chemistry re ects only the chemicaldation  been consumed. This corresponds to the characterizatiohisf t

in both instances. During sul de oxidation under dark cotidns  synthesis bysteudel et al. (19838Which demonstrated that about

in the sterilized control, g)% concentrations increase with time 45% of the @present in the sols was in a form other thag) likely

in the control at a rate of 0.44M h 1, whereas in the non- longchain polythionates. We thus hypothesize that this more

sterilized experiment they decrease at a rate of m®81h 1 reactive Swas consumed rst, followed by a switch to thiosulfate

(data not show}) suggesting that although a biological impact onmetabolism, and then again back to the remaining, less ingact

sul de oxidation was not observed, microbial consumptiorittd ~ ZVS (present asgp once thiosulfate concentrations were low.

products from the chemical oxidation occurred. The second phase Ofgoﬁoidm consumption occurred three
Polysul de consumption in the aqueous experiments appearsmes slower than the initial consumption, further suggestin

to be abiotic. Although the consumption rate in the non-that two dierent species were involved. In contrast;;()%

sterilized experiments (38M h 1) was higher than that concentrations were stable over the course of the experinent

in the control (21mM h 1), when variability between the the control Figure 4B).

triplicate non-sterilized experiments is accounted for, rehés

no statistical di erence between the two rateBale 2. The Connection between Thiosulfate and

interpretation of these experiments is however complicated bfetrathionate Cycling

the possibility of concurrent sulfate reduction (efigure 38,  Consumption of $03 and S03 in the water column was
which would strongly impact the concentration of sulde |argely a biological process>90%; Figures 3E,F Table 2.
and thus also polysulde (Equation 1). If indeed there issedimentary consumption was also likely predominantly
biological oxidation, this could be partially masked by steffa pjological, as both of these species are chemically stablerund
reduction in the non-sterilized experiments. Intriguingiy the  anoxic, non-sul dic conditions. Notably, 3 consumption
non-sterilized experimentszsg concentrations consistently \4< siower than 295 consumption in the water column,
increased throughout the incubation period (from 6.7 0.7 \\hereas the opposite was true for sediment incubations. The
t0 120  60mM), whereas in the control, concentrations Were ates of 502 consumption observed in this study are notably
stable (2.3 0.6mM). This is in contrast to the sul de oxidation |qyer than previous reports from both freshwater and marine

experiments (Experiment 2), in which thiosulfate concentrai ¢ giments Jorgensen, 1990a,b; Elsgaard and Jargensen, 1992:
increased in the control and decreased in the non-stedlizezOIO etal., 2003.

experiments, and may therefore be a consequence of biological

A R No oxidation products were observed in non-sterilized
polysul de oxidation, rather than sul de oxidation.

$03 amendments in aqueous experiments. This could indicate
oxidation to either $03 or SG; (which were not measured in
these experiments), consistent with microbi@[§ oxidation

S0 Consumption in chemoheterotrophic bacteria. Disproportionation could also

colloidal have occurred, followed by oxidation of sul de (as discussed

This is the rst report of directly measured rates Ofo%ideu X - ' X
consumption under environmentally relevant conditions, " the following section for S® amendments). In sediment

although previous studies have indicated pelaglergensen incubation experiments, however, measurements 9OZS
et al., 197p and sedimentary Rossing and Jargensen, 1p90 Were made, and production was observed after 2about 35h
& consumption. In the sediment incubations, rapid_ g, °f incubation, indicating that 03 oxidation to 305 was
consumption similar to that observed for sul de and polysuéd responsible for at least part of the observe®$ consumption,
was likely abiotic, due to reaction with reactive iron miakr similar to experiments conducted in coastal sediments by
(pyritisation or absorption). Podgorsek and Imho (1999)in which SO% accounted for

In the water column experiments, (Experiment SASD@idal up to 57% of oxidized z&)% . In our case, assuming that
consumption was the fastest of all amended species (normaliz&loé was only produced and not consumed, oxidation of
for concentration) and was biologically mediatefigure 4A). SzO% to S;OE accounts for 10% of 2@% loss in the
One interesting feature of these experiments is th@3S was  experiments. The remainder may be due to either reduction or
also present in this amendment as a by-product of the synthesigisproportionation; previous studies using radio-labele®$
however, the rate of ®3 consumption in Experiment 3A is tracers demonstrated simultaneous oxidation, reductiord a
slower than expected based upon the kinetics determined fromlisproportionation throughout the sediment columrF¢ssing
Experiment 5A (0.68M h 1 0.068). Moreover, a lag time was and Jorgensen, 1990
not observed in Experiment 5A=(gure 3, as was observed in  This is the rst report of SOE consumption in aqueous
Experiment 3A. This, and a pause if} §,,; consumption once  environmental samples, and although the rate is slower than th
SgO% consumption beganHKigure 4A) indicate that a similar observed in sediment incubations (this studyp et al., 2003,
mechanism was responsible for both the use of b@mo§a| and it is consistent with previous reports in its stoichiometrydan
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microbial nature. ﬁDé can be reduced by a variety of di erent consumption was consumed biologically (e.g., via reduction
microorganisms, including but not limited to sulfate-recing  disproportionation).
bacteria (c.f.Barrett and Clark, 1987 In the non-sterilized, Equations (2, 5) illustrate the interconnectivity between
agueous incubations (Experiment GAM,C% consumption was Szog and SOé production and consumption, as each
accompanied by a nearly stoichiometric increase ;_fo§ is essentially the reverse of the corresponding process.
(1.9; Figure 40). This stoichiometry is consistent with48§ Thermodynamic calculations indicate that consumption of
reduction via tetrathionate reductas®dk et al., 1993after 1O is favorable to consumption of,83 at all but very
Equation (5). low ratios of 303 to $O5 ( 1 10 9). Thus, in natural
environments the relative concentrations ofC§ and SO3
S;O% C2[H]! 2 &O% C2HC (5) should control the direction in which this reaction proceedis
has been known from microbiological studies that the cyoles
where [H] represents the enzyme tetrathionate reductasge®a sQog and Soé are connectedTuttle and Jannasch, 1972,
upon s_,og production, Equation (5) can account for 100% of 1973; Barrett and Clark, 1987; Bak et al., )9%®wever, the
S;Oé consumption in these experiments. role of Soé in microbial metabolism and in the sedimentary
SnOEZ; also reacts with sul de, forming®and which would ~ sulfur cycle is still not clear. Nevertheless, the importance
also result in a 2:1,82 : §02 stoichiometry (Equation 6; of $03 metabolism has long been established in both

Sorokin et al., 1996; Podgorsek and Imho, 1999; Zop et al.freshwater Jargensen, 199pand marine (grgensen, 199pb
2009. sediments. The observation of& production during $O3

metabolism in this study and biodgorsek and Imho (1999)
HS CS02 ! 2505 CSCH® (6) thus points to a potential source of tetrathionate in sedinsent
Although the concentrations ofzsg used in these experiments
are much higher than those found in most sedimentary
environments (which likely is the cause for the production of

ZVS concentrations were highest at the start of the expertsen
(15mM), before signi cant SO% consumption was observed.

In ozrder to explain ZVS formation by Eq'ur?lt.ion (6)’_ W detectable tetrathionate production), it is nevertheleigsly
$0g  would need to have been consumed initially, which is N0y tetrathionate is produced under normal environmental
supported by the data. ZZVS has been also found to forr;w frOMonditions and Podgorsek and Imho  (1999)observed its
the decomposition of 3 due to acid generation bys6g formation even in sul dic sediments.

oxidation Bak et al., 1993 however this is also not likely at

the pH and bu ering capacity of these experiments. This pointsSy| te Consumption

to a source of ZVS not related to the microbial metabolism oBased upon free energy yieIdS,§Cdisproportionation (233
$103  (likely oxidation of sul de in the initial sample prior k3 mol 1; Equation 8) is expected to be the favored metabolism
to the commencement of the experiment) and indicates thainder anoxic conditions, followed by reduction via sul te
S;Oé consumption is due to microbial tetrathionate reduction reductase (171 kJ moll; Equation 9,Kramer and Cypionka,

via Equation (5). 1989.

Although $O3 was still the dominant product of
tetrathionate consumption in the sediment slurry incubaitso 48@ CH¢1 38@ CHS (8)
(Figure 2B), the ratio between 3 production and GOZ SG C3H,CHC ! HS C3Hp0 ©)

consumption was lower (0.5) than observed in the aqueous

incubations. 803  production after Equation (5) therefore gy de was detected in neither sediment incubations nor ion
accounts for only 25% of48 consumption. A lower ratio  sterilized and control water column experiments; howevee t
(1.5) results from $03  disproportionation (Equation 7Zop  presence of 3 in both sediment (Exp 13Figure 20
et al., 200)% however this process is also not consistent with thend non-sterilized water column (Experiment Figure 40
stoichiometry observed in the sediments. experiments may indicate its formation, as SOreacts with

5 ) ) c sul de to form Szog via equation 10 with a free energy vyield
4S0; C4HO! 6905 CS0; CSG C8H® (7)  of 167 kd/mol Krimer and Cypionka, 1939

There are several possible explanations for the lower proofucti 4HSQ, C2H,S! 3 szog C 3H,0 (10)

of SZO§> than expected based upon the reaction stoichiometries

in Equations (5, 7) that was observed in the sedimentindobat  For water column experiments, based upon the rates of sul de
First, S‘Oé reacts with sul de (Equation 6). Although sul de oxidation in the dark determined from Experiment 2, we
was likely produced by microbial sulfate reduction, it wag nocalculate that anaerobic sul de oxidation could account for
observed in any of the sediment incubation experiments, athe loss of all potential sul de formed via disproportionation,
these sediments demonstrate very e ective sul de scavengirthus masking its formation. The absence of major electron
(Figure 1). Furthermore, apparent sulfate reduction rates werecceptors (@, Fe(lll), MnOz, NO3) in these experiments
lower than SO% consumption, similar to the observation made makes disproportionation the most likely process responsible
by Zop et al. (2004) It is therefore unlikely that Equation (6) for S@ consumption within the water column. The capacity
was the dominant consumption pathway fos® in these for SG; disproportionation is found among sulfate-reducing
experiments. It is more likely thatzsg formed during SO% bacteria, which are known to be present in the chemocline of
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the lake Eckert and Conrad, 200.7In sediment experiments, previous experiments indicate that in sediments, elemental
the extremely rapid removal of sul de observed in Experimentsulfur reacts quickly, either with iron to form pyrite (c.f.
8 (Figure 1) can explain the very low sul de concentrations Rickard and Luther, 20Q7or due to absorption onto mineral
measured in Experiment 13, making sulte loss consistensurfaces Kossing et al., 19%2In contrast, in the water
with either disproportionation or reduction in both cases. column, gouoidal consumption is biological, with no signi cant
The capacity for dissimilatory sul te reduction appears to bechemical reactivity observed20§Oidal is furthermore the most
predominantly found in sulfate-reducing bacteriggrrett and  rapidly consumed species in aqueous experiments, indicating
Clark, 1987. its potential importance as a microbial substrate. In corttras
An alternative possibility is S@ oxidation by sulte & often accumulates in anoxic water columns and in marine
oxioreductase via Equation (11), however, this reacti@hdgia sediments, suggesting that either its formation occurs digpi
much lower energy (19.7 kJ mol?) than disproportionation or that it is present in a less reactive form than the colloids
(Kramer and Cypionka, 1999and is thus a less likely synthesized here (e.g., as crystalline orthorhombic sulftiis
explanation. may also be impacted by how th&f8rms. Biologically produced
< may be more hydrophilic and closer in reactivity to the colloids

503 CH20! S64 CH 1) prepared here 46phel et al., 1998 and so would turn over

. . . rapidly, whereas inorganically produced &.g., from sul de
Impllcatlons for Sulfur CyC“ng in Natural oxidation by oxide minerals) is hydrophobic, less reactive and

Systems therefore accumulates to larger crystals. This would inditlze

The results of these experiments provide several importaritis the structure and bonding environment of the initial pbes

insights into the cycling of intermediate sulfur species @tural  and not the size that control the reactivity.

systems and the biogeochemical controls on their consumptio  Finally, we observe that the cycles QD% and SO% are

First, consumption of all intermediate species, with the ptioa  closely linked in both aqueous and sedimentary environraent

of polysul de, appears to be predominantly biologically mediate In particular, the rapid consumption of 4S)§ in sediment

in anoxic aqueous environments with low concentrations ofexperiments, which was also observed in marine environments,

trace metals (Fe 1mM). Polysul de concentrations will be indicates a prevalent biological role for this intermediate

controlled by their formation rate from sul de and®Sbalanced Moreover, the production of @g during thiosulfate

by geochemical and possibly biological consumption and areonsumption points to a potential source for low concentraton

often not in equilibrium with 8 (Kamyshny and Ferdelman, of $02 in sediments, as ®3 consumption is signi cant

2010; Lichtschlag et al., 2Q1As the water-columns of most throughout the sediment column in both freshwater and marin

strati ed, non-polluted natural environments have low tec systems Jgrgensen, 19903, Such loops within the oxidative

metal content, these results are widely applicable. sulfur cycle represent rate-determining processes thatestrv
Second, in anoxic, non-sul dic sediments, consumption ofretard the overall transformation of sul de to sulfate.

$0% and SOZ will likely be microbially mediated, SO

consumption will likely be both microbial and chemical (e.g.

through reaction with organic matter) and the concentraisoof CONCLUSIONS

< will be controlled by the presence and speciation of reactiv

iron (e.g., through pyrite formation). A comparison between

the turnover rates measured here fqdz , &OZ , and S(§

Eonsumption rates for intermediate sulfur species in a frestiew
lake were measured in both aqueous and sedimentary incubati

; . : experiments. Concentration-normalized consumption ratesawe
and those measured in previous studies from both freshwat P b

2 2 ;
and marine sedimentsTable 2 shows that the rates measured ~colloidal > > S@ 05 > $03 in se2d|ment
for Lake Kinneret are generally lower, however the sequefice incubations and Sz > S& > & > 905 >
reactivity for these species, namel\3550 $,03 > $03 isthe 02 in aqueous incubation. In sediment slurry experiments,
same. Therefore, the patterns determined here likely alsgappl rapid consumption of HS, § , and & ..., is likely due
the anoxic, non-sul dic sediments that compose a large portio to reaction with reactive iron minerals in the anoxic, non-
of coastal marine environment&¢p et al., 200J. In suldic ~ suldic sediment. Consumption of 3, §0% , SG is
Sediments’ g)é and SC’??’ may react with sul de’ increasing Ilkely primarily biological. With the exception of pOlySUl des,
the abiotic component of the consumption rate. In contrast,consumption of all other intermediates{ . . $03 , S03 ,
SZO§ is produced even in sul dic systemdgrgensen, 1990b S@ ) was predominantly biological in aqueous incubations.
Notably, the presence of sul de will impact the thermodynasic These experiments provide the rst measurement of the turmove
of particular reactions, for example disproportionation & @  of intermediate sulfur species in aqueous environments and o
SZO§ (Jorgensen and Bak, 1991 consumption rates ford and ﬁouoidal in sediments. Moreover,
Third, the speciation of zero-valent or elemental sulfur inthey illustrate the biogeochemical complexity imparted by the
a particular environment will expectedly have a strong impacproduction and consumption of these intermediates, which
on its reactivity. Therefore, bulk descriptions df ISased upon is hidden within “cryptic” sulfur cycling yet can be faster
extraction (e.g., in toluene or methanol) or even readgjivit than that of either sulde or sulfate. Internal cycles withi
(cyanide-reactive sulfur) give only limited informatioagarding intermediate species, for example betweg®§ and SO% ,
the biogeochemical reactivity or microbial availability the add an additional layer of complexity and may slow the complete
measured sulfur in a system. The results of this study andxidation of sul de within anoxic sediments and water colom
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