Lawrence Berkeley National Laboratory
LBL Publications

Title

Theoretical estimates of equilibrium sulfur isotope effects among aqueous polysulfur and
associated compounds with applications to authigenic pyrite formation and hydrothermal
disproportionation reactions

Permalink
https://escholarship.org/uc/item/8s3687kh

Authors

Eldridge, Daniel L
Kamyshny, Alexey
Farquhar, James

Publication Date
2021-10-01

DOI
10.1016/j.gca.2021.05.051

Peer reviewed

eScholarship.org Powered by the California Diqgital Library

University of California


https://escholarship.org/uc/item/8s3687kh
https://escholarship.org
http://www.cdlib.org/

Journal Pre-proofs

Theoretical estimates of equilibrium sulfur isotope effects among aqueous

polysulfur and associated compounds with applications to authigenic pyrite

formation and hydrothermal disproportionation reactions

Daniel L. Eldridge, Alexey Kamyshny Jr., James Farquhar

PII:
DOI:
Reference:

To appear in:

Received Date:
Accepted Date:

Please cite this article as: Eldridge, D.L., Kamyshny, A. Jr., Farquhar, J., Theoretical estimates of equilibrium
sulfur isotope effects among aqueous polysulfur and associated compounds with applications to authigenic pyrite
formation and hydrothermal disproportionation reactions, Geochimica et Cosmochimica Acta (2021), doi: https://

S0016-7037(21)00332-X
https://doi.org/10.1016/j.gca.2021.05.051
GCA 12235

Geochimica et Cosmochimica Acta

25 August 2020
25 May 2021

doi.org/10.1016/j.gca.2021.05.051

This is a PDF file of an article that has undergone enhancements after acceptance, such as the addition of a cover
page and metadata, and formatting for readability, but it is not yet the definitive version of record. This version
will undergo additional copyediting, typesetting and review before it is published in its final form, but we are
providing this version to give early visibility of the article. Please note that, during the production process, errors

=

Geochimica et
Cosmochimica Acta

AND THE METEORITICAL SOCIETY

may be discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

© 2021 Published by Elsevier Ltd.



https://doi.org/10.1016/j.gca.2021.05.051
https://doi.org/10.1016/j.gca.2021.05.051
https://doi.org/10.1016/j.gca.2021.05.051

Theoretical estimates of equilibrium sulfur isotope
effects among aqueous polysulfur and associated
compounds with applications to authigenic pyrite
formation and hydrothermal disproportionation
reactions

Daniel L. Eldridge®®®* Alexey Kamyshny Jr.4, James Farquhar®

% Earth and Environmental Sciences Area, Lawrence Berkeley National Laboratory, 1
Cyclotron Road, Berkeley, CA 94720 USA
bDepartment of Earth and Planetary Science, University of California, Berkeley, CA 94720
USA
¢Geophysical Laboratory, Carnegie Institution of Washington, 5251 Broad Branch Road
NW, Washington, DC 20015 USA
4 Department of Geological and Environmental Sciences, Ben-Gurion University of the
Negev, P.O. Box 653, Beer Sheva 84105 Israel

¢ Department of Geology and ESSIC, University of Maryland, College Park, MD 20740 USA

Abstract

Inorganic polysulfur compounds (polysulfides, S2~; polysulfur radical ions, S;~;
thiosulfate, Sgog_; polythionate, Swa_; elemental sulfur, e.g. Sg) participate
in numerous geochemical processes related to the sulfur cycle. These include au-
thigenic pyrite formation in sediments undergoing early stages of diagenesis, re-
actions associated with magmatic-hydrothermal processes, and numerous other
aquatic sulfur redox processes (e.g., pyrite and sulfide oxidation). Sulfur iso-
tope fractionations among many of these and associated compounds (e.g., HaS,
HSOj ) are either unknown or unconstrained over wide ranges of temperatures.
We present theoretical estimates of equilibrium sulfur isotope fractionation fac-
tors among aqueous polysulfur compounds (including select polysulfides, poly-
sulfur radical anions, and polythionates) and select aqueous sulfide and sulfate
compounds that correspond to all three stable isotope ratios of sulfur (33S/32S,

349/328, 365 /32G). Our estimates are based on electronic structure calculations
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performed at the B3LYP/6-314+G(d,p) level of theory and basis set implemented
in concert with an explicit solvation model whereby molecules are encapsulated
in water clusters of varying size (30-52 H20) to simulate the aqueous solvation
environment. These calculations yield relatively small magnitude fractionation
factors between aqueous polysulfides, polysulfur radicals, and reduced sulfur
moieties in polythionates relative to the aqueous sulfide compounds but reveal
numerous crossovers that result in non-intuitive temperature dependencies. Our
predictions of 3*S/32S-based fractionation factors among aqueous sulfur com-
pounds generally agree with previous experimental constraints where available
within estimated uncertainties (e.g., HSO; /H2S(4q), HaS(aq)/HS™, HSO} /S°,
H2S(aq)/ SY). We use our calculations to explore equilibrium isotope fractiona-
tions among polysulfur and sulfide compounds that are precursors to authigenic
pyrite in the framework of established mechanisms (e.g., the polysulfide mech-
anism). We examine possible explanations for why pyrite formation may be
associated with relatively small isotope fractionation with respect to precursor
aqueous sulfur compounds. We additionally use our theoretical calculations
to constrain multiple sulfur isotope (33S/32S, 34S/32S, 36S/32S) mass balance
models associated with the abiotic hydrolytic disproportionation of intermediate
sulfur compounds (SOz, Sg, S5 ) relevant to hydrothermal-magmatic-volcanic
systems in order to illustrate the potential for subtle but potentially resolvable
effects expressed in values of A33S and A3S associated with these processes.
We apply a SO5 disproportionation mass balance model based on previous work
but newly constrained by our theoretical calculations to (hyper-)acid crater lakes
associated with active volcanoes, and newly highlight the potential for the utility
of multiple sulfur isotope analyses in volcanic gas monitoring and constraining
sulfur cycling processes in such systems.

Keywords: sulfur isotopes, polysulfides, pyrite formation, disproportionation,

acid crater lakes, hydrothermal
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1. Introduction

Inorganic polysulfur compounds contain more than one sulfur atom and typ-
ically contain one or more sulfur-sulfur bonds. They commonly occur as anions
dissolved in aqueous solutions. These include the aqueous polysulfides (S2~and
their protonated counterparts) and polysulfur radical anions (S, ) that contain
relatively reduced sulfur (low oxidation state), and polythionates (S,03 ) and
thiosulfate (So037) that contain mixed-valence sulfur (low and high oxidation
states).

The aqueous polysulfides can play a direct role in the formation of authigenic

pyrite (FeSs; e.g., [Luther, [1991; Rickard & Luther} [2007). Authigenic pyrite is

a ubiquitous component of marine sediments and sedimentary rocks that can
begin forming in the water column and during the earliest stages of sediment
diagenesis. Much of the reduced sulfur that is incorporated into pyrite is ul-
timately derived from dissimilatory sulfate reduction that produces HoS/HS™
via anaerobic respiration. Pyrite preserved in sedimentary rocks is thus broadly
viewed as a primary archive of the environmental sulfur and related elemen-

tal cycles, capturing a record that preserves isotopic signals of sulfur cycling

processes at the time of their formation (e.g., (Canfield} 2004; |Johnston, 2011}
Rickard, 2014)). However, little is known about the potential isotope fractiona-

tions that may accompany pyrite formation processes from more primary sulfur
sources in sedimentary environments. This may in part be due to the complex-
ity of the aqueous sulfur speciation of compounds that are thought to directly
participate in pyrite formation.

The molecular forms of sulfur and iron that participate in the process of
pyrite precipitation and growth can vary depending on the environment and
conditions, but a handful of relevant reactions have been identified based on
experimental studies (Luther, 1991; [Rickard, 1997; Rickard & Luther, 1997}
[Butler et al., 2004} Rickard & Luther, [2007):
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HS™ + Fe*™ & FeS(yq + HT (1)
HS +(z-1)8"= 82"+ H" (2)
FeS(aq) + S5~ = FeSy + 5S¢, (3)
FeSaq) + HoS = FeSy + Ho (4)

The S2~ represent the polysulfides of various chain-length (‘z’; # = 2 — §&;

[Kamyshny et al.,[2004}[2007) and their protonated forms HS; and HyS, en—

bach & Fischer} [1960; [Meyer et al.l [1977), the S generically refers to a form of

zero valent sulfur (e.g., orthorhombic a-S, monoclinic 8-S and 7-S, dissolved Sg

rings, etc.; |Meyer|7 |1976t |Boulegue|, |1978D, and FeS(,,) can refer to the molec-

ular ferrous sulfide monomers in solution (e.g., the FeS(()aq)monomer species
that may exist in a pH-dependent equilibrium with FeSH™) and/or dissolved
nano-particulate forms that have poorly constrained compositions and struc-

tures (Rickard & Morse] [2005; [Rickard, 2006; Rickard & Luther, [2007). The

reactions represented in equations [3] and [4] (the 'polysulfide' and "hydrogen sul-
fide' mechanisms, respectively) are regarded as overall representations of the
two experimentally documented mechanisms for pyrite nucleation/precipitation

(Luther} 1991} Rickard, [1997), which combined with pyrite crystal growth mech-

anisms (Harmandas et al., [1998) represent the primary reactions thought to be

responsible for 'pyrite formation' under conditions relevant to marine sedimen-

tary environments (Rickard & Luther, [2007).

The isotopic composition of freshly precipitated/nucleated pyrite can be
influenced not only by the isotopic composition of ambient ) H2S(4q) (e.g.,
sourced from dissimilatory sulfate reduction), but also the mass balance of ex-
change between aqueous sulfide and ambient elemental sulfur (potentially pre-
dominately sourced from the oxidative cycling of aqueous sulfide) that is facili-
tated by the polysulfides (Eq. . Aqueous sulfide and polysulfide compounds
appear to achieve relatively rapid isotopic equilibrium at low temperatures

sing & Jorgensen, [1990)). Thus, if the 'polysulfide mechanism' is in operation
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the equilibrium isotope partitioning between aqueous polysulfide and sulfide
may place first order controls on the isotopic composition of pyrite relative to
ambient aqueous sulfide depending on the additional isotope fractionations that
accompany the precipitation of pyrite. Although it is presently understood that
the isotope fractionations associated with pyrite formation (e.g., relative to am-
bient ) J H>S(44)) resulting from the mechanisms above must be relatively small

(Wilkin & Barnes, [1996; Butler et al., |2004), there has been no attempt to

quantify the fractionation factors associated with either pyrite formation pro-
cesses or those among the precursor aqueous sulfur compounds that participate
in pyrite precipitation and growth.

The role of analogous polysulfur radical anions (S ) in natural sulfur cy-
cling is actively being elucidated. Radical polysulfur anions have long been

recognized to be responsible for the deep blue coloration of some sodalite group

minerals (e.g., McLaughlan & Marshall,|[1970) and some sulfur-rich aqueous flu-
ids at elevated temperature (e.g., Giggenbach, 1971} |Chivers & Elder| [2013| and

references therein). Recent experimental work of sulfur-rich hydrothermal flu-

jds has reinvigorated the study of the trisulfur radical anion (S3"; [Pokrovski &
[Dubrovinsky), [2011; [Jacquemet et al.,[2014} [Pokrovski & Dubessyl, 2015} [Schmidt]|

& Seward) [2017). In particular, the trisulfur radical ion has been recently rec-

ognized as a potentially important ligand in the hydrothermal mobilization and

transport of precious metals such as gold under certain redox/pH conditions

(Pokrovski et al., 2015) and as having an intermediary role in thermochemical

sulfate reduction (Truche et al.,[2014). Additionally, the trisulfur radical anion

has been observed to be a component of naturally-occurring aqueous fluid in-

clusions in minerals (quartz, fluorite, anhydrite) associated with thermally pro-

cessed evaporites upon their re-heating in the laboratory (Barré et al.l 2017).

Polysulfur radical anions could play a role in facilitating isotope exchange be-

tween oxidized (i.e., sulfate) and reduced sulfur (i.e., sulfide) at elevated temper-

atures in hydrothermal fluids under some conditions (e.g.,[Pokrovski & Dubessy!

|2015}; [Kokh et al.,[2020)) but such processes are not yet understood in detail. Few

studies have directly constrained the isotopic fractionations among the polysul-
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fur radicals and coexisting sulfur compounds such as aqueous sulfide and sulfate
(i-e., limited to the theoretical calculations of [Tossell, [2012). Such constraints
are required to lay the groundwork for understanding the possible role these
compounds may play in sulfur isotopic variability among naturally occurring

phases that result from transformations related to these compounds.

In the present study, we use Gaussian09 software (Frisch et al., [2013) and a

‘supermolecular’ explicit solvation water cluster model (encapsulation of solute
in clusters containing 30-52 water molecules) to estimate equilibrium sulfur iso-
tope fractionation factors for all three isotope ratios of sulfur (33S/32S, 315 /328,
365 /32S) among numerous aqueous sulfur compounds. These include: (a) select
polysulfides (S2~, HS;) and aqueous sulfide compounds (HsS, HS™, FeS?aq),
FeSH™) that are relevant to authigenic pyrite formation mechanisms, (b) aque-
ous polysulfur radical anions (S5, S; ) and some of the coexisting sulfide
and sulfate compounds/ion-pairs (e.g., HpS, HS™, (NatHS™)°, HSO,, SO3~,
(NatSO27)~) relevant to some natural and experimental hydrothermal sys-

tems (Ohmoto & Lasagal, [1982; [Pokrovski & Dubessyl 2015} [Schmidt & Seward,
2017)), and (c) select polythionates (trithionate, SgO?j_; tetrathionate, S4O?)-_)

that are also relevant to biological, aquatic, sedimentary and hydrothermal-

magmatic systems (e.g., [Takano, [1987} [Zopfi et al., [2004; [Leavitt et al.| 2015}

Findlay & Kamyshny, [2017). We additionally model a molecular Sg ring in a

50 HyO cluster to obtain estimates of the sulfur isotope partitioning behavior

of dissolved elemental sulfur relevant to hydrothermal systems. Sg is only spar-

ingly soluble in water at 25°C (e.g., 1946 nM; Boulegue| [1978) but its solubil-

ity increases substantially with increasing temperature (e.g., Kamyshnyl 2009).

Most naturally-occurring and relevant forms of crystalline sulfur are also com-
prised of molecular Sg . The purpose of this study is to examine
equilibrium sulfur isotope fractionations among predominately reduced sulfur
compounds/moieties, and to provide constraints that may be useful to eluci-
dating isotope partitioning in aqueous systems that exhibit complex molecular

compositions.
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2. Methods

2.1. Reduced Partition Function Ratio

Theoretical equilibrium isotope fractionation factors among molecular sub-
stances of interest can be computed utilizing computations of the reduced par-
tition function ratios (RPFR) of their component isotopologues @,
Bigeleisen & Mayer), [1947):

uf x e /2 x (1 — e %)

w; X eui/2 x (1 —e™4)

l
RPFR =[]

i

()

where * denotes terms related to the isotopically substituted molecule and

_ hcw;
U; = ktha

where: k; is the Boltzmann constant, h is the Planck constant,
c is the speed of light, T is temperature, and w; is the wave number for har-
monic vibrational mode i (note vibrational frequency v; = cw;) and the product
is over all harmonic vibrational modes (number of modes equal to [ = 3a—6 for
a non-linear molecule and [ = 3a—5 for a linear molecule, where a is the number
of atoms in the molecule). This approach has been extensively reviewed else-

where (Urey, [1947; Richet et all (1977} |Chacko et al.| 2001} [Liu et al., [2010).

The primary variables needed to estimate RPFRs and, thus, fractionation fac-
tors are the harmonic vibrational frequencies (v;) of relevant isotopologues that
can be readily obtained using modern quantum mechanics-based computational

chemistry software packages.

2.2. Quantum Mechanical Software: Gaussian 09

We use Gaussian09 software (Revision E.O1; [Frisch et al., 2013) for our

electronic structure calculations. We implement the B3LYP/6-31+G(d,p) level
of theory and basis set size to generate harmonic vibrational frequencies (un-
scaled) for computing RPFRs following our previous sulfur isotope study
ldridge et al., [2016). As described in [Eldridge et al. (2016)), the B3LYP method
is a hybrid HF/B-LYP theoretical approach that employs the Becke and Lee,
Yang, Parr 3-parameter gradient-corrected correlational functional
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[1988; Becke, [1993; [Foresman & Frisch) [1996]) that includes electron correlation.
The basis set is the double-zeta Pople basis set (6-31G) with diffuse functions

added (4) to the non-hydrogen atoms that is often required for modeling an-
ions, and polarization functions (p functions for all atoms, d functions for all
non-hydrogen atoms) for additional flexibility in the computation of molecular
orbitals. This approach is of relatively low/moderate computational complexity
and accuracy that has been chosen for reasons of practicality given the relatively
large molecular clusters modeled in this study. We use this same computational
approach for calculations of the polysulfur radical ion species for the purpose of
computing RPFRs following directly after @ (note: time-dependent
methods for treating excited states such as TD-B3LYP and CIS have also been
previously implemented for these species but only for the purpose of calculating
JUV-Visible spectra, which is beyond the scope of the present study; cf.
2012). In conjunction with an explicit solvation model, this approach has
been shown to be reasonably accurate for predicting equilibrium sulfur isotope

effects among a number of aqueous sulfur compounds based on a comparison to

available experimental constraints (Eldridge et al., 2016} 2018)).

2.8. Explicit Solvation Model

Modeled sulfur compounds are encapsulated in clusters of water molecules
(ranging 30-52 HyO) to approximate the effect of aqueous solvation on molecu-
lar vibrations and RPFRs (e.g., [Liu & Tossell, [2005; [Rustad & Bylaskal [2007}
[Rustad et al.| [2008} [Zeebe, [2009} [Li et al.l [2009; |Zeebe, 2010; [Rustad et al.|
20105 |Li & Liul 2011} Hill et al., |2014; [Eldridge et al., 2016). The largest aque-

ous clusters for a given solute were constructed following an analogous ‘manual’

cluster building technique to our previous study (Eldridge et al. 2016). The

manual aqueous cluster building technique differs from another common cluster
generating technique that utilizes molecular dynamics simulations of solutes in
water clusters to generate “snap shot” geometries to use as a starting point

for optimization and frequency calculations for similar purposes (Rustad & By-
laska, [2007}; |[Rustad et al., 2008} |2010; |Hill et al., 2014). In short, our approach
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involves the manual coordination of the sulfur solute with water molecules in a
step-wise optimization procedure (typically 3-5 water molecules per step) until
a maximum cluster size is achieved (ca. 45-52 H2O in the present study). In
general, the small cluster sizes generated during this step-wise procedure were
not used for frequency calculations due in part to some instances of incomplete
solvation coverage of the solute.

Several different clusters (up to 8 depending on the solute) of varying size
(30 to 52 H20) were typically computed for each sulfur compound in order to
assess the variability in RPFRs associated with water cluster size. Aqueous
clusters of smaller size were primarily generated by the procedure of removing
water molecules from the largest clusters generated for a given solute (ca. 45-52
H0) and subjecting the resulting clusters of smaller size to optimization and
frequency calculations. This ‘whittling-down’ approach allows for much greater
control on the solvation coverage of the solute in smaller clusters by selective
water removal in order to avoid errant situations of incomplete solvation (i.e.,
migration of solute to the edge of a cluster), and also allows for the tracking of
the same atomic sites of the solutes through different cluster sizes and optimiza-
tions. As we will demonstrate below, this approach led to different solvation
environment around solutes based on observed differences in the number of wa-
ter molecules that appear to be directly coordinated with atomic sites of the
solute. A list of the computed sulfur solutes (polysulfide, polysulfur radical,
polythionate, sulfide, elemental sulfur, and sulfate compounds) embedded in

water clusters of various size is provided in Table [1] for reference.

2.4. Approach to Modeling the Polysulfides and their Structures

Thermodynamic data presently exists for polysulfides (S27) containing up

to eight sulfur atoms (Kamyshny et al., 2004} [2007) but polysulfides with up to

nine sulfur atoms have been observed experimentally (Gun et al., [2004). The

pK,1 of polysulfides (HsS, = HS, + HT) decreases with increasing chain length
from 5.0 for disulfide to 2.9 for octasulfide, and the pK,» (HS; = S2~ + H')

decreases from 9.7 to 4.4 for the same species (Schwarzenbach & Fischer, [1960;
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[Meyer et al.,[1977)). Thus, under circum-neutral pH conditions the polysulfides

with z > 3 predominantly exist in the form of S2~ and disulfide and trisulfide
exist in the form of HS, . For the purposes of the present study, the polysulfides
of primary interest will be S2~ (z = 2 — 8) and HS, (x =2 — 3).

Multiple stereoisomers are possible for S2~ when z > 4 @,
[Rickard & Luther, [2007). For simplicity, the longer chain-length polysulfides

(x = 5 — 8) have each been modeled solely as helical structures that closely

resemble all-trans stereoisomers (Steudel, [2003} Rickard & Luther, [2007)). Addi-

tionally, we have not attempted to distinguish between the d— and [—isomers of

polysulfides ranging from x = 4 — 8 (Rickard & Luther} [2007)), and similarly we

do not make any attempt to distinguish between the stereoisomers of the proto-
nated polysulfide, HS; . These different stereoisomers result in different relative
orientations of the component atoms but do not result in changes in bonding
order with respect to a given sulfur atom. For simplicity, we also consider
the aqueous ferrous sulfide species (FeS(4)) as the monomeric neutral diatomic
FeS(()aq) and its protonated counterpart FeSH™ because the precise structures
and compositions of FeS,,) relevant to natural systems are complex and per-
haps not well understood (Rickard & Morse, 2005; Rickard, |2006; [Rickard &
[Luther| 2007} [Haider et al.} 2013)).

2.5. Fractionation Factors

RPFRs corresponding to the isotopologues of a particular molecular sub-

stance can be conveniently related to isotope fractionation factors via g-values

(Richet et al.| [1977)), represented in simplified and approximate form as:

8~ ﬁ RPFR* (6)

Where z is the number of elemental sites in the molecule, and the product is
over all singly-substituted isotopologues. In principle, the S-value represents
a fractionation factor between a molecular substance of interest and an ideal

jnonoatomic gaseous reference atom under the condition of equilibrium (Richet

10



228

229

230

231

232

233

234

235

236

237

238

239

240

241

242

243

244

245

246

247

248

249

250

251

252

253

. The exact (3 takes into account all isotopologues corresponding
to a particular isotope substitution (i.e., 33S or 34S or 36S) and their relative
abundances including multiply substituted isotopologues to comprise a bulk
isotopic composition of the molecular substance with respect to a particular
isotope ratio. Eq. [6] approximates 3 by ignoring additional terms that relate

to multiply substituted molecules that in practice have negligible influence on

bulk isotopic compositions (e.g., [Richet et al., [1977).

When elemental sites are not equivalent, more careful treatment may have
to be taken in order to ensure accuracy. For the polysulfides and polysulfur
radical anions in this study, we approximate 5 by assuming that the S-factor
for the given S2~ (or HS;) or S;~ is equivalent to the product of the RPFRs
of xz-number of individual singly substituted isotopologues raised to the power
of z7! (ie., Eq. EI) This approximation includes the assumption that the
singly substituted isotopologues of a given polysulfide chain (e.g., for Sg_ or Sy :
348,325,325 32G.34G 325 and 32S-328-34S) contribute in an equally proportional
manner to the overall bulk isotopic composition of the polysulfide (i.e., are
present in equal abundance), which is reasonable given what we will show to
be the relatively small differences in RPFR between individual isotopologues of
polysulfides and polysulfur radicals. We will illustrate in Section 3.3 the likely
negligible impact of this approximation on our computations of S-factors for
the polysulfides and polysulfur radical anions. For aqueous sulfur molecules
containing only one sulfur atom (i.e., aqueous sulfide and sulfate compounds),
B ~ RPFR to a very good approximation that ignores only the contributions
from multiply substituted isotopologues.

This treatment allows for straightforward computation of equilibrium frac-
tionation factors () among compounds by taking the ratios of their S-factors

(e.g., between compound A and compound B):

11
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33 33
33 Ry Ba

UA-B = 3R, T BB, (7)
B4R, %43
34 _ A A
UA-B = 5ip . T Bg, (®)
%R, 303
36 _ A A
AA-B = 56p, T 363, (9)

Mass-dependent relationships can be computed from fractionation factors

via the following relations:

In(*3aa_p)
33/34 —
1349, _ g n(laa_p) (10)
ln(36a,4_3)
36/34 _
1349, _p = (s ) (11)

We will generically refer to values of #3/340 and 26/349 as the “exponents of mass
dependence” associated with particular equilibrium isotope exchange reactions.
Similar relationships can be applied to exponents derived from [-factors for a

particular compound (e.g., compound A):

33/34 . In(**Ba)
RA = 4171(345,4) (12)
l 36
36/34HA = 1223422; (13)

where we follow the kappa-notation of [Cao & Liul (2011]). In the present study,

polynomial fits to values of 33 and 364 as a function of temperature will be

33/34 d 36/34

tabulated in terms of their corresponding K an k values to minimize
spurious errors.
We can also define values of A33S and A35S in terms of fractionations be-

tween specific compounds:

33RA 34RA 0.515
33¢qQ _
A5 — <33RB = (34RB) x 1000 (14)

12
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36RA 34RA 1.90
36¢Q _
AS = (36RB - (34RB> x 1000 (15)

Where A-values are in units of permil and the values of 0.515 and 1.90 are the
conventional reference exponents. For equilibrium A-values between compounds
the above isotope ratios can be replaced by the appropriate S-factors (cf. Eq.
9). Note that when values of A33S and A35S are reported in terms of a sample
relative to a reference standard the isotope ratios of A in the above equations
can be replaced by the isotope ratios of the sample and the isotope ratios for B
can be replaced by the isotope ratios of the reference standard.

For aqueous sulfur molecules such as the polythionates (sxog—) that con-
tain sulfur atoms that have different oxidation states and therefore very different
RPFRs, we will not use the concept of 3 to describe fractionation behavior. In-
stead, we will examine the isotope partitioning behavior of the unique sites
within these molecules. The polythionates contain relatively reduced ‘inner’
sulfur atoms that we will schematically refer to as *S,(SO3)5~ (z = 1 or 2
in this study, corresponding to tri- and tetrathionate) and the two equivalent
‘sulfonate’ sulfur atoms that we will schematically refer to as S,(*SO3)3~ (in
both instances, *S refers to the atomic site of interest undergoing isotope sub-
stitution). The a-notation will be used to refer to fractionation factors between
specific atomic sites within the polythionates and between these sites and other

sulfur compounds.

2.6. General sources of uncertainty in the theoretical calculations

As summarized in our prior study (Eldridge et al., [2016)), uncertainty in

our theoretically estimated fractionation factors can arise from three primary
sources: (1) errors arising from the harmonic and other approximations inherent

to the RPFR as formulated in Eq. [5| (Bigeleisen & Mayer, [1947; [Urey, [1947),

(2) errors introduced by the choice of theoretical method and basis set size used
to compute electronic potential energy surfaces to obtain harmonic vibrational
frequencies, and (3) errors/variability arising from the water cluster geometry.

We evaluated the relative sources of error introduced by (1) and (2) in our pre-

13



294

295

296

297

298

299

300

301

302

303

304

305

306

307

308

309

310

311

312

313

315

316

317

318

319

320

321

322

323

324

vious study (Eldridge et al., 2016) by performing exercises with calculations of

model gaseous species. Gaseous species were chosen for these exercises because
analogous computations involving solutes in water clusters (> 30 H2O) are not

feasible due to the high computational demands associated with these calcula-

tions. The exercises related to points (1) and (2) in |Eldridge et al. (2016) apply

to the current study because we use the same theoretical method and basis set
(B3LYP/6-314+G(d,p)).

Regarding (1) we evaluated the magnitude of the anharmonic corrections
to the zero point energy (AnZPE; cf. @, on RPFR/ values for
gaseous sulfur species computed at the BSLYP/6-31+G(d,p) level of theory and
basis set (e.g., HaS, SOz, SOg; [Eldridge et al.| 2016). We observed relative

differences in RPFR/S values no greater than 1 %o at temperatures > 25°C

(Eldridge et all,[2016]). Due to the low magnitudes of these corrections and the

inability to apply appropriate anharmonic corrections to the large aqueous clus-

ters investigated, all RPFR/[ values reported in [Eldridge et al. (2016) and the

current study have been computed in the harmonic approximation. For further
information/discussion regarding point (1) we refer the reader to Eldridge et al.
(2016)) (their Sections 3.5 and 5.1.1).

Regarding (2) we evaluated the relative magnitude of error introduced by
theoretical method and basis set following approaches in previous studies (e.g.,
. Specifically, we calculated the harmonic vibrational frequen-
cies of a handful of gaseous sulfur compounds (HsS, So, SO, SO3) using a
high level theoretical method and large basis set (CCSD/aug-cc-pVTZ) and
compared them to the harmonic vibrational frequencies obtained for the same
molecules computed at the utilized theoretical method and basis set (B3LYP/6-

314G(d,p)). This exercise yielded a relatively small harmonic frequency scaling

factor of 1.01-1.02 (Eldridge et al.) [2016). Application of this scaling factor

to calculations of solutes in water clusters resulted in differences in computed

RPFR/$ values that are dependent on the species and temperature considered

34

but that amount to differences in **« values no greater than 1-2%o at tem-

peratures > 25°C (Eldridge et al., 2016). Additionally, we observed that the
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harmonic vibrational frequencies of some gaseous molecules appear to scale dif-

ferently than others between computational methods (e.g., SO2 vs. HsS, Ss,

and SO; see [Eldridge et al.l 2016) meaning that harmonic scaling factors ob-

tained are dependent on the model molecules chosen (similar to observations
made in prior studies; e.g., |[Li & Liu, |2011)). We raised related concerns that
model gaseous compounds may not capture the full range of error introduced

by theoretical method due to the greater complexity of aqueous species/anions

in water clusters (Eldridge et al.,2016). Due to the small magnitude of these

harmonic scaling corrections and the potential issues associated with this prac-

tice, we chose in [Eldridge et al. (2016) and in the current study not to scale

our harmonic frequencies. For further information/discussion regarding point

(2) we again refer the reader to [Eldridge et al.| (2016)) (their Sections 3.5 and
5.1.2).

Regarding (3) we evaluate the error/variability arising from the water cluster
geometry for most of the investigated sulfur solutes by performing optimization
and frequency calculations in water clusters of varying sizes (30-52 H2O; Table
. We estimate the uncertainty of any given computed quantity (e.g., geometric
parameters, RPFRs, and g-factors) as the standard deviation of values derived
from the different cluster sizes/conformations. We propagate these uncertainty

estimates into derived quantities such as fractionation factors.

3. Results

3.1. Structures and Geometries

Examples of two-dimensional representations of optimized geometries of so-
lute HoO clusters are presented in Fig. [[l3] that are organized according to poly-
sulfides, polysulfur radicals, and elemental sulfur (Fig. , sulfide compounds
(Fig. [2)), and sulfate and polythionate compounds (Fig. |3). The geometric
parameters of the explicitly solvated sulfur solutes are summarized in Table
and represent mean values derived from the numerous water cluster configu-

rations. Similar parameters for Si(_g) modeled as similar structures in vacuum
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also computed at the B3LYP/6-31+G(d,p) level are listed for reference. A de-

tailed description of the computed molecular geometries and their comparison

to available theoretical and experimental data can be found in

3.2. Overview of RPFRs and 8 values

Table [3| contains the mean and standard deviation of the mean (1 s.d.) of

RPFRs computed at 25°C for aqueous sulfide compounds (HoSenH,0O, HS~enH,0,

FeS’enH,0, FeSHenH,0, (Na™HS™)’enH,0) and the component isotopo-
logues of each polysulfide (S2~enH,0 and HS; enH20) and polysulfur radicals
(S, enH50) based on the different water cluster size configurations. Table ad-
ditionally includes the mean number (range in parentheses) of water molecules
that appear to be directly coordinated with each molecular sulfur atom in the
clusters via an apparent intermolecular hydrogen bond (i.e., H-O-H- - - S), which
is generally observed to vary for a given sulfur atom in compounds contained
within nH5O clusters of different size (n) in a non-systematic fashion.

The mean and standard deviation of the mean of S-factors derived from
RPFRs for all heavy stable isotope substitution (33S, 34S, and 2°S) have been
computed as a function of temperature and are provided in Table [4]in the form
of coefficients based on polynomial fits to values of 343, 33/34x and 36/34% over
the equivalent of 0-5000°C in the form of A/T* + B/T3 + C/T? + D/T + E

33/34,. and 36/34,

(T in K). The coefficients of polynomial fits to the mean
values are given rather than the corresponding 338 and 3 values in order to
avoid spurious errors in the exponents that may arise from rounding errors in
B values. Similar coefficients of polynomial fits to the analogous RPFR, values
of trithionate are given in Table

We do not observe any systematic changes in values of **RPFRs and/or 343
for each solute with cluster size over the range we have studied (ca. 30-52 H20).
The variability in values of RPFR and/or f values arising from different cluster
sizes appears to be relatively small. For example, the variability in values of
34RPFR and/or 343 for a given solute is on the order of < 0.5 %o (1 s.d.) at
25°C (Table [3| and . The magnitude of this variability is comparable to the
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variability that has been observed in previous computational studies of isotope
partitioning behavior of numerous elements contained within anionic and other

solutes modeled in water clusters of different size and geometric conformations,
both for clusters that were built manually as in the present study (Li et al.,2009;
2011)) and for clusters generated from the subsequent optimization of

“snap shots” from molecular dynamics simulations (Rustad et al., [2008} 2010;

Hill et al.| [2014). The slight variability in RPFRs and ( values for explicitly

solvated solutes can be viewed to arise from variability in the number of water

molecules that appear to be coordinated with sulfur atoms via intermolecular
hydrogen bonds that together contribute to the ‘first solvation shell’ (¢f. Table
3), and the slight differences in the molecular geometry of sulfur solutes in the
clusters of varying size that in some cases may be caused by the different direct

interactions with water molecules in the clusters of varying size.

3.2.1. 3*RPFRs and **B values for Aqueous Polysulfide, Polysulfur Radical, and
Sulfide Compounds

Mean values for >*RPFRs and 343 at 25°C from Table |3 are plotted in Fig.
El for the explicitly solvated sulfide and polysulfide species (values for vacuum
calculations of S2~ are also shown for reference). The singly substituted isotopo-
logues of the polysulfide species (S27) exhibit slightly different RPFRs when z
>2, but appear to follow similar patterns for both the explicitly solvated and
vacuum calculations. The 3*RPFRs for S2~ isotopologues that correspond to
the isotope substitution of the outer-most sulfur atoms are generally lower than
the 3*RPFRs for isotopologues corresponding to isotope substitution of inner
sulfur atoms (Fig. E[) The isotopologues that exhibit the highest 3*RPFRs
correspond to isotope substitution of the inner sulfur atoms that are directly
bonded to the outermost sulfur atoms (e.g., S-*S-S for ng and S-*S-S-S-S-S-
S-S and its symmetrical equivalent for S37) (Fig. . For longer chain length
S2- (x = 5-8), the isotopologues corresponding to isotope substitution of the
innermost sulfur atoms (e.g., S-S-*S-S-S for Sg_, and S-S-*S-S-S-S for Sé_) have

intermediate **RPFR values. The magnitude of RPFRs corresponding to iso-
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tope substitution at a symmetrically equivalent site (e.g., *S-S-S and S-S-*S for
Sg_) are generally comparable for S2~enH,O, but do not appear to exhibit the
perfectly symmetrical behavior in the water clusters that might be expected
from the considerations of the vacuum calculations and ideal molecular symme-
try.

The 343 factors derived from 3*RPFRs for S2~enH,O generally increase
with increasing chain length (‘z’), and the magnitude of this increase appears to
diminish with increasing ‘z’ (Fig. E[) Similar behavior is observed in the vacuum
calculations for S27. To a first order, the general increase in 343 with increasing
‘z’ for S2~ can be described to arise from the proportionality between the 33-
factor and the number of **RPFR-contributing isotopologues that increases with
‘z’ (e.g., Equation @ Such an increase in the number of singly substituted
isotopologues with increasing chain-length can result in an increase in 343 when
the magnitudes of 3*RPFR of the component isotopologues generally increases
with ‘2’ (as appears to be the case with the S2~ calculations in vacuum) or at
least do not decrease with increasing ‘z’ (as appears to be the case with the
S2-enH,0 calculations). The largest increase in 33 with ‘a’ is between S3
and Sg_ (Fig. E[) and is the result of the contribution of the higher **RPFR. of
the centrally substituted isotopologue of S5 (S-*S-S). With increasing ‘z’ (x
> 4) the number of contributing inner substituted isotopologues increases, and
due to their relatively higher >*RPFR they appear to contribute to a relatively
higher 3%3. This effect appears to diminish among the longer chain length
polysulfides (x = 5-8) due to the increasing contribution from isotopologues
corresponding to inner-most sulfur atom substitution that have intermediary
magnitude >*RPFRs. Roughly speaking, 43 values appear to approach the
34RPFR of the innermost sulfur atoms with increasing ‘a’ for the longer chain-
length polysulfides (z = 5-8).

The protonated polysulfide anions (HS, enH>O, z = 2 and 3) generally have
larger magnitude 348 than their unprotonated counterparts. This appears to
arise from the generally higher 3 RPFRs of the component isotopologues of HS;

and HS3 relative to Sg_ and Sg_, respectively, and especially from the higher
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magnitude **RPFR of isotopologues that correspond to isotope substitution of
the protonated sulfur atoms (Fig. |4 Table . Similar to S2~enH,0, the mag-
nitude of 343 for HS, enH,O appears to increase slightly with increasing chain
length over x = 2-3. The relative trends in RPFRs computed for isotopologues
of polysulfides (S2~, HS;) that we have described at 25°C and are illustrated
in Table [3] and Fig. [] generally hold as a function of temperature. The only
exception is for the HS; species, which is predicted to have a crossover between
its isotopologues (not shown). In this case, the isotopologue corresponding to
isotope substitution of the H-S bonded site (S-S-*SH)- is predicted to exhibit
a crossover in the RPFR with the isotopologue corresponding to isotope sub-
stitution of the central sulfur site (S-*S-SH)- in proximity to 135+£20°C (not
shown). This appears to be the only instance of an ‘intramolecular isotopologue
crossover’ that we observe in our dataset.

The isotopologues of the explicitly solvated polysulfur radical anions (S,
and S3 ) exhibit similar relative patterns to the analogous polysulfide species
(Sg_ and Sg_) but have slightly larger magnitude 3*RPFRs and, thus, have
higher 243 values (Table . For example, the 3*RPFR values for isotope sub-
stitution of the outer sulfur atoms of S5~ are predicted to be 1.0098 £ 0.0003
at 25°C (cf. 1.0089 £ 0.0003 for ng) and **RPFR = 1.0165 £ 0.0003 for iso-
tope substitution of the central sulfur atom (cf. 3*RPFR = 1.0134 + 0.0002
for S37) (Table , which translates into a 33 = 1.0120 4 0.0002 for S5~ (cf.
343 = 1.0104 £ 0.0002 for Sg_). The magnitude of *3 increases with increas-
ing chain length for the polysulfur radicals (S;”) over x = 2-3 that appears to
arise from the contribution of the higher **RPFR of the centrally substituted
isotopologue of S5~ (S-*S-S) similar to the analogous polysulfides. To a first
order, the higher magnitude **RPFRs of the polysulfur radical anions may be
a consequence of the different electronic structure and much shorter S-S bond
lengths of the polysulfur radical species that may result in a ‘tighter’ bonding
arrangement for sulfur in these compounds relative to the analogous polysulfide
compounds.

For the aqueous sulfide species, the magnitude of 343 (note for these species
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3RPFR =~ 34p3) increases with increasing coordination (due to either proto-
nation or bonding with Fe) in a manner that is similar to our previous study
(Eldridge et al.,[2016). At 25°C, HoSenH,0 (348 = 1.012940.003) > HS~ enH,0
(348 = 1.008740.005) > S*>~enH,O (38 = 1.0076; S>~enH,O from [Eldridge]
@ ) Similar patterns are observed for the Fe-S molecular species where
FeSHtenH,O (*'3 = 1.0119+0.003) > FeS(()aq)onHQO (348 = 1.008940.003),
where the latter is indistinguishable from the 343 of HS~enH,0 at 25°C. The

Fe atom in the FeS?a q)oanO species is coordinated with the oxygen atoms of

three water molecules in all computed clusters (n = 31-50) that is consistent with

previous molecular dynamics simulations of this species (Haider et all [2013)),

whereas the Fe atom of FeSHTenH5O is coordinated with four water molecules
in all computed clusters (n = 34-50). The ion pair (Na*HS™)%enH,O is com-
puted to have §-values that are indistinguishable from those of HS~enH5O at
all temperatures and therefore will not be individually described or discussed in

any further detail.

8.2.2. Relative error introduced by the approximation of B for polysulfur com-
pounds

In this study, we approximate 3 values (>33 or 343 or 2¢3) for the com-
putation of fractionation factors among polysulfides and polysulfur radicals by
assuming that the bulk equilibrium isotopic composition of a given ‘x’-chain
length polysulfur compound (i.e., S;~, S2~, HS;) can be represented by the
RPFRs of singly substituted ‘a’-number of isotopologues present in equal rel-
ative abundance (Section 2.5). In this approximate form, it is expected that
this assumption (equal abundance of major singly-substituted isotopologues)
would introduce more error into 5 than the other common assumption in the

computation of 3 that multiply substituted isotopologues (e.g., 34S-345-325 34S-

348.343 for S37) represent a negligible contribution (Richet et al.,[1977). As an

example, we will consider the impact of the assumption of equal abundance on
the computation of 343 for the trisulfur polysulfide, Sg_, which is chosen as

exemplary because the unique sulfur atoms of ng (‘outer’ and ‘central’) ex-
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hibit a range in RPFR values that is comparable to the range exhibited in other
polysulfides of longer chain length (Fig. E[) At 25°C, the RPFRs computed for
the three major *S-based isotopologues of S5~ are 1.0088 + 0.0002 (3*S-32S-
328), 1.0134 4 0.0002 (3?S-34S-32S), and 1.0090 £ 0.0003 (32S-32S-34S), where
the isotopologues with outer atom isotope substitution are predicted to have
the same RPFR within the estimated uncertainty (based on numerous cluster
conformations) as is expected by molecular symmetry and the equivalence of
bonding environment. These RPFR values imply that the relative fractional
abundances of these isotopologues corresponds to: 0.3328 + 0.0001 and 0.3329
+ 0.0001 for the outer substituted isotopologues, and 0.3348 £ 0.0001 for the
centrally-substituted isotopologue. Taking these relative abundances into con-
sideration would yield a 343 = 1.0104 £ 0.0002, which is indistinguishable from
the value of 343 = 1.0104 4 0.0002 where equal abundance (i.e., 1/3) of these
major isotopologues is assumed (Table 3). Similar computations of other poly-
sulfides yield similar results. The similar exercise with the trisulfur radical anion
S5~ that is computed to exhibit a slightly larger range in RFPR between the
‘outer’ and ‘central’ sulfur atoms (Table [3]) also yields essentially identical val-
ues for B (i.e., 3*3 = 1.0120 + 0.0002 at 25°C for both approaches). We thus
conclude that our approximate form of 8 for the polysulfur compounds (S,
S2-, HS;) is not likely to introduce any significant error into our estimations

of fractionation factors involving these compounds.

3.2.8. Aqueous Polythionates

Trithionate (S307~, or S(SO3)37) contains three sulfur atoms but only two
unique atomic sulfur sites: two equivalent sulfur atoms in sulfonate groups
(S(*SO3)37) that are bound to a unique and central sulfur atom (*S(SO3)3 7).
Tetrathionate (S;027, or S3(SO3)37) is similar in that it also contains two
equivalent sulfonate groups (S2(*S03)3™~) connected via two central sulfur atoms
that are equivalent to each other (*S3(SO3)3). The somewhat analogous thio-
sulfate dianion (S203~, or S(SO3)2~) contains sulfur in two different oxidation

states where the formal charge on the outer sulfur atom is consistent with a -1
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oxidation state and the sulfonate sulfur is consistent with a +5 oxidation state

(Vairavamurthy et al.|[1993), but a comparable experimental study for the poly-

thionates has not been conducted to our knowledge. Similar to the thiosulfate
dianion, the RPFRs for the two unique sulfur sites in polythionate are very
different. For example, trithionate: 3*RPFR = 1.0142+0.0002 for *S(SO3)3~
and **RPFR = 1.070840.0005 to 1.07144-0.0002 for S(*SO3)2~ at 25°C (equiv-
alent for the ‘sulfonate’ sulfur atoms within the estimated uncertainty based
on cluster size/geometry). Values of RPFRs for the two analogously unique
atomic sites in tetrathionate (corresponding to *So(SO3)3~ and S»(*SO3)3 ™)
are computed to be essentially indistinguishable from those of trithionate at all
temperature values (e.g., at 25°C the **RPFR for *S3(SO3)35~ is 1.0140+0.0002
to 1.0150+0.0002 for the two central sulfur atoms, and **RPFR for SQ(*SO3)§7
is 1.071440.0001 to 1.07044-0.0002 for the two sulfonate sulfur atoms), and thus
for the remainder of this manuscript we will describe fractionation factors in-
volving the polythionates in generic terms of *S,(SO3)2~ and S, (*SO3)3~ where
z = 1 and 2. Compared to thiosulfate, the reduced sulfur atoms (*S,(SO3)3"
vs. *S(S03)?7) and the sulfonate sulfur atoms (S,(*SO3)3~ vs. S(*S03)?~) in
the polythionates are predicted to exhibit slightly larger RPFR values but are
nevertheless relatively similar (cf. at 25°C the 3*RPFR = 1.0116 for *S(SO3)%~,
and **RPFR = 1.0675 for S(*SO3)?~; [Eldridge et al., 2016).

3.2.4. Aqueous Sulfate

The aqueous sulfate compounds and ion-pairs modeled herein all exhibit
very similar S-values. The magnitude of 343 appears to follow the relationship
of HSO; enH,0 (**4 = 1.0800+0.0002) > (NatSO0?™)~enH,0 (*'f = 1.0795) ~
(Mg?tS07™)%enH,0 (1.079440.0001) > SO3~ enH,0 (1.079240.0002) (all 34 3-
values at 25°C). Interestingly, 34 3-values for HSO; and SOif appear to exhibit
the opposite relationship than values theoretically predicted for the analogous
(HO)SO; (HO-bonded isomer of HSO3 ) and SO2~ (Eldridge et al.| [2016), i.c.,
B-HSO; > -SO;~ ws. B-SO3~ > -(HO)SO; , but nevertheless are very similar

in magnitude to each other. Ion-pairing of the sulfate dianion with Na® and
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Mg?*t appears to have a similar and essentially negligible predicted effect on
isotope partitioning of sulfur despite the observation that the Mg?t appears to
more strongly affect the bonding environment of the SOi_ dianion (Table .
These results are consistent with the general expectation that aqueous speciation
that does not directly affect the bonding environment of the element of interest
(i.e., no changes in redox state and/or bonding-order of the sulfur atom) will

not greatly affect isotope partitioning behavior.

3.8. B-values as a function of temperature: Proclivity for crossovers among

reduced S compounds

The 343 values for all aqueous sulfur compounds computed herein are plotted
as a function of inverse temperature (7~2) in Fig. —E where it can be readily
observed that numerous crossovers are predicted among these compounds. For
example: (1) the HS™ species is predicted to exhibit crossovers with S5~ (Fig.
IEIA) and FeS,, (Fig. |§|C) at ambient temperature (roughly 0-100°C) and nu-
merous longer chain-length S2~ at higher temperatures (roughly 100-500°C; Fig.
), (2) the protonated polysulfide HS; exhibits a crossover with higher order
polysulfides (e.g., Sz~) at ambient temperatures (roughly 0-100°C; Fig. )7
(3) the FeSH* species exhibits a crossover with S3~ and HS3 at ambient tem-
perature, (4) crossovers are predicted among S, (z =2-3) and HS™/H,S (Fig.
5B), and (5) the more reduced sulfur atoms in the polythionates, *S,(SO3)3~,
are predicted to exhibit crossovers with HoS in rough proximity to 75°C (Fig.
). Many of the compounds that exhibit similar g-values at 25°C plotted in
Fig. [4] are exhibiting crossovers at or near this temperature (the exception be-
ing Sg_ and FeS(,,) that exhibit similar magnitude 3 values at 25°C but do not
Crossover).

Crossovers in f or RPFR values among aqueous sulfur compounds that
contain relatively reduced sulfur atoms arise because these compounds/atoms
exhibit similar magnitude 5/RPFR values but have different temperature de-
pendencies. In particular, the temperature dependence of 5 or RPFR values

associated with compounds having S-S and/or Fe-S bonds (i.e., contributions
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from mostly lower magnitude stretching frequencies) result in more-linear re-
lationships for 3-values as a function of 72, whereas compounds having H-S
bonds (i.e., contributions from high magnitude stretching vibrational frequen-
cies) typically exhibit stronger curvature as a function of 72 (Fig. —D), and
this difference in temperature dependence leads to crossover behavior. This also
appears to be the explanation for the ‘intramolecular crossover’ that is predicted

for the HS3 species (not shown).

3.4. Mass Dependence of RPFRs and  values

The exponents 33/3%k and 36/3%k that quantify the relationships of mass
dependence among [ factors are plotted as a function of temperature in Fig.
|§|A—B for all compounds computed in this study (for trithionate, similar values of
In(**RPFR)/In(**RPFR) and In(**RPFR)/In(3*RPFR) are plotted for the dis-
tinct sulfur sites). At the high temperature limit (i.e., as 72 approaches ‘0’), we
obtain mean values for all explicitly solvated sulfur compounds in this study of
33/34) = 0.51587 4 0.00006 and 36/34x = 1.8904 + 0.0001 (1 s.d.; Table, which
are consistent with the expected values of 0.51588 and 1.8904 from the mass dif-

ferences among the isotopic sulfur atoms (Matsuhisa et al.|, [1978)). The values

of 33/34x and 36/34f for the relatively reduced sulfur compounds/moieties ex-
amined in the present study (sulfide, S2~, S;~, and *S,(SO3)3~) do not exhibit
a strong temperature dependence compared to aqueous sulfur-oxygen anions
containing sulfur in higher oxidation states that exhibit larger 8/RPFR val-
ues (e.g., SO3~, SO%‘, SO3™; Fig. |§|A—B), which is similar to the observations

made in our previous theoretical calculations (Eldridge et al., 2016). Values for

33/34 1 and 36/34k for the aqueous sulfate species exhibit the largest variations
with temperature and are essentially indistinguishable from each other. Val-
ues of In(**RPFR)/In(**RPFR) and In(**RPFR)/In(**RPFR) as a function of
2
2

temperature for the unique sulfur sites in the polythionates (*S,(SO3)5~ and

S2(*S03)37) are predicted to be essentially identical to the analogous sulfur
sites in thiosulfate: *S(SO3)?~ and S(*SO3)?~, respectively (Eldridge et al.,
2016).
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4. Discussion

4.1. Fractionation factors (a) between compounds

4.1.1. Aqueous sulfide compounds

Our prediction for the HyS/HS™ fractionation factor as a function of 1/7° is
shown in Fig. [7] alongside other direct and indirect experimental estimates and
previous theoretical calculations. The predicted fractionation factor between
aqueous HyS and HS™ is 1000xIn(**a) = 4.2 £ 0.6 %o at 25°C (1 s.d.). Few
direct experimental data exist for equilibrium fractionation factors among aque-
ous sulfide compounds (Fig. @, and those that do exist correspond to ambient
laboratory temperature conditions (20-22°C). The most recent experimental de-

termination (Sim et al.,[2019) yields 1000 xIn(**a) = 3.1 4 0.2 %o at 20.640.5°C.

This is within error of our earlier theoretical estimate at their experimental tem-

perature utilizing singular 30 HoO clusters (3.1 %o; [Eldridge et al., [2016) but

slightly lower than our current estimate utilizing the mean values of multiple

cluster conformations (4.2+0.6%o, 1 s.d.). We note that our present theoretical

estimate is still within error of (2019)) at the 2 s.d. level, and is likely

to better capture the error associated with the calculations due to the usage of

multiple cluster sizes and conformations. Both studies (Eldridge et al., [2016}
[Sim et al.l 2019) reviewed the earlier experiments in detail (Fry et al., 1986}
|GeBler & Gehlen, [1986)) and highlight potential experimental issues. Despite

potential issues with experimental design, the direct experimental determina-

tions from GeBler & Gehlen| (1986) appear to be within the estimated error of

the theoretical calculations.

The indirect estimate of the HoS/HS™ fractionation factor that is based on
the arithmetic analysis of experimentally estimated fractionation factors among
ZnS/S(y), H2S/S ), and ZnS/HS™ from|Ohmoto & Rye|(1979) is generally lower
than any other estimates (Fig. [7)), and is within error of 1000xIn(**a) = 0 %o
[(no fractionation) at the lowest temperature (50°C: 1.2 + 1.4 %o, 10;
. The temperature dependence of our theoretical 1000xIn(3*a) value

for HoS/HS™ exhibits pronounced curvature in 1/72 space that is not reflected
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in [Ohmoto & Rye (1979). The estimates of (Ohmoto & Rye (1979) might be

affected by the propagation of uncertainties/errors from numerous experimental
datasets and /or possible assertions made regarding the temperature dependence
over the experimental temperature range (i.e., linear in 1000xIn(3*a) vs. 1/T2
space).

Previous theoretical estimates for the HyS/HS™ fractionation factor (Sakail
[1968; Tossell, [2012; |Otake et al., [2008} [Eldridge et al., 2016)) exhibit variability

that arises from the different approaches taken (Fig. E[) Our recent calcula-
tions utilizing computations of single HoSe30H2O and HS™ e 30H50 clusters
yield a comparable but slightly lower value of 1000xIn(**a) = 3.3 %o at 25°C
(not shown; Eldridge et al.,|2016). Earlier calculations (Otake et al., [2008} Tos-
suggest a larger fractionation factor of 1000xIn(**a) = 6.2-6.6 %o
at 25°C (Fig. [7). In addition to differences in theoretical model and basis set,

these two studies (Otake et al., [2008} [Tossell, [2012) utilized an implicit solva-

tion model (IEF-PCM and/or PCM) that approximates the effect of solvation
by encasing the solute in a cavity of specified dielectric constant that is solvent-
and compositional-/condition-specific, and their implementation of these mod-
els for the HoS and HS™ compounds yield very similar fractionation factors to
those obtained from calculations in vacuum without any solvation model ap-

plied (e.g., 1000xIn(**a) = 6.8 %o at 25°C from modeling these compounds in

vacuum) (Otake et al., [2008). These values are comparable to vacuum calcula-

tions at the B3LYP/6-31+G(d,p) level of 1000xIn(**a) = 6.8 %0 at 25°C from

our own calculations (not shown). In general, implicit solvation models such
as IEF-PCM may be regarded as less effective in approximating the effects of
solvation in the computation of RPFRs than the explicit or ‘supramolecular
water cluster’ solvation models that can account for water-solute interactions in
a more direct manner. The calculations of assumed the RPFR for

H2S(4q) can be approximated by the RPFR for HaS(,) and were performed us-

g

ing older spectroscopic data, but nevertheless appear to yield similar magnitude

fractionation factors to those of the present study and |GeBler & Gehlen (1986

at ambient temperature but exhibit a slightly different temperature dependence.
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Predictions for fractionation factors among discreet aqueous ferrous iron
sulfide species and aqueous sulfide species are presented as a function of 1/72
in Fig. 8 The predicted fractionation factor for FeS{, ,/HS™ is 1000xIn(**a)
= 0.1 £ 0.6%0 at 25°C, and its negligible magnitude is due to a crossover in
proximity to this temperature (Fig. . The predicted fractionation factor for
FeSH* /H,S is 1000x1In(**a) = -1.0 + 0.4%0 at 25°C. The predicted equilibrium
fractionation factor associated with FeSH* /FeS,, is 1000xIn(**a) = 3.0 + 0.4
%o and is comparable to the somewhat analogous HyS/HS™ fractionation factor.
To our knowledge, there are no other estimates of these fractionation factors in

the literature for comparison.

Recent experimental studies (Syverson et al.| 2013, 2015) revised the exper-

imental value for the equilibrium fractionation factor between FeSy(p,rie)/HaS
under hydrothermal conditions obtaining a value of 1000xIn(*a) = -1.9 + 0.8
%o (1s.d.) at 350°C, which is in contrast in direction to previous estimates of ca.
1000xIn(**a) = 1.0 %o at 350°C that is from the assessment of
based on earlier experimental data. The direction of the newly revised

FeSy(pyrite)/H2S fractionation factor from |Syverson et al.\ 42015[) is consistent

with the direction of our predicted fractionation factors between the discreet
aqueous ferrous sulfide species (FeSH™, FeS(,)) and HyS at comparable temper-
atures (Fig. . We additionally note that the direction of the predicted fraction-
ation factor between FeS(,q)/H2S at elevated temperature (e.g., 1000xIn(**«)
= -2.4+0.1 %o at 350°C) is opposite from that of FeS(pyrrhotite)/HsS (i.e.,
1000 x1In(**ar) = 0.3 %o at 350°C) that is also compiled in |Ohmoto & Rye (1979)

that is based on earlier experimental data (Kajiwara & Krouse, [1971). Our

estimates of homogeneous equilibrium isotope fractionations among modeled
aqueous solutes are not directly comparable to the experimental heterogeneous
equilibrium isotope fractionations between crystalline phases and aqueous so-
lutes, and the factors that influence the magnitude and direction of isotope par-
titioning between crystalline and molecular ferrous iron sulfides are expected to

be different due to differences in bonding environment. However, our compu-

tational results and the recent experimentation of [Syverson et al. (2013] 2015))
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may be potentially suggestive that equilibrium fractionation factors for certain
ferrous sulfide solutes/phases relative to HoS may exhibit different directions

and/or exhibit a different temperature dependence than previously understood

(i.e.,|Ohmoto & Rye, [1979). Further experimental work is clearly needed for a

more complete assessment.

4.1.2. Aqueous Sulfide and Polysulfide Compounds

The equilibrium isotopic compositions of the polysulfides (S2~ and HS)
are predicted to be within the range of the equilibrium isotopic compositions
of HyS and HS™ at 25°C (Fig. E[), and therefore fractionations among aqueous
sulfide and polysulfides are expected to be relatively small. The fractionation
factors between S2~ /HS™ are predicted to generally increase with increasing ‘x’
from 1000x1In(**a) = -0.14 0.7%0 for S3~ /HS™ to 1000xIn(**a) = 2.9 + 0.5%
for S37/HS™ (1 s.d.). The negligible fractionation factor between S5~ /HS™ at
25°C is due to a predicted crossover in proximity to this temperature, which is
illustrated in Fig. @ The fractionation factors between HS, /HS™ are predicted
to be 1000xIn(**a) = 2.9 £+ 0.5%0 for HS; /HS™ and 1000xIn(**a) = 3.5 +
0.6%o for HS; /HS™ (25°C, 1 s.d.). The predicted fractionation factors between
S2- /H,S are in the opposite direction relative to S2~/HS~. Thus, they exhibit
an opposing trend with respect to magnitude and ‘z’ relative to S2~/HS™ and
yield fractionation factors that range between 1000xIn(**a) = -4.3 £+ 0.5 %o
for 857 /HsS and 1000xIn(**a) = -1.2 & 0.3 %o for S~ /HsS at 25°C (i.e., the
magnitude of the fractionation factor decreases with increasing ‘@’).

The temperature dependence of fractionation factors among aqueous sulfide
and polysulfide compounds exhibit interesting behavior due to the predicted pro-
clivity for crossovers among these compounds (Fig. E[) In the current dataset,
crossovers in fractionation factors corresponding to a specific isotope ratio occur
at specific temperatures (the crossover temperature, T,) and lead to apparent
inverse temperature dependence above the T, whereby the fractionation factor
increases in magnitude with increasing temperature until a relative maximum

in magnitude is reached. At temperatures above the relative maximum, the
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fractionation factor decreases in magnitude with increasing temperature until
approaching nil fractionation (i.e., &« = 1, or 0 %o) at the high-temperature limit.
Fractionation factors computed among aqueous sulfur compounds that exhibit
crossovers over the temperature ranges studied (T > 0°C) or that appear to
exhibit crossovers below 0°C have the characteristics of this type of temperature

dependence. This type of temperature dependence associated with a crossover

appears to have been previously described (e.g.,[Stern et al.,[1968). Examples of

these types of crossovers among aqueous sulfide/polysulfide compounds include
S2=/ HS™ (x = 2-8, where T, may increase with ‘a’; Fig. 9) and FeS,q)/HS™
(Fig. . Examples of fractionation factors that appear to exhibit crossovers
below 0°C include FeSHT /H,S (Fig. [8) and S2~/H,S (z = 3-8) (Fig. EI) Frac-
tionation factors that appear to exhibit crossovers below 0°C appear to generally
have larger magnitude relative maximum fractionation factors at T > T, (e.g.,
2-3 %o for S27 /HyS z = 3-8) than those exhibiting crossovers > 0°C (e.g., ca.
< 1 %o for S27/HS™ z = 2-8, and FeS,,/HS™).

Fig. contains calculations of the experimentally constrained distribution
(in terms of concentration, M) of aqueous polysulfide and sulfide compounds
in a model SY-saturated aqueous solution (pure water, total aqueous sulfide

concentration = 100uM; Kamyshny et al., 2004 2007)). Fig. reveals that

the major polysulfide species under these conditions are HS; and S2~ (z =
3-8), and the bulk of the aqueous sulfur mass balance can be accounted for by
considering only these species and the major aqueous sulfide compounds (HgS
and HS™). In terms of molecular concentration, HS; dominates polysulfide
speciation at lower pH (ca. 6-8.5) and S2~ dominate polysulfide speciation
above a pH of about 8.5 and follow a relative distribution of Sg_ > ST >
Se™ > 837 > SZ > S2” > S27. We note that even though the polysulfides

stay below 10uM under these model conditions (where total dissolved sulfur

100puM) they dominate sulfur mass balance under high pH conditions (pH
> =~ 9.5) because of their high sulfur content per molecule. For example, at
pH = 11 the sulfur compound in highest concentration, pentasulfide (ng)7 has

a molecular concentration of only 7.8 uM under these modeled conditions but
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comprises nearly 40% of the total dissolved sulfur content.

In Fig. we combine the relative distributions of the polysulfides as com-
puted in Fig. with our theoretical calculations to compute a bulk aqueous
polysulfide/sulfide isotope fractionation factor as a function of pH. In terms of
bulk fractionation factors, the isotopic compositions of total polysulfides relative
to aqueous sulfide species are predicted to be relatively constant above a pH of
about 8 (i.e., 1000xIn(**a) = 2.2 + 0.5%0 at 25°C). This is due largely to the
similarity in the predicted equilibrium isotopic compositions of the dominant
polysulfides (i.e., x = 4-6; cf. Fig. E[) and their constant relative distribution
under these conditions, and the constancy of aqueous sulfide speciation under
these conditions (i.e., principally HS™ above a pH~8-8.5). The predicted rever-
sal in the direction of the bulk polysulfide/sulfide fractionation factor around
pH = 6.5-7 in Fig. is due principally to the shift in the dominant sulfide
species (HS™ vs. HayS; pK is 6.98 at 25°C and low ionic strength; @,
and the relative direction of fractionation factors between the polysulfides
and the two principle sulfide species (cf. Fig. E[) The speciation of polysulfides
varies as a function of temperature and ionic strength, but the general relation-
ships that we illustrate in Fig. are predicted to change only subtly as a
function of ionic strength (up to 4 = 0.7 mol/kg at 25°C) and temperature over
5-75°C. Thus, despite their complex speciation in aqueous solution the polysul-
fides are predicted to closely track the isotopic composition of aqueous sulfide

at equilibrium under fairly wide ranges of environmental conditions.

|Amrani et al. (2006) is the only experimental study that we are aware of

that reports the isotopic composition of polysulfide compounds of specific chain
length isolated from aqueous solutions. They report the isotopic compositions
(in terms of §%4S) of the methylated derivatives of polysulfides (i.e., H3C-S,-
CHj) of chain length x = 4-7 that were generated by the rapid derivatization
reaction of methyl triflate and precursor aqueous polysulfides. They observed
that the isotopic compositions of polysulfides in terms of §%4S increase with
increasing chain length ‘z’. The increase in §3*S with increasing ‘z’ is consis-

tent with our theoretical calculations that predict a general increasing trend in
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the compound specific fractionation factors (f) with increasing ‘z’ (Fig. E[) If
we make the assumption that the isotopic composition of the sulfur extracted
from the methylated polysulfanes represents the equilibrium isotopic compo-
sitions of the precursor aqueous polysulfides, then the data of
imply an equilibrium fractionation factor between ng / S?[ on the order
of 1000xIn(**a) = 3.2 & 0.7 %o at 25°C (1 s.d. from the duplicate experiments
reported, based on data digitally extracted from their figures). This estimate
based on experimental data is larger than the estimate based on our theoretical
calculations of 1000xIn(**a) = 0.7 4+ 0.2 %o for SZ~/S3~ at 25°C. This slight
disagreement may suggest that uncertainty remains in the exact values of the
fractionation factors among polysulfides of differing chain-length.

Despite the possible uncertainties in the exact values of fractionation fac-
tors among the polysulfides of different chain-length, the calculations provide
detailed insight into the isotope partitioning behavior of polysulfides. The cal-
culations newly reveal the relative patterns in values of RPFRs for singly substi-
tuted polysulfides at different atomic sites (Table |3} Fig. E[) and thus provide a
more detailed explanation for earlier experimental observations (Amrani et al.,
. The calculations illustrate that the general increase in *3 with increas-
ing ‘z’ for S2~ can be described to arise from the proportionality between the
34 3_factor and the number of 3*RPFR-contributing isotopologues that increases
with ‘@’ (Section . The **RPFR values that correspond to isotope sub-
stitution of the outer sulfur atoms (exhibiting the lowest RPFR values of each
polysulfide isotopologue) have comparable values for all polysulfides (e.g., mean
34RPFR = 1.0090+0.0003 for S2~ at 25°C, x = 2-8), and similarly the **RPFR
values that correspond to isotope substitution of the interior sulfur atom that
is immediately bonded to the outer sulfur atom (exhibiting the highest RPFR
values of polysulfide isotopologues) have comparable **RPFR values for all per-
tinent polysulfides (e.g., mean **RPFR = 1.0132 4 0.0005 for S2~ at 25°C, x =
3-8). Thus, the calculations predict some uniformity in the isotope partitioning
behavior among comparable isotopologues of polysulfides irrespective of chain

length. At 25°C, it is interesting to note that these values are predicted to be
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indistinguishable from the 3#RPFR values of HS™ (3*RPFR = 1.0087 £ 0.0005
at 25°C) and HoS (**RPFR = 1.0129 =+ 0.0003 at 25°C), respectively, which is
actually the result of predicted crossovers in values of RPFRs among the sulfide
compounds and these particular isotopologues of polysulfides at approximate
ambient temperature. Thus, the calculations reveal many underlying details
and complexities of the isotope partitioning behavior of the polysulfides relative
to aqueous sulfide compounds that may not be expressed at the bulk level (e.g.,
Fig. .

One of two primary mechanisms that have been identified for pyrite precipi-
tation from precursor aqueous sulfur compounds involves the polysulfides (‘poly-
sulfide mechanism’; e.g., [Luther, 1991} |Butler et al., |2004; Rickard & Luther]
. In the ‘polysulfide mechanism’, it has been proposed that pyrite precipi-

tation proceeds wia the nucleophilic bimolecular reaction between a polysulfide
and a ferrous sulfide complex (either the discreet molecular species in solution
as we have computed in the present study, or nano-particulate FeS,,) phases),
whereby the two sulfur atoms that eventually become the disulfide in pyrite

(Tossell, [1983)) are derived entirely from polysulfide (Luther| [1991)). Using pen-

tasulfide (Sg_) and the FeSH™ species as the example reactants, this mechanism

can be schematically represented as (c¢f. Luther, 1991} [Chadwell et al.,|1999):

(Fe=—S

7ol
(S .S S)*
Ng/TNg/

(16)

The dashed red curves indicate where bonds are to be broken and the straight
arrows indicate where new bonds are to be formed based on this type of mech-
anism (note that the positions of the charges are not deliberate and merely
represent overall molecular charge). The overall reaction corresponding to this

schematic mechanism is given by:
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FeSH" + 83~ — FeSy + 57 + H* (17)

This type of mechanism suggests that the two sulfur atoms in polysulfide that
are expected to have the highest and lowest RPFR values under equilibrium con-
ditions (cf. Fig. E[) are those that are incorporated into pyrite, which our calcu-
lations predict have nearly uniform RPFR values for polysulfides irrespective of
polysulfide chain-length (Fig. [4). Although the kinetic isotope effects that may
be associated with pyrite precipitation/nucleation are unknown, this mechanism
alongside our calculations may indicate that any apparent isotope fractionations
that accompany the formation of pyrite from precursor compounds via a ‘poly-
sulfide mechanism’ (e.g., apparent fractionations relative to ambient aqueous
sulfide) are likely to be relatively small and potentially relatively uniform with
respect to the specific polysulfides that may be involved.

We note that the mechanism expressed in Eq. is only one simple
example of many potential reactions that an aqueous ferrous iron species can
undergo with polysulfide to form an initial nucleation of pyrite. The specific
form of the ‘polysulfide mechanism’ that may occur or dominate in any given
environment will likely depend on the activities of the various ferrous iron and
polysulfide species and therefore solution conditions. It may also be noted that
a heterogenous reaction involving aqueous polysulfide and a ‘solid’ FeS phase is

possible and has been proposed to follow an analogous mechanism (e.g., Luther,

[991).

4.1.8. Aqueous Sulfide and Polysulfur Radical Compounds

Fractionation factors among polysulfur radicals (S, z = 2-3) and HoS/HS™
are presented in Fig. as a function of 1/T2. Fractionation factors among
S, /HS™ and S; /HS™ are predicted to exhibit crossovers at elevated temper-
ature around 175+70°C and 455+125°C, respectively, which lead to very small
fractionation factors at high-temperature (i.e., 1000xIn(**a) < 0.7%0 at T >

200°C). Fractionation factors among S, /HsS and S5~ /HaS each appear to ex-
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hibit a temperature dependence that is characteristic of a crossover occuring
below 0°C. The type of temperature dependence associated with crossovers (or
apparent crossovers) for these fractionation factors is the same as that described
above for aqueous polysulfide/sulfide. Recent in situ Raman spectroscopic in-
vestigations of sulfur-rich aqueous fluids contained in fused silica capillaries and
hydrothermal diamond anvil cells have documented that the S;~ (and possibly
S, ) exists as a nominally stable component in equilibrium with aqueous sulfide
and sulfate compounds in appreciable amounts at least over the temperature

range of ca. 200-500°C under particular pH and redox conditions (Pokrovski &
Dubrovinsky, [2011; |[Pokrovski & Dubessy, [2015} |Schmidt & Seward, 2017). Over

this temperature range, the fractionation factor between S;~ /HsS is predicted
to range between 1000xIn(3*a) = -1.94:0.2 %o at 200°C (near its predicted rela-
tive maximum in magnitude) to -1.3+0.1 %o at 500°C. The fractionation factor
between S, /HsS is predicted to be slightly larger in magnitude and for com-
parison ranges between 1000 xIn(34a) = -2.640.2 %o at 200°C to -1.6+0.1 %o at
500°C. The polysulfur radicals may thus lead to subtle shifts in the sulfur isotope
composition of aqueous sulfide (and sulfate) species depending on mass balance
under conditions where they coexist in isotopic equilibrium. For reference, the
magnitude and direction of the equilibrium fractionations that are predicted
between the polysulfur radicals and HoS at these elevated temperatures are
comparable to those between pyrite and aqueous HyS at 350°C obtained from

Syverson et al. (2015) (Fig. [§).

4.1.4. Aqueous Sulfide and Sulfate Compounds

Fractionation factors among aqueous sulfate and select sulfide compounds
are presented in Fig. as a function of 1/7? encompassing the temperature
range of 200-400°C where experimental constraints presently exist for compar-
ison. From 200 to 400°C, the predicted SOZ_ /HaS fractionation factor ranges
between 1000xIn(**a) = 28.3 + 0.2 %o and 14.5 £ 0.1%o, respectively, and
jis essentially identical to our previous estimates utilizing 30H20O clusters

|dridge et al., |2016|). The computed fractionation factor between HSO, and
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HsS is similar in magnitude but is predicted to be slightly larger and ranges
from 1000xIn(**a) = 29.0 & 0.2 %o to 15.0 £ 0.1%0 over 200 to 400°C, respec-
tively. The fractionation factors between the two computed sulfate ion pairs,
(NatSO377)~ and (Mg?tS07™)?, and H,S are indistinguishable from one an-
other over all temperature values and have intermediary values between the
SO?™ /H,S and HSO; /H,S. Thus, the predicted fractionation factors between
all computed sulfate species and HyS are all very similar. Also shown in Fig.
is the fractionation factor between HSO, /S;” that ranges between 30.8 +
0.1 %o and 16.5 = 0.1 from 200 to 400°C, respectively (i.e., slightly larger than
fractionations among aqueous sulfate/sulfide species).

Previous experimental determinations of equilibrium sulfur isotope fraction-
ations between aqueous sulfate and sulfide species are in agreement with our

theoretical predictions at the level of <1 %o (Fig. . The compilation of

|(Ohmoto & Lasaga (1982) that incorporates numerous experimental datasets

over 200-400°C yields fractionation factors between aqueous sulfate and sulfide
of 1000xIn(**a) = 29.4 + 0.5 %o at 200°C and 14.8 £ 0.5 %o at 400°C based
on their 1000xIn(**a) vs. 1/T? linear fit to selected experimental data. The
largest difference between |Ohmoto & Lasaga‘ (11982|) and the SO7~ /H,S calcu-

lations presented here and in our previous study (Eldridge et al., [2016)) is ~1

%o at 200°C (Fig. . Under the experimental conditions of most experiments

that are included in the compilation of |[Ohmoto & Lasagal (1982)) the aqueous

speciation of sulfate may largely be in the form of HSO; due to the low in
situ, pH of experimental fluids that is necessary to facilitate feasible equilibra-
tion times due to higher rates of isotope exchange under acidic conditions. The

computed HSOj /H,S fractionation factor in Fig. is in agreement with the

experimental compilation of Ohmoto & Lasagal (1982) at the level of <0.46 %o
over 200-400°C (see residual plot in Fig. , which is within the error reported
by |Ohrnoto & Lasaga‘ (]1982[). The slight divergence between our HSO /HoS
estimate and |Ohmoto & Lasaga (1982)) at 200°C (<0.5 %o) could reflect a true

difference in the temperature dependence (e.g., arising from inadequacies in

the theoretical calculations), or could reflect (a) the paucity of experimental
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data at 200°C (e.g., 1 data point taken from (1973) corresponding to

|1000X1n(34O‘HSO;/H23) = 28.9 %o) and/or (b) the assumption of [Ohmoto &
Lasaga (1982) that the temperature dependence of the fractionation factor is

linear over 200-400°C in 1000xIn(**«) vs. 1/T? space (cf. the theoretical calcu-
lations that all exhibit subtle curvature in this space over 200-400°C; Fig. .

[Syverson et al| (2015) recently obtained a fractionation factor between aque-

ous sulfate/sulfide of 1000xIn(**a) = 17.5 + 0.6 %o at 350°C (1 s.d., duplicate

equilibrated experiments) judged to be at equilibrium based on constraints from

complimentary A3S measurements. The experiments of [Syverson et al.| (2015)

were also performed under low pH conditions where HSO} likely dominates the
aqueous sulfate speciation. Their value is indistinguishable from our computed
estimate of the HSO} /H,S fractionation factor at 350°C of 1000 xIn(3**ar) = 17.3
+ 0.1 %o (Fig. . Overall, the theoretical calculations presented here appear to
reproduce established experimental observations of the aqueous sulfate/sulfide
fractionation factor within the estimated errors of the approaches.

At 25°C, equilibrium fractionations between select aqueous sulfate and sulfide
compounds are predicted to be 1000x1In(**a) = 63.3 £ 0.4 %o for SO~ /H,S,
64.1 + 0.4 %o for HSO} /H,S, and 67.5 + 0.6 %o for SO3~ /HS™. Tt is no-

table that our theoretical calculation of the 1000xIn(34a) corresponding to the

SO3™ /H,S fractionation factor presented here and in [Eldridge et al. (2016) is

lower than previous theoretical estimates at 25°C by as much as ~ 9 %o (e.g.,

those of Farquhar et al., [2003; |Ono et al., 2007). We further note that these

previous theoretical estimates (Farquhar et al., 2003; |Ono et al.| 2007) are sys-

tematically higher than our theoretical calculations at higher temperatures as
well (e.g., by > 2 %o over 200-400°C) and, thus, do not agree as well with ex-
perimental constraints. It is our judgement that the estimates of the aqueous

sulfate/sulfide fractionation factors at lower temperatures derived from our cal-

culations (i.e., the current study and [Eldridge et al., [2016)) are likely to be among

the best estimates available to date for low temperature applications (e.g., in
models of microbial metabolism such as dissimilatory sulfate reduction) due

to the apparent agreement with established experimental constraints at higher
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temperatures (Fig. . However, we emphasize that no experimental data
exist to our knowledge that directly constrain the aqueous sulfate/sulfide equi-
librium fractionation factor at temperatures < 200°C and thus the verification
of any theoretical estimates at lower temperatures (either previously published
or presented here) is not possible at this time.

From the analysis above, it can be inferred that the predicted equilibrium
sulfur isotope fractionation among coexisting aqueous sulfate species is small
in magnitude. For example, at 25°C the estimated fractionation factor between
the direct magnesium sulfate ion pair (Mg?*S027)° and SO3™ is 1000x1In(**a)
= 0.25 £ 0.18 %o (similar for the direct sodium ion pair), and for HSO; and
SO3™ we estimate a value of 1000xIn(**a) = 0.75 + 0.22 %o. Thus, sulfate
speciation in natural waters such as those of high ionic strength (e.g., seawater
and naturally occurring brines) that could involve substantial formation of ion-
pairs, and those containing high acidity (e.g., natural acid lakes or drainage)

appears unlikely to have a significant effect on sulfur isotope partitioning.

4.1.5. Polythionates

Pertinent fractionation factors involving the unique atomic sites in the poly-
thionates computed in this study (S305~ and S407~, or S,(SO3)3~ where x =
1 or 2) are plotted in Fig. 13 as a function of 1/T? alongside analogous frac-
tionation factors involving thiosulfate (So03~ or S(SO3)2~) froml@
for reference. The ‘intramolecular’ fractionation factor for polythionate
that represents the difference in equilibrium isotopic composition between the
unique sulfur sites within the molecule (i.e., the equivalent ‘sulfonate’ groups,
S.(*S03)3™, and the central ‘sulfanyl’ atoms, *S,(SO3)3 ") is predicted to be
1000x1In(*4e) = 54.4 £ 0.8 %o at 25°C. This is comparable to our earlier predic-
tions of the ‘intramolecular’ fractionation factor for thiosulfate: 1000xIn(3*«)

~ 53.8 %o at 25°C (Eldridge et al., [2016). The predicted fractionation fac-

tor between the ‘sulfonate’ groups in trithionate and HaS(,) is predicted to be
1000xIn(** ) = 55.8 4 0.6 %o at 25°C. This is also comparable to the analogous
values for thiosulfate but perhaps slightly larger in magnitude: 1000xIn(3*«)
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= 52.5 £+ 0.3 %o at 25°C (Eldridge et al., |2016). The fractionation factors for

the ‘sulfanyl’ sulfur atoms in trithionate and thiosulfate relative to HaS are
much smaller in magnitude and exhibit complex behavior as a function of tem-
perature due to crossovers. For example, at 25°C the fractionation factors for
the ‘sulfanyl’ sulfur atoms in the computed polythionates and thiosulfate rela-
tive to HyS are predicted to be similar in magnitude but opposite in direction:
1000xIn(*4a) = 1.4 £ 0.7 %o for ‘sulfanyl’ in polythionate relative HyS, and
1000xIn(** ) = -1.3 £ 0.3 %o for ‘sulfanyl’ in thiosulfate relative to HyS. How-
ever, above approximately 75°C the fractionation factors between the ‘sulfanyl’
groups in both trithionate and thiosulfate are both predicted to be in the same

direction relative to HaS (Fig. 13) and agree with the direction of the experi-

mental constraints for thiosulfate (Uyama et al., 1985} |Chu et al., 2004)).

4.1.6. Elemental Sulfur and Sulfate/Sulfide
Data from hydrothermal experiments have been used previously to estimate
an equilibrium fractionation factor between elemental sulfur (generically S°)

and aqueous sulfide and sulfate (Robinson) [1973} [Kusakabe et al.,[2000). These

data are plotted in Fig. alongside our corresponding theoretical estimates.
The combined experimental data of Robinson| (1973)) and Kusakabe et al. (2000))

yield an estimate of the fractionation factor between S° and sulfate (HSO} ) of
1000xIn(**a) = 30.2 to 19.3 %o (£0.29, 1 s.d.) over a temperature range of
200-230°C that is comparable to our theoretical calculations (Fig. [14A). The
data of can be used to estimate a fractionation factor between
S and H,S that yields values that range between 1000><1n(34a50/H25) =-1.2
and -2.3 (£0.28) %o over 200-320°C that are essentially temperature-invariant
(mean over 200-320°C: 1000xIn(**evgo/r,5) = -1.7 £ 0.4 %o, 1 s.d.). Over
this same temperature range, our theoretical calculations predict an essentially
temperature-invariant fractionation factor of about 1000><1n(340458(aq) JHyS) =
-1.6 + 0.1 %o that corresponds to the maximum predicted magnitude of this
fractionation factor (T" > 0°C) that arises over this temperature range due to

crossover behavior at lower temperature (Fig. [14B). In short, our theoretical
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calculations appear to capture the broad behavior of isotope partitioning exhib-

ited experimentally in the S°-H,S-HSO; system.

4.2. Mass Dependence of Equilibrium Isotope Exchange at Crossovers

The crossovers in equilibrium fractionation factors among aqueous sulfide,
polysulfur radical, and polysulfide compounds result in unusual exponents of
mass-dependence (33/ 349, 36/ 349) in proximity to the crossover temperatures.

These effects have been previously described for theoretical isotopic exchange

between exemplary gaseous sulfur molecules (Deines| [2003; |Otake et al.| [2008)).
Using the Sy, /H2S () example, Deines| (2003) recognized that exponents de-

scribing mass dependence (e.g., 33/340) asymptotically approach values from
+00 to —o0 near temperature values that approach the crossover. In Fig. [15]
we illustrate the effect of crossovers on values of 33/349 and A33S for numerous
equilibrium isotope exchange reactions that have been theoretically computed
in our study among aqueous sulfur compounds. The calculations of the 33/34¢9
reveal the expected asymptotic behavior in proximity to the 7. (Fig. —C).
Below the T, values for 33/34¢ typically approach values of —oo with increasing
temperature (Fig. ‘ -C). Above the T, 33/349 drop precipitously from oo
with increasing 7" until eventually approaching ~0.5156 at the high-temperature
limit. Despite these infinitely large shifts in values of 33/349 at crossovers, these
unusual exponents do not result in any notable deviations in values of A33S
arising from equilibrium isotope exchange as shown in the accompanying Fig.
15D-F that is due principally to the very small values of fractionation factors
(a) in proximity to the T,. We note that analogous relationships and conclu-
sions can be drawn for computations of 36/349 and A36S values that are not
illustrated here for reasons of economy.

suggested that the unusual exponents of mass dependence in
proximity to crossover temperatures for isotope exchange reactions could be
amplified by subsequent Rayleigh processes to potentially generate compounds
that have isotopic compositions exhibiting anomalous 33/340 and/or A33S val-

ues. This hypothesis can be examined in further detail using our theoretical frac-
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tionation factors computed near crossovers. We perform an exercise where we
compute the isotopic composition of a product that is generated via a Rayleigh
process in a closed system that involves a reactant that has an isotopic com-
position that corresponds to a crossover. For the purposes of this example, we
use S5~ as the reactant and consider its composition relative to HS™ where a
crossover is predicted in rough proximity to ambient temperature (=16°C; cf.
Fig. E[) The product of their reaction could hypothetically be anything that
could irreversibly react with Sg_, but we point out that this example could be
made relevant to a simplified polysulfide pyrite precipitation mechanism (e.g.,

Rickard & Luther, [2007):

Fe*t + 837 = FeS, (18)

According to the hypothesis implied by (2003), in this example the iso-

topic composition of the product (i.e., pyrite) may obtain an anomalous isotopic
composition (e.g., A33S # 0) relative to ambient HS™ if precipitation occurs via
Sg_ in proximity to the 7.

We have run through a handful of scenarios where we compute the product
of a closed-system Rayleigh process (e.g., in this example ‘pyrite’) involving ng
where its initial composition is constrained as being in equilibrium with HS- at
16°C (the approximate 7.), which corresponds to a composition of §33S = 0.0 4
0.4 %o, 6%*S = 0.0 # 0.7 %o, and 33/349 = 1.936 (i.e., extremely anomalous rel-
ative to the reference exponent of 0.515) where all compositions are referenced
to HS™ (e.g., 6%*S = 3R /**Ryg- - 1, where >R = 34S/32S). We compute
Rayleigh distillation scenarios in terms of the isotopic composition of the accu-
mulated product relative to HS™ utilizing different assumptions of the value of
the isotope effect associated with the unidirectional process (e.g., the isotope
effect associated with FeSo precipitation in this simplified example). We assume
for the purposes of the calculation that the isotope fractionations accompanying
the Rayleigh process (e.g., unidirectional precipitation) are < 20 %o (where 20

%o could be considered unrealistically large for this type of process) and ad-
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ditionally assume that the process conforms to the conventions of a ‘normal’
isotope effect (i.e., products isotopically depleted relative to reactants). We
additionally assume that the isotope effects associated with the unidirectional
process conform to the reference exponent (i.e., 0.515), which is necessary in or-
der to examine the effect of the initial crossover composition on the composition
of the pooled product.

Our calculations reveal that the unusual exponents associated with crossovers
do not lead to substantial A33S effects in terms of the isotopic composition of
a product resulting from a closed-system Rayleigh process. The maximum de-
viations occur for the largest assumed isotope effect for the Rayleigh process
(-20 %o) and approach a maximum of A%3S = 0.02 %o (note that typical quoted
external precision of A?3S based on SFg-IRMS is on the order of 0.01 %o, 1 s.d.).
We note that nearly identical results are obtained in this computation regardless
of the assumed initial 33/34 of the reactant (in this case S37). This suggests
that the choice of initial composition in proximity to the crossover is not impor-
tant and that any amplification of unusual exponents associated with crossovers
via a closed-system Rayleigh process is likely insignificant. The evolution of the
A33S of the residual reactant over the full extent of the Rayleigh process is also
not sensitive to values of 33/349. In general, Rayleigh processes can lead to sig-
nificant A33S effects in the residual reactant but only when very small amounts
of residual reactant remain (note: this will be illustrated in the following section
in the context of modeled disproportionation reactions). These effects occur ir-
respective of crossovers and/or the initial isotopic compositions of reactants.
Thus, it is difficult to imagine how crossovers may lead to any notable anoma-
lous sulfur isotopic compositions among naturally occurring phases/compounds
either as a result of equilibrium (Fig. or subsequent Rayleigh distillation.

The more interesting aspect of crossover behavior in sulfur isotope systemat-
ics from our perspective is how crossovers lead to non-intuitive temperature de-
pendencies of fractionation factors (cf. Fig. El, . Depending on the
temperature at which they occur, crossovers can enable small but still relatively

significant equilibrium isotope fractionations among compounds with respect to
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a singular isotope ratio at relatively high temperature, despite instances where
fractionation factors exhibit generally small to negligible fractionation factors
at low temperature (e.g., for S~ /H2S, 1000xIn(**a) = -0.4 £ 0.5 %o at 0°C but
-1.9 £ 0.2 %o at 200°C; Fig. [11).

4.8. Example Applications: Model Disproportionation Reactions

4.3.1. General Framework & First-Order Implementation Using Theoretical Equi-
librium Isotope Effects
Sulfur compounds of intermediate oxidation state (i.e., S where -2 < OS

< +6; e.g., SO2, Ss) and mixed-valence (e.g., 52037 ; OS = -1 and +5) (Vairava-

murthy et al.,[1993)) can undergo hydrolytic disproportionation reactions at ele-

vated temperatures to form sulfur compounds of both higher and lower valence
(e.g., SO~ and H,S, or SO3~ and S°). Examples of hydrolytic disproportion-

ation reactions include:

S,0%~ + Hy0 — HyS + SO~ (19)

35 + 2H50 — 2H3S + SOy (aq) (20)

48° + 4H,0 — 3H,S + HSO; + H* (21)
4805(4q) + 4H20 — 3HSO; + HyS +3H™" (22)
3505(4q) + 2H20 — 2HSO; + S° +2H* (23)

These reactions, especially those involving thiosulfate and elemental sulfur as

the principle reactants, have long been exploited for experimental hydrother-

mal sulfur isotope partitioning studies (e.g., Thode et al.||1971; |Robinson, 1973}
|Ohmoto & Lasagal (1982} [Uyama et al., [1985; [Kusakabe et al., 2000} [Syverson|
@, and in situ spectroscopic thermodynamic/speciation studies (e.g.,
[Pokrovski & Dubessy, 2015} [Schmidt & Seward| [2017). Such investigations led

to the discovery of the apparent stability of the S5~ radical ion under hydrother-

mal conditions following (e.g., [Pokrovski & Dubrovinsky, 2011} [Pokrovski &

Dubessy 2015):
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Sy + 2.5H,0 4 0.750, = SO~ + 2H,S + H* (24)

The decomposition of the S; radical ion (e.g., upon the cooling of a fluid)
presumably follows a reaction similar to the forward progress of Eq. that
resembles hydrolytic disproportionation but as written also involves explicit
oxidation.

Hydrolytic disproportionation reactions such as those represented in Eq.
can be modeled in a simple way as branching reactions following the

generalized network:
1 > B
A <
2= C

Here, some sulfur compound of intermediate or mixed oxidation state, A, under-

(25)

goes a unidirectional reaction to compounds B and C. Reaction 1 and reaction
2 are associated with their respective kinetic isotope effects, oy = k1 /3%k; and
‘ag = k1 /*ko (where i = 33, 34, or 36; NOTE: the symbol « is used here to
represent a kinetic isotope effect (format: ‘c..,) for the sake of simplicity and
should not be confused with other uses of « in this study). The general ana-
lytical solutions for the compositions (given as isotope ratios ‘R = £S/32S) for

sulfur phases A, B, and C in a closed system are given by (derivations provided

in the |[Appendix A.2):

iRA,t _ iRA70 % f(bxia1+(1—b)xia2—1) (26)

iqy X R0 X (1 —fx f(bxia1+(1—b)xia2—1))
(I—f)x(bxta;+(1-"0) x‘iag)

'Rp: =
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. iag X 1R X (1 —fx f(bxia1+(1—b)xia2—1))
@t (T—f) x (bx‘oq + (1 —b) x ‘az)

(28)

The variable b = % is the product branching ratio that can be related to
the reaction stoichiometries of the various disproportionation reactions (e.g., Eq.
and f is the fraction of the reactant remaining at any given time point in
the reaction ([A]:/[A]o; see for further details). At present, Eq.
cannot be solved completely and/or directly for most disproportionation
reactions (e.g., Eq because the overall kinetic isotope effects associated
with these reactions are not presently constrained to our knowledge (especially
for all three sulfur isotope ratios).

An initial glimpse of the potential multiple sulfur isotope fractionation be-
havior associated with a variety of disproportionation reactions can be obtained
by substituting equilibrium isotope effects for the kinetic isotope effects required

by Eq. constrained by a combination of our calculations from the present

study and our previous study (Eldridge et al.| [2016)). Substituting equilibrium

isotope effects for kinetic isotope effects for the purpose of this exercise is equiv-
alent to assuming that the true kinetic isotope effects associated with these re-
actions are of comparable magnitude (and exhibit similar mass laws, 33/349 and
36/ 34¢) and temperature dependence to the equilibrium isotope effects among
the considered species, which are recognized as important limitations. Solutions
to models applying this simplifying substitution corresponding to an example
each of SO2, S°, and S;~ are provided in Fig. The purpose of this exercise is
to illustrate the subtle shifts in the A33S and A35S compositions of the reactants

and products of disproportionation-type processes that arise from mass balance

('mass conservation effects'; e.g., [Farquhar et al.l 2007)), which to-date have not

been systematically constrained by experiments. The true kinetic isotope effects
and corresponding ‘mass laws’ (*3/340 and 36/340) and their temperature depen-
dence associated with disproportionation reactions in Eq. are currently
unconstrained by either theory or experiments, and so the full range of A33S

and A3%S variations associated with these reactions are not yet known.
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Given these limitations to understanding the multiple sulfur isotope behav-
ior associated with hydrolytic disproportionation reactions, we explore in the
following section a natural example that utilizes a simple mass balance approach
and our new theoretical calculations to investigate how disproportionation re-
actions may manifest in measurable shifts in A33S and A3%S compositions of
naturally occurring compounds that may reflect the properties and dynamics of

an example natural system.

4.3.2. Natural Example Based on Mass Balance Modeling: Volcanic (hyper-)
acid crater Lakes

Hydrolytic disproportionation reactions can contribute to sulfur-cycling in
magmatic-hydrothermal systems. A primary example we will highlight here
are (hyper-) acid crater lakes associated with active arc volcanoes (e.g., see
overview /reviews in [Kusakabe et al., [2000; Marini et al., 2011} Delmelle &
Bernard, . Such lakes are often typified by low pH (e.g., pH = -0.6 to
4.9), high concentrations of dissolved sulfate (e.g., [SO2~] = 0.6-0.8 mol/kg),

and in some cases are characterized by elemental sulfur in the forms of float-
ing cinders thought in some cases to be derived from molten pools of sulfur
at the lake bottom (e.g., [Delmelle et al., 2000; [Kusakabe et al., |2000; Delmelle
& Bernard, [2015 and references therein). The §%*S values of dissolved sulfate
(634S = (** Rsampte/** Rvepr - 1)x1000) in many (hyper-)acid crater lakes have

been observed to be relatively high (e.g., 64S values as high as 20-25 %o re-

ported relative to CDT in their study; Kusakabe et al., 2000) and in such cases

exhibit relatively large fractionations relative to ambient/associated elemental

sulfur: 1000 x In (34RHSO; /34350) up to ~ 30 %o (Kusakabe et al., 2000).

Such compositions (and fractionations) in (hyper-)acid crater lakes cannot be
explained by oxidation processes because in such a case the §34S values of re-
duced and oxidized sulfur species would be expected to more closely track each
other. These compositions are instead generally explained by much of the sul-

fate originating from hydrolytic SOy disproportionation (e.g., 1992;
[Taran et al.| [1996} [Delmelle et al., [2000; [Kusakabe et al., 2000} [Marini et al.|
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[2011} Delmelle & Bernard, [2015)).

Informed by their experimental investigations of SOy disproportionation in

the laboratory, [Kusakabe et al. (2000) provided a mass balance model based

on the hydrolytic disproportionation of SOs to elemental sulfur and sulfate fol-
lowing Eq. to account for the sulfur isotope compositions of (hyper-)acid
crater lake dissolved sulfate assuming that all sulfate originates from SOq dis-
proportionation. [Kusakabe et al. (2000) based their model on [Taran et al.
where a similar model was presented for Eq. (i.e., where HsS and

HSO, are assumed to be the products). We additionally note that a compara-

ble model was also recently presented in Marini et al. (2011) where additional

sulfide oxidation processes are included, which we will omit for simplicity here.
We reproduce here a complete version of the model presented by |[Kusakabe et al.
(2000) in terms of isotope ratios (‘R = ©S/32S, where i = 33, 34, or 36) for both

disproportionation products of Eq. (derivation provided in [Appendix A.3):

. Z‘RT X (7" + 1)

iR o . : (29)
HSO; ™ ‘ap,smsor +(1/3) X fago ysor +(2/3)
iRSo . Ry x (r+1) (30)

r X tap,s/s0 +(2/3) X faggor g0 +(1/3)

Where 7 is the molar HoS/SO5 ratio of the source gas ultimately fed from the
magmatic system, ‘Rr corresponds to the bulk isotope ratio of the gaseous
sulfur (assumed to be comprised solely of HoS + SOs), and the a’s are the
temperature dependent equilibrium fractionation factors between the designated
species (following the convention of ‘a5 = "Ra/'Rp). The factors of 1/3 and
2/3 arise from the stoichiometry of the assumed SO disproportionation reaction
(Eq. . A key assumption of this model is that all species are isotopically
equilibrated at the temperature of disproportionation.

' Kusakabe et al. (2000) solved a simplified version of Eq. for 534S (see
D using the experimental equilibrium 3*ovg,, fide/sul fate from
& Lasaga (1982) and the experimental equilibrium 34a50 JHSO; derived from
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their experimental data and (1973). They illustrated that dissolved

sulfate (and perhaps elemental sulfur) associated with many (hyper-)acid crater
lakes near the summits of active arc volcanoes exhibit 634S compositions that are
broadly consistent with this type of mass balance model. Because of the agree-
ment between our theoretical calculations and these experimental studies (Fig.

and our solutions to these equations utilizing our theoretical fractionation

factors yields essentially identical results to |[Kusakabe et al. (2000) with respect

to 634S. The advantage of using our theoretical calculations in the present exer-
cise is that (i) we do not need to extrapolate experimental fractionation factors
into temperature ranges that are not constrained by experiment, and (i7) we
can directly solve these equations for 63S and 3¢S (and, thus, A33S and A36S)
using direct constraints for the minor isotope equilibrium fractionation factors
from our theoretical calculations without having to make assumptions about
the equilibrium mass laws.

In Fig. we present solutions of Eq. and |30 in terms of §34S, A33S,

and A30S utilizing our theoretical fractionation factors as the principle con-

straints. For the purpose of this exercise, we follow [Kusakabe et al.| (2000)

and assume §%*Sy = +5 %o (from [Ueda & Sakail [1984; [Taylor, [1986) and we

compute compositions over ranges of r = HyS/SOy = 0.1-10 and over temper-
atures of 150-400°C. We further assume that A33S; = 0 %o and A36Sy = 0
%o corresponding to %Sy = +2.57 %o and §%6Sy = 4+9.52 %o. The resulting
compositional fields presented in Fig. for sulfate and elemental sulfur in
multiple sulfur isotope space as a function of temperature and r result from the
underlying mass balance of varying contributions of SO9 disproportionation. As
such, the shifts in A33S and A%6S can be described as 'mass conservation effects'
(e.g., [Farquhar et al., 2007).

, In Fig. we also run through a related exercise undertaken by

(2000) where we use the empirical §4S-based fractionation between

HSO; and S° from a handful of (hyper-)acid crater lake localities as a ther-

mometer to constrain the temperature of SOy disproportionation such that r

= H5S/SO5 may be constrained. Localities include: Yugama (Japan), Kawah
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Ijen (East Java, Indonesia), Keli Mutu (East Nusa Tenggara, Indonesia), Mount
Ruapehu (New Zealand), and Maly Semiachik (Kamchatka Peninsula, Russia)

(all 6348 data are taken from [Kusakabe et al. (2000) and further details can be

found there and references therein). This exercise is identical to the exercise

conducted by [Kusakabe et al. (2000)) in their Fig. 11 only here we newly have

the additional capability of computing model output A33S and A36S values for
these localities. In Fig. we predict subtle but potentially resolvable shifts in
A33S and A0S values for these localities within the simple model framework
of Eq. - 130| that, again, arise from mass conservation effects. We emphasize
that the A33S and A36S compositions of sulfur species from these crater lake
localities have not been determined to the best of our knowledge. A predic-
tion from this simple model is that dissolved sulfate should exhibit higher A33S
relative to the bulk sulfur isotope composition of the magmatic-hydrothermal
sulfur source (up to 0.04-0.05 %o higher) and lower A36S values (as much as 0.4
%o lower) depending on values of r and the temperature of disproportionation.
Similar but more subtle relationships are also predicted in values of A33S and
A36S between dissolved sulfate and associated /ambient elemental sulfur assum-
ing that SOy disproportionation at higher temperatures alone is responsible for
their origin in (hyper-)acid crater lakes (Fig. . We recognize that the sulfur
isotope compositions of elemental sulfur and sulfate in these environments are
not necessarily so tightly coupled and that other processes associated with the
sourcing and cycling of these species in the lakes would complicate this simple
prediction. To first order, the multiple sulfur isotope analyses (A%3S and A36S
in addition to §34S) could provide additional constraints on the sources and
cycling of sulfur in these systems.

The simple model presented in Fig. highlights the potential sensitiv-
ity of A33S and A35S values of (hyper-)acid crater lake dissolved sulfate to
underlying hydrothermal-magmatic properties and processes that may serve as
additional parameters for monitoring volcanic gases and sulfur cycling processes
in these systems. Values of r are complex and depend on aspects of magma ex-

solution (i.e., magma sources, degassing dynamics, and vapor/melt partition
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coefficients that are a function of temperature, pressure, and redox-properties

of the magmatic system; e.g., Oppenheimer et al.| [2011)) and other (secondary)

processes occurring during gas transport through conduits to the surface (e.g.,

wall rock interactions; |Giggenbach, (1987} |Christenson & Tassil 2015; Delmelle

|& Bernard| 2015, and references therein). Dramatic decreases in r have been

inferred to be correlated with eruptive events using either dissolved polythionate

concentrations in (hyper-)acid crater lakes (e.g., Takano, 1987, see Delmelle &

(2015) for detailed summary and potential complications of this proxy)
pr 5318 HSO; 88 described in the context of the model presented above (e.g.,

lsawa et al., [1993} [Kusakabe et al.| 2000). Using an unparalleled dataset from

Yugama Lake (Japan) beginning with the work of [Sakai (1957), |Ohsawa et al.|
41993[) and |Kusakabe et al.‘ (]2000[) illustrated how dramatic shifts in §%4S, so;

(up to =10 %o overall) can be associated with eruptive events that were in-

terpreted to reflect enhanced SOy fluxes to the system (and thus decreasing

r) during eruptions. Interestingly, Kusakabe et al. (2000) illustrated that pre-

eruption values of §34S HSo; appear to be largely recovered in Yugama Lake
following eruption activity. Based on the simple model framework presented
here (Fig. [17), we would predict subtle shifts in A33S (ca. 0.01 %o) and A%°S

ca. 0.1 %o) corresponding to these observed shifts in §34S - during those
HSO;

eruptive events at Yugama Lake (Kusakabe et al., [2000), which approach the

current analytical precision of the measurements but may nevertheless allow fur-
ther tracking capabilities under some circumstances. We propose that multiple
sulfur isotope analyses (634S and the precise measurement of A33S and A®°S)
of sulfur phases in (hyper-)acid crater lakes, in addition to detailed character-
ization of the concentrations and perhaps isotope compositions of other minor

sulfur species (polythionates, polysulfides, thiosulfate, sulfite, etc.; cf. [Delmelle

|& Bernard, [2015), may allow further testing of such models and reveal even

more detail of the complexities of the fascinating aqueous sulfur chemistry and
dynamics of (hyper-)acid crater lakes and its relation to volcanic eruptions in

future work.
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5. Summary and Conclusion

We present theoretical estimates of RPFRs (and/or site-averaged S-factors)
for aqueous polysulfur compounds (S2~, » = 2-8; HS;, x = 2,3; S;7, x = 2, 3;
and S,(SO3)3 ™, x = 3, 4; Sg) and associated aqueous sulfate (HSO;, SO, and
select Nat- and Mg?*-ion pairs) and sulfide compounds (HyS, HS™, select aque-
ous Fe?*-complexes and Nat-ion pairs). We utililize the B3LYP/6-31+G(d,p)
level of theory and basis set in conjunction with an explicit solvation model
whereby solutes are modeled in water clusters of generally varying size in the
range of 30-52 water molecules. We do not observe any systematic deviation in
molecular geometries, mean water coordination number, or RPFR/j3 values as-
sociated with water cluster size, and therefore estimate an uncertainty in these
values based on the variability that we observe among different cluster sizes and
conformations. The typical variability associated with cluster size is relatively
small and on the order of < 0.5 %o (1 s.d.) in estimates of **RPFR,/3*3 values
at 25°C that generally keep estimated uncertainties in values of 3*a < 1 %o
(1 s.d.). It is important to emphasize that these uncertainty estimates do not
take into consideration any systematic errors due to inadequacies in the utilized
B3LYP/6-31+G(d,p) theoretical method and basis set, which are difficult to
determine. Instead, we emphasize comparing our theoretically calculated frac-
tionation factors to available experimental determinations and find generally
good agreement within the estimated errors of the approaches. For example,
our calculations agree with experimental dterminations of the HSO, /HsS frac-
tionation factor within < 0.5 %o over the experimental temperature range of

200-400°C. Because we utilize the same approach to computing RPFRs (and/or

B-factors) to our previous study (Eldridge et al., [2016)) these two datasets can

be viewed as one larger dataset aiming to constrain the equilibrium isotope frac-
tionations among many aqueous sulfur compounds for applications to natural
and experimental systems.

Our calculations reveal a propensity for crossover behavior among reduced

polysulfur and sulfide compounds/moieties, where fractionation factors switch
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in direction at specific temperatures and thereby exhibit non-intuitive temper-
ature dependences. Numerous crossovers are predicted among aqueous sulfide,
polysulfide, polysulfur radical compounds, in addition to the central reduced
atomic sites in select polythionates. The calculations likely do not precisely
constrain the values of crossover temperatures for any of the fractionation fac-
tors computed (i.e., estimated uncertainties are on the order of several 10’s of
°C), but nevertheless reveal important and hitherto unrecognized fractionation
relationships among the computed compounds. We document the expected
so-called ‘non-canonical” exponents of mass dependence associated with equilib-
rium isotope exchange that occur in close proximity to crossover temperatures
that asymptotically approach values of +00 and —oco, but illustrate that it is
highly unlikely that these unusual exponents result in any significant deviations
in the isotopic compositions of naturally occurring compounds as a result of
either equilibrium isotope exchange or Rayleigh distillation occurring in close
proximity to the crossover temperature.

We highlight two primary applications to natural systems in this study that
are both poorly constrained by experiment and may represent new opportun-
ties for future research: (i) low-temperature authigenic pyrite formation, and
(it) hydrolytic disproportionation reactions extended to a natural example of
(hyper-)acid crater lakes associated with active volcanoes. We provide some
explanation for why pyrite formation may be associated with relatively small
isotope fractionation with respect to precursor aqueous sulfur compounds in
the framework of established mechanisms (e.g., the polysulfide mechanism),
but emphasize that the isotope fractionations in terms of fractionation factors
associated with pyrite formation are yet to be experimentally constrained. Ad-
ditionally, we highlight the potential utility of multiple sulfur isotope analysis
(i.e., measurements of §3*S, A33S, and A®®S) in monitoring volcanic gas output
in active volcanoes using a model approach based primarily on the seminal work

of Kusakabe et al. (2000). We illustrate that values of §34S, A%3S, and A36S of

dissolved HSO, may all be sensitive to the amount of magmatic SO supplied

to (hyper-)acid crater lakes associated with active volcanoes (parameterized as
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r = HyS/S0Os), and identify such measurements as targets for future study.
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Figure Captions

Figure 1: Example two-dimensional ball-and-stick representations of the optimized aque-
ous polysulfide and polysulfur radical compounds: (A) disulfide, SS_O3OH207 (B) trisulfide,
S§7034H20, (C) tetrasulfide, 827038H20, (D) pentasulfide, S§7042H207 (E) hexasulfide,
86237042H207 (F) heptasulfide, S?i.SOHQO, (G) octasulfide, S§7050H20, (H) hydrogen disul-
fide, HS, @34H>O, (I) hydrogen trisulfide, HS; 34H20, (J) trisulfur radical, S;” ¢50H20, (K)
disulfur radical, S, e50H20, (L) elemental sulfur, Sge50H20. The general color scheme for
atoms follows red = oxygen, gray = hydrogen, and yellow-orange = sulfur, but different colors
were chosen for the trisulfur radical (sulfur = blue) and disulfur radical (sulfur = yellow) to

visually distinguish these compounds from the analogous polysulfides.
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Figure 2: Example two-dimensional ball-and-stick representations of the optimized aqueous
sulfide compounds: (A) hydrogen sulfide, H>Se45H20, (B) bisulfide, HS™ ¢45H>0, (C) ferrous
sulfide monomer, FeS?e50H20, (D) ferrous bisulfide, FeSH* 50H20, (E) sodium bisulfide ion-
pair, (NatHS~)%e45H50. The general color scheme for atoms follows: red = oxygen, gray =

hydrogen, yellow-orange = sulfur, purple = iron, and orange = sodium.

Figure 3: Example two-dimensional ball-and-stick representations of the optimized aque-
ous sulfate compounds and polythionates: (A) sulfate, 802_044H20, (B) bisulfate,
HSO; e44H30, (C) sodium sulfate ion-pair, (Na¥t 80421_)’043H207 (D) magnesium sul-
fate ion-pair, (Mg2+8037)0043H20, (E) trithionate, 8306237 e 52H50, (F) tetrathionate,
S4O§7042H20. The general color scheme for atoms follows: red = oxygen, gray = hydrogen,

yellow-orange = sulfur, orange = sodium, black = magnesium.

Figure 4: Computed 3*RPFRs and 243 values for aqueous sulfide and polysulfide compounds
at 25°C. Larger symbols indicate 343 values (square = aqueous sulfide compounds, diamond
= polysulfide compounds). Smaller circles with connecting lines indicate 3*RPFR values for
singly-substituted polysulfides, and are plotted in a schematic fashion that imitates molec-
ular structure. Calculations of 34RPFRs and 343 values for polysulfides modeled as similar

structures in vacuum (in red) are shown for reference.

Figure 5: Computed 348 values (and/or 34RPFR) plotted as a function of 1/72. All plots (A)-
(E) contain computations of aqueous sulfide (H2S, HS™, S2~; solid black curves) for reference.
(A) aqueous polysulfide compounds (yellow-orange = S27, gray = HS7 ) and elemental sulfur
(orange = Sg), (B) aqueous polysulfur radical anions (blue), (C) ferrous sulfide compounds
(purple), (D) the central reduced ‘sulfanyl’ sulfur 3*RPFR for trithionate (dark green) and the
outer reduced ‘sulfanyl’ sulfur for thiosulfate for reference (light green, from |Eldridge et al.|
[2016), (E) aqueous sulfate species (all; red) and the ‘sulfonate’ sulfur for trithionate (dark
green), alongside calculations of the ‘sulfonate’ sulfur of thiosulfate (light green), sulfoxylate

(Sng; gray), and sulfite (SO§7; gray) from |Eldridge et al.l (]2016') for reference.

Figure 6: Exponents quantifying ‘mass-dependence’ of 3 values (and/or RPFRs) for all com-
pounds computed in this study as a function of 1/72. Color scheme and labeling follows after
Fig. except where noted. (A) 33/34x values (or similar In(3*RPFR)/In(**RPFR) values),
and (B) 36/34k values (or similar In(**RPFR)/In(3*RPFR) values).
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Figure 7: Compilation of different estimates (theoretical, direct experimental, and indirect
experimental) of the equilibrium fractionation factor between aqueous H2S and HS™ as a
function of 1/T2. The results of the current study are presented as the black curve where the
shaded bounds reflect the error estimate (1 s.d.) based on the propagation of estimated errors
on the aqueous sulfide calculations from numerous cluster sizes. See main text for descriptions

of the different estimates from the literature (Section |4.1.1).

Figure 8: Estimated equilibrium fractionation factors among the ferrous sulfide compounds
and HS™ or HaS as a function of 1/72. The shaded bounds represent the error estimates (1
s.d.) based on the propagation of estimated errors on the various aqueous sulfide calculations

from numerous cluster sizes. The recent experimental estimate of the pyrite(FeS2)/H2S (qq)

fractionation factor of |Syverson et al.| (2015)) is shown for reference.

Figure 9: Estimated equilibrium fractionation factors among select aqueous polysulfide and
sulfide compounds as a function of 1/72. The shaded bounds represent the error estimate
(1 s.d.) based on the propagation of estimated errors on polysulfide and sulfide calculations

from numerous cluster sizes.

Figure 10: (A) Equilibrium distribution of aqueous sulfide and polysulfide compounds at
25°C based on the experimental data of |Kamyshny et al.\ (]2004|, |2007|) in a SY-saturated

system containing a total aqueous sulfur concentration of 100uM. The inset plot has the same
labelling as the bounding plot and is focused on a smaller concentration range to illustrate
the polysulfide distributions in greater detail. Other polysulfides (e.g., ng and HS; where
x > 2) are in too low of concentration to be seen on this plot. (B) Computed bulk equilibrium
fractionation factor between total aqueous polysulfide and sulfide as a function of pH under the
same conditions illustrated in panel (A). The bounding dashed curves in panel (B) represent
the error estimate (1 s.d.) based on the propagation of estimated errors on polysulfide and

sulfide calculations from numerous cluster sizes.

Figure 11: Estimated equilibrium fractionation factors among aqueous polysulfur radicals and
sulfide compounds as a function of 1/72. The shaded bounds represent the error estimate (1
s.d.) based on the propagation of estimated errors on polysulfur radical and sulfide calculations

from numerous cluster sizes.
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Figure 12: Comparison of our theoretical equilibrium fractionation factors among various

aqueous sulfate species and aqueous H2S (and HSO, /S5~ for comparison) and experimen-

tal determinations (Ohmoto & Lasaga) [1982} [Syverson et all [2015) as a function of 1/72.

The residual plot shows the difference between the experimental studies and our theoretical
HSO, /H2S fractionation factor (experiment - theory), which is likely the most comparable

to the experimental studies. See text for further explanation.

Figure 13: Theoretical estimates of equilibrium fractionation factors involving the two sulfur

moieties in polythionate (S3O§_ and S4O§_; green curves) alongside analogous fractiona-

tion factors for thiosulfate (thiosulfate experimental data are from [Uyama et al.| (1985) and

(2004) and theoretical calculations are from |Eldridge et al.| (2016)). (A) The

‘intramolecular’ fractionation factor between the two different sulfur moieties in polythion-

ate (green curves) compared to the analogous fractionation factor predicted for thiosulfate.
(B) Fractionation factors between the sulfonate moieties in polythionate (Sz(*SO3)3~ where
x = 2 or 3 corresponding to S3O§_ and S4O§_, respectively) and HaS (green curves). The
analogous fractionation factor for thiosulfate (S(*SO3)/H2S) is shown for reference. (C) Frac-
tionation factors between the reduced moieties in polythionate (*Sg (803)37 where x = 2 or
3 corresponding to 830?37 and S40;‘;77 respectively) and HaS (green curves). The analogous
fractionation factor for thiosulfate (*S(SO3)/Hz2S) is shown for reference. The shaded bounds
on the theory curves are the error estimate (1 s.d.) based on the propagated error estimates

of the polythionate and HaS calculations from numerous cluster sizes.

Figure 14: Comparison of theoretical (orange curves) and experimental (orange squares) frac-
tionation factors between elemental sulfur (S° or Sg) and (A) sulfate (HSO; ) and (B) sulfide
(H2S). Experimental data are from the studies of [Robinson| (1973 and [Kusakabe et al. (2000).

Panel (A) also includes the theoretical HSO, /Ha2S fractionation factor (grey dashed curve) for
reference. The shaded bounds on the theory curve in panel (B) represent the error estimate (1
s.d.) based on the propagated error estimates of the aqueous HaS calculations from numerous

cluster sizes.
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Figure 15: Quantities relating to the ‘mass dependence’ of equilibrium isotope exchange
(33/ 349 and A33S values) among various aqueous sulfur compounds that exhibit crossovers:
(A)-(C) 33/349 exponent associated with the equilibrium fractionation between select aqueous
polysulfide, polysulfur radical, and sulfide compounds. The vertical dashed lines indicate the
temperature of the crossover (T.) for each exchange reaction (note all computed S2- JHS™
exhibit crossovers where T. increases with ‘z’). (D)-(F) The corresponding A33S values for

equilibrium fractionation among the compounds represented in panels (A)-(C).

Figure 16: Solutions to a simple closed-system disproportionation model (Eq. using
equilibrium fractionation factors constrained here (rather than kinetic isotope effects that are
currently unconstrained) in terms of §34S vs. A33S (A, C, E) or A36S (B, D, F) for: (A)-(B)
SO2 to HSO, and H2S (Eq. ; (C)-(D) elemental sulfur to 8037 and HaS (Eq. ; (E)-(F)
Sy” to SO~ and HaS (Eq. [24).

Figure 17: A33S and A36S vs. §34S values for elemental sulfur and sulfate generated from
the quantitative disproportionation of sulfur dioxide as a function of temperature and r (the
molar H2S/SO3 ratio of the magmatic source) from the mass balance model described in the

text (Eq. 29]- that is based on [Kusakabe et al.| (2000) and constrained by the theoretical

calculations of the current study. For illustrative purposes we also plot model-generated
composition predictions (based on the same mass balance model) of sulfate and elemental

sulfur in select (hyper-)acid crater lakes associated with active volcanoes based on the §34S

data and assumptions of [Kusakabe et al.| (2000) (see text for further explanation). Note that

the A33S and A36S compositions of sulfur phases from these crater lake localities have not

been determined to the best of our knowledge.

Appendix A.

Appendiz A.1. Geometries

Mean geometric parameters for aqueous sulfur compounds modeled herein
can be found in Table The direct coordination of polysulfide anions with
water molecules in supermolecular clusters (> 30 H20) affects the resulting
polysulfide geometries relative to vacuum, but exhibit similar patterns to com-
putations in vacuum. The mean sulfur-sulfur bond lengths (R(S-S)) for the

explicitly solvated polysulfides (S2~enH,0) range from 2.16740.008 A (z = 2)

96



1431

1432

1433

1434

1435

1436

1437

1438

1439

1440

1441

1442

1443

1444

1445

1446

1447

1448

1449

1450

1451

1452

1453

1454

1455

1456

1457

1458

1459

1460

1461

t0 2.09940.015 A (x = 8) and are generally lower than those obtained from S2~
having similar structures modeled in vacuum. For both the explicitly solvated
(S2-enH,0) and vacuum computations of S2~ (z = 2 — 8), the mean R(S-S)
appears to generally decrease with increasing chain-length ‘z’ (Table 2). The
R(S-S) of HS; enH,0 is 2.124 + 0.003 A and is shorter than the R(S-S) of its
unprotonated counterpart Sg_onHQO. The R(S-S) for HS5 enH,O differs for the
protonated (2.120 4 0.003 A) and unprotonated (2.085 + 0.003A) outer sulfur
atoms. The mean /(S-S-S) bond angle for all S2-enH,0 of 110.0 & 0.9° is
comparable between the different polysulfides (S2~enH,0, z = 3 — 8; i.e., does
not appear to vary systematically with ‘z’) and is generally lower than the value
for the vacuum calculations (mean vacuum: 114.7 £ 1.2°). The mean /(S-S-S)
for HS; enH,O (109.8 £ 0.4°) is comparable to its unprotonated counterpart
S2 enH,0 (111.1 + 1.0°) (Table [2). The mean dihedral angle /(S-S-S-S) of
87 £ 7° is comparable among the pertinent S2~enH,0 (z = 4 — 8) and is also
comparable to the value of 89+ 4° from the calculations in vacuum (i.e., close
to ~90°).

The polysulfur radicals (S~

x

x = 2,3) modeled in water clusters exhibit
different geometries than the analogous polysulfides in water clusters (S2~, x =
2,3). The mean sulfur-sulfur bond lengths R(S-S) for the explicitly solvated
polysulfur radicals S,”enH,O (2.032+0.001 A) and S; enH,0 (2.031+0.011 A)
are computed to be significantly shorter than the polysulfides (S2~enH,0). The
£(S-S-S) for the trisulfur radical S5 enH,O (114.3 &+ 1.1°) is computed to be
larger than the value for ngoanO and the other S2-enH,0. The geometric
parameters for the trisulfur radical S;~ are comparable to previous theoretical
studies that obtain S-S bond lengths of 1.99-2.04 A and /(S-S-S) = 113.4°-
116.1° (Koch et al.| [1995; |Chen et al., 2001} [Tossell, [2012) based on numerous

theoretical methods with and without different solvation models applied.

The geometric parameters for the modeled aqueous sulfide species appear to
compare well to the available experimental data. The R(H-S) for the aqueous
sulfide species HySenHoO (1.34740.002 A) and HS~enH,0 (1.349 + 0.002 A)

are similar to one another and to the experimental value for HaS,) of 1.352 A
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(ICook et al.l, |1975b. The R(H-S) for the FeSH* species of 1.349 A is indistin-
guishable from HS~enH,O, and the R(H-S) for the (Na*HS™)%nH,0 ion-pair
is also very similar (1.34540.003 A). The computed /(H-S-H) for HySenH,0

is 92.9 + 0.5° and is similar to the experimental value for HyS4) of 92.13°
(Cook et al., [1975). The R(Fe-S) for FeSH enH,0 (2.2740.02 A) is signifi-
cantly larger than the value for FeS,, enH,0 (2.140£0.004 A). The values for

R(Fe-S) are consistent with a covalent bond between the iron and sulfur atoms
and are similar to (or shorter than) the R(Fe-S) for ferrous sulfide/polysulfide
minerals mackinawite (2.256 A; |Rickard & Luther, |2007|) and pyrite (2.266 A;
2004). The /(H-S-Fe) bond angle for FeSH*enH,O is computed to be
103.740.9°. The /(H-S-Na) for (NatHS™)%enH,0 is more variable and ranges
between 75-105°C (mean = 95+11°) and the R(S-Na) is computed to be 2.76
+0.02 A.

The geometric parameters for the modeled aqueous sulfate species are similar
to each other and to the available experimental data. The R(S-O) for all sulfate
species is similar and ranges between 1.4940.01 A (HSO, enH,0) to 1.5240.01
A (SO~ enH,0 and (NatSO3" )~ enH,0). These values compare well to ex-
perimental constraints for SO7~ (1.49540.006A; |Vchirawongkwin et al., |2007I).

The calculations predict that protonation of an oxygen atom in HSO, enHO
causes an extension of the S-OH bond (i.e., R(S-OH) = 1.596 + 0.002 A) rel-
ative to the other S-O bonds associated with unprotonated oxygen atoms that
is analogous to our previous computations of the HO-bonded isomer of aqueous

bisulfite, (HO)SO; , from [Eldridge et al. (2016). Direct ion-pairing with Mg2*

also appears to cause a slight extension of the S-O bond associated with the
oxygen atom that is directly coordinated with the Mg?* cation (R(S-O(Mg)) =
1.5474+0.001 A), but ion-pairing with Na* does not appear to have this effect
(R(S-O(Na)) = 1.496 A). The /(0O-S-O) bond angles for all aqueous sulfate
species corresponds to 109.5° and is indistinguishable from expectations of
tetrahedral molecules where the central atom is four-fold bonded with atoms of
the same element (i.e., cos™1(-1/3) ~ 109.47°).

The geometric parameters for the computed aqueous polythionates do not
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appear to have experimental counterparts in the literature but compare well

to those of trithionate salts such as K3S30¢ (Zachariasen, [1934). The com-
puted R(S-S) for trithionate (S302~ enH,0) of 2.17+0.02 A is similar to the
value for K830 of 2.15A (IZachariasen‘ (Il934|)). Additionally, the R(S-O)
for S3O§70nH20 of 1.4940.01 A is similar to the value for K5S30¢ of 1.50
A (Zachariasen, [1934). The /(S-S-S) for S302~enH,0 of 104.2 + 1.3° is also
comparable to the value of 103.1° for K3S30¢ (Zachariasen, 1934). Geometric

parameters for tetrathionate (S4Og_onH20) are similar to analogous parame-
ters in trithionate, except the central S-S bond in tetrathionate is computed
to be significantly shorter (2.036 £ 0.003 A) than S-S bonds corresponding to
sulfonate groups (‘S-S(03)’ = 2.2040.02 A; Table 2). The sulfur dihedral in
tetrathionate is computed to be 104.0 + 2.9°.

The Sg ring that we compute in a water cluster has a mean R(S-S) = 2.10
4+ 0.01 A, which is slightly longer than S-S bond lengths in Sg rings comprising
crystalline forms of elemental sulfur (2.06 A) (]MI, I%[) Our aqueous Sg
ring exhibits a mean Z(S-S-S) = 108.7 £ 1.1° and a mean dihedral angle of 97.8

+ 3.3° (Table 2), which compare well to Sg rings in crystalline forms of sulfur

(108.0+£0.7° and 98.3°, respectively)(Meyer} [1976).

Appendiz A.2. General Hydrolytic Disproportionation Model in a Closed Sys-

tem

The overall, generalized reaction network describing the hydrolytic dispro-
portionation of some sulfur-bearing compound, A, into two sulfur-bearing prod-

ucts, B and C, can be given in a simple form by:
1 7 B
A <
2=C

The exact sulfur isotope mass balance corresponding to Eq. is given by:

(A1)
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[Alo x “xa,0 = [A]s X 'xa + [Ble x "xBt + [Cle X "xct (A.2)

Where x = S/(32S + 33S + 318 + 36S) (i = 33, 34, or 36) and is the mole or
atom fraction of a given minor sulfur isotope. The subscripts 0 and ¢ indicate
quantities at the initial time point (¢ = 0) and at some arbitrary time point of

reaction t, respectively. In strict terms, the relationship between ‘x and ‘R (‘R

= 15/329) is:

‘R
1+ 3R+3R+30R

%

X

(A.3)

For simplicity, we make the approximation that *y ~ ‘R transforming the exact

mass balance of Eq. into an approximate form:

[A}O X iRA70 = [A]t X iRA,t + [B]t X iRB,t + [C]t X iRCﬂg (A4)

We define two terms: the fraction of reactant remaining, f, and a product

branching ratio, b:

Ble  _  k
[Bls +[Cly k1 + ko

b= (A.6)

The branching ratio, b, can be related to the reaction stoichiometry of a given
sulfur disproportionation reaction. In the simple framework of this model, k;

and ko are first order rate constants associated with the reaction of A L Band

A C, respectively. Substituting Eq. and into Eq. yields:

Rao=fx"Rat+(1—f)x(bx Rps+(1—b)x Rey) (A7)
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Eq. is the generalized mass balance relationship that will be the basis for
modeling disproportionation reactions herein.

Next, we derive the equation describing the evolution of the isotopic com-
position of the reactant using a simple kinetic approach. From Eq. we

have:

d[32A] 132 32 32
—— = [PA] x (°%k1 + ~“k2) (A.8)
—7—[A]X(k1+ k2) (A.9)

Where [32A4] is the *?S-bearing isotopologue of compound A and the [*A] is
the S-bearing isotopologue of compound A (again where i = 33, 34, or 36).
Accordingly, the rate constants (k) are also now written in terms of these spe-
cific isotopic molecules. Taking the ratio of Eq. to Eq. followed by

rearrangement yields:

1 ; ikl + ko 1 39
— | d['A] = A Al
() 4= (i) (g ) 0 a0
Integrating both sides (bounds: 0, ¢) yields:
i (LA = (it the g (PPAL (A.11)
(Ao ) ~ \ 32k, + 32k, [324], :

For simplicity, we will use a to symbolize a kinetic isotope effect (i.e., ‘appn =
kran/>?kren) but we note that a ratio of forward rate constants should not be
confused with other uses of « in this study. For this problem, we also apply an
approximate form of the product branching ratio (b ~ 32]:12%%) Taking this
definition of a kinetic isotope effect and the approximate b into account, it is

easily shown that:

ey + ko

m =bx 7'Ck1—|—(].—b) X 71052 (A12)
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Making this substitution and subtracting In (Ez—ﬂ;) from each side of Eq. [A.11

followed by rearrangment yields:

(), = (), <[[zj]];>Wm+u_bwrn S

Where again the ‘« terms in this case are fractionation factors corresponding

to kinetic isotope effects (i.e., ‘a; = k1 /3%ky, ‘g = ko /3?ks).

: 32
In Eq. |[A.13, it is clear that the term {;;ﬁ]]; is equivalent to [[32§

]] = regardless

of what compound A may represent. However, it is notable that the terms

([Llﬂ])o and ([Eﬂ])t represent the ratio of isotopic molecules of A at time 0
and ¢, respectively, rather than sulfur isotope ratios corresponding to A. To
relate these ratios of isotopic molecules to sulfur isotope ratios, we will assume
a random distribution of isotopes among the singly substituted molecules of A
(i.e., “A) and will further assume that sulfur isotope substitution in 4 does not
affect its symmetry. Under these assumptions, % ~ (%)A = Ry. Eq.

[A13 can thus be re-written as:

(bx*a14+(1=b)x‘az—1)
i i [325]A,t
RA,t — RA70 X <m (A14)
For our purposes, we make the additional approximation:
°*S) 4 — fx 1+33Ra0+ 34RA,O +3Rap ~f (A15)
[32S]a.0 14+33Ra;+3*Rat +3Ra, '

Applying this approximation yields a familiar form of the Rayleigh equation:

iRAt _ iRAO % f(bxia1+(l—b)><ia2—l) (A.16)

)

Thus, the evolution of the sulfur isotope composition of a sulfur intermediate
undergoing hydrolytic disproprotionation in a closed system under the simple

framework of Eq. follows Rayleigh distillation dictated by a composite
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fractionation factor (b x ‘ay + (1 —b) X ‘ap) that is a function of the branching
ratio to the products (in this case, related to overall reaction stoichiometry)
and the two kinetic isotope effects corresponding to the formation of the two
disproportionation products.

The substitution of Eq. into Eq. while also recognizing that
iRBﬂg/iRC’t = ‘o /'y yields the following relationships that describe the evo-
lution of the disproportionation products, B and C, as a function of f, “Ra g,

and other reaction-specific quantities (i.e., b, ‘ay, and ‘a):

iy X R4 X (1 —fx f(bx"a1+(17b)x1‘a271)>
e (1= f) x (b x ioq + (1 —b) x ‘az)

(A.17)

iag X R X (1 —fx f(bxioc1+(1fb)><ia2fl))
e (1= f) x (b xioq + (1 —b) x ‘az)

(A.18)

Appendiz A.3. Derivation of the (hyper-)acid crater Lake Mass Balance Model
(SO2-disproportionation)

Equations 29 and |30 in the main text (solutions in Fig. are based on a

mass balance model presented by [Kusakabe et al.| (2000) (developed from

@, that predicts the compositions of sulfate (HSO} ) and elemental sul-

fur produced by the hydrolytic disproportionation of SOy corresponding to an
initial (or magmatic) r = H2S/SO2 molar ratio and total magmatic/volatile
sulfur isotope composition (**Rz or §24S7) as a function of the temperature
at which disproportionation of SOs occurs in the subsurface hydrothermal-
magmatic system. We illustrate the derivation of these equations here in full
and in terms of isotope ratios (*R) and fractionation factors (‘cv).

We begin with the assumption that the total source of sulfur in the (hyper-
)acid crater lake system is given by magmatic HoS and SO2 having a bulk sulfur

isotope composition (given as isotope ratio) of 'Ry (i = 33, 34, or 36):

Storar = [H2S] + [SO3] (A.19)
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‘R = fi,s X" Ruys + fso, X' Rso, (A.20)

Equation[A.19 could instead be written in terms of partial pressures or fugacities
but we forego such description here. The mass balance of Eq. contains

the same approximation as Eq. (i.e., "x ~ ‘R). The f-terms in Eq.

represent mole fractions of each phase and are given by:

[HQS] T

fins = o = 747 (A.21)
50, _ 1 (A.22)

T T |
Where r = [H2S]/[SO2] and represents the molar ratio of hydrogen sulfide to
sulfur dioxide. We next assume that SO, undergoes quantitative disproportion-
ation to form S° and HSOj following the stoichiometry of Eq. in the main
text, which corresponds to the mass balance given by (‘x ~ ‘R applied once

again):

ZRSO2 = g X leO + § X ZRHSO; (A23)

Substituting Eq. [A.214A.22 and |A.23]into Eq. yields:

i r i 1 L 2
RT:T—‘,—I X RH2S+’I‘+—1X <§>< R30+§X RHSO4) (A.24)

Finally, if we assume that HyS, HSO, , and SY isotopically equilibrate at the
temperature of SO4 disproportionation we can substitute equilibrium fractiona-
tion factors for isotope ratios (via, for example, iO‘st/HSO; = iRHzS/iRHso;

& iO‘SO/Hso; = iRSo/iRHSO;, etc.) to obtain the final expressions:

‘B Ry x (r+1) (A.25)
HSO; = ; » :
torxXtoy,ggso; T 3 X ‘U0 pso; T 2
) @ 1
iRgo = fr x(r+1) (A.26)

i PANE 1
T X tOH,5/50 T 5 X 0ggor g0 13
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‘Rp x (r+1)

Lo 2 i
r+ 3 X'ago g5 + 3 X YHSO; /HaS

‘Ri,s = (A.27)

The solutions to Eq. and over the specified » and T values are what
is represented in Fig. [L7]in the main text.

We note that [Kusakabe et al. (2000) derived their version of this model in

terms of 6348 values (rather than isotope ratios) and the equivalent of 34¢ values

(rather than values of 3%, where 3% = 34

a - 1 in units of %o). If the same
approach is followed above but mass balance and fractionation factors are cast
in these terms instead to derive the equivalent of Eq. the following is

obtained:

6iSHSO4_ = _(SiST M <$) o 6HSOZ/leS + % x (T}r_l) X;EHSOZI/SO
“Has/HS0; (?> x (5 X tagosmso; T 5) X (?)
The numerator of Eq. is identical to [Kusakabe et al. (2000)’s Eq. 11 (i =
34), indicating that Kusakabe et al. (2000) (and by extension |Taran et al., 1996}

(A.28)

[Marini et al., 2011} in analogous models) omit the denominator terms in Eq.

in their expressions. This approximation taken by these previous studies

(Taran et al.| |1996; [Kusakabe et al., 2000; [Marini et al.,2011)) appears to impart

minimal errors into computations of §*S values but does lead to spurious errors

in the computation of A%3S and A36S values and, thus, is avoided here.
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Table 1: List of sulfur compounds and corresponding water cluster sizes (nH20).

Polysulfides (S2-, HS;)
S2= e nH,0 (n = 30, 34, 38, 42, 45, 46, 50, 50)

S2” e nHyO (n = 34, 38, 42, 45, 46, 50)
S~ enH,0 (n = 34, 38, 42, 45)

S2™ enH,0 (n = 38, 41, 42, 46, 50, 50, 50)
S2™ e nHLO (n = 40, 42, 45, 46, 50, 50, 50)
S2~ e nHyO (n = 45, 46, 48, 50, 50, 52)
Sz~ e nH>O (n = 50)

HS; e nH,O (n = 34, 38, 42, 46, 50)

HS; e nH,0 (n = 34, 38, 42, 46, 50)
Polysulfur radical ions (S, )

S,” e nH,0 (n = 30, 34, 38, 42, 46, 50)
Sy~ e nH,0 (n = 34, 38, 42, 46, 50)
Sulfide

HySenH,O (n = 30, 35,40, 45)

HS™ e nH,O (n = 30%,30, 35,40, 45, 45)
S?~ e nH,0 (n = 30%)

FeSH™ o nH,0 (n = 34, 38, 42, 46, 50)
FeS (uq) @ nH>0 (n = 31, 34, 38, 40, 48, 50)
(NatHS™)? e nH,0 (n = 30, 32, 35, 38, 41, 45)
Sulfate

HSO; e nHyO (n = 36, 40, 44, 48, 52)
SO3~ e nH,0 (n = 30%,36,40, 44, 48, 52)
(NatSO37)~ e nHyO (n = 43, 48, 52)
(Mg2t8027)? e nHoO (n = 41, 43, 50)
Polythionates

S302™ e nHo0 (n = 42, 44, 46, 48, 50, 52)
S,02™ e nH,0 (n = 42, 46, 48, 50, 52)
Elemental Sulfur

SS OHHQO (n = 50)

* Incorporated from |[Eldridge et al. (2016])
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Table 2: Mean geometry parameters of compounds modeled in water clusters.

Compound Bond R(A)  1sd. Angle  £(°) 1s.d. Angle  Dihedral(®) 1 s.d.
S27(nH,0) S-S 2.167  0.008
S5 (2) S-S 2216
S27(nH>0) S-S 2121 0.006 | S-S-S 1111 1.0
S5 () S-S 2158 SSS 1148
S27(nH20) S-S 2112 0.009 | S-S-S 1111 1.7 S-S-S-S 96 9
S37(g) S-S 2137 0018 | S-S-S 1166 S-S-S-S 95
S27(nH20) S-S 2.104  0.016 | S-S-S  109.9 1.8 S-S-S-S 92 12
S (2) S-S 2.130  0.032 | S-S-S 1153 1.8 $-S-S-S 91
S2(nH»0) S-S 2105 0014 | S-S-S  108.7 1.1 $-$-5-S 86 9
S8 () S-S 2123 0037 | $SS 1143 0.1 $-5-5-8 88
S27(nH,0) S-S 2.101  0.012 | S-S-S  110.1 1.7 S-S-S-S 80 8
S () S-S 2119 0031 | S-S-S  113.7 1.2 $-S-S-S 86
S2~(nH20) S-S 2.099 0015 | S-S-S  109.5 2.4 S-S-S-S 81 11
S () S-S 2117 0.038 | S-S-S 1134 1.6 S-S-8-S 86 1
HS; (nH0) S-SH 2124 0.003 | S-S-H  99.6 0.6
S-H 1353 <0.001
HS; (nH20) S-S 2.085  0.003 | S-S-SH 109.8 0.4 S-S-S-H 90 3
S-SH 2120 0.003 | S-S-H 974 0.6
S-H 1.366  0.003
S5~ (nHy0) S-S 2,032 0.001
Sy~ (nHy0) S-S 2.031 0011 | S-S-S 1143 1.1
Ss(nH20) S-S 210 0.01 S-S-S  108.7 1.1 $-S-S-S 97.8 3.3
H2S(nH»0) S-H 1.347  0.002 | H-S-H 929 0.5
HS™ (nH>0) S-H 1.349  0.002
FeSH™ (nH0) S-H 1.349  <0.001 | H-S-Fe 103.7 0.9
Fe-S 227 0.02
FeS), (nH,0) Fe-S 2.140  0.004
(NatHS™)%(nH20) S-H 1.345 0.003 | H-S-Na 95 11
S-Na 2.76 0.02 (range: 75-105°)
S0~ (nH»0) S-0 152 001 | 0-S-O0  109.5 1.2
HSO; (nH»0) S-0 149 001 | 0-S-O  109.4 3.6
S-OH  1.596  0.002
O-H 1.03  0.01
(Na*S037)~ (nH>0) S-0 152 001 | O-S-O 109.5 1.0
S-O(Na) 1.496 <0.001
O-Na 2248  0.005
(Mg2tS0%7)°(nH,0) S-0 151 002 | 0-S-O  109.4 1.9
S-O(Mg) 1.547  0.001
O-Mg 205 0.2
S302™ (nH>0) S-S(03) 217 0.02 $-S-S  104.2 1.3
S-0 149 001 | O-S-O 113.7 L5
S40%™ (nH,0) S-S(03) 220  0.02 | S-S-S  104.4 2.1 $-$-5-S 104.0 2.9
S-S 2,036 0.003 | 0-S-0 1136 1.7
S-0 149 0.02
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Table 3: Average reduced partition function ratios (RPFRs) for singly substituted isotopo-
logues of sulfide and polysulfide compounds modeled in water clusters at T' = 25°C. ‘33/34’'=
In(33RPFR)/In(3*RPFR), ‘36/34’=In(3**RPFR)/In(>**RPFR), MWCN=Mean Water Coordi-
nation Number that refers to the mean number of water molecules that are hydrogen-bonded

to the specified sulfur atom (range given in parentheses).

nH,O  Atom Position Schematic MWCN  %RPFR  1sd. *RPFR 1sd. %RPFR 1sd. 33/34  36/34

Sz 30-50 outer *S-§ 5.00(4-6)  1.0044  0.0002 10086  0.0004 1.0164  0.0008 0.51571 1.8917
outer S-*S 5.25(5-6)  1.0045  0.0002 10087  0.0004 1.0164  0.0008 0.51572 1.8920

s3- 34-50 outer *$-8-S 4.33(4-5)  1.0045  0.0001  1.0088  0.0002 1.0167  0.0004 0.51565 1.8919
center S-*8-S 2.00(1-3)  1.0069  0.0001  1.0134  0.0002 10256  0.0004 0.51558 1.8923

outer S--*S 4.67(4-5)  1.0046  0.0002  1.0090  0.0003  1.0171  0.0006 0.51567 1.8919

S3- 34-45 outer *$-8-S-S 4.75(4-5)  1.0047  0.0001  1.0091  0.0002  1.0174  0.0003 0.51561 1.8918
inner S-*8-S-S 1.00 1.0065  0.0000 10127  0.0001  1.0242  0.0001 0.51561 1.8921

inner S-S-*S-S 1.25(1-2) 10064  0.0000 1.0125  0.0001  1.0238  0.0001 0.51561 1.8920

outer S-S-S-*S 4.75(4-5)  1.0045  0.0001  1.0087  0.0002 1.0165  0.0003 0.51569 1.8918

Sz 38-50 outer *$-5-5-5-S 4.29(4-6)  1.0048  0.0003  1.0094 0.0005 10178  0.0009 0.51565 1.8920
inner $-*5-S-S-S 0.86(0-1)  1.0067  0.0003 10129  0.0005 1.0246  0.0010 0.51563 1.8922

center $-5-*8-S-3 1.14(0-2)  1.0061  0.0003  1.0118  0.0005 1.0224  0.0010 0.51562 1.8920

inner $-5-8-*$-3 0.57(0-1)  1.0066  0.0002 10129  0.0004  1.0246  0.0008 0.51563 1.8922

outer $-5-8-S-*S 4.29(4-5)  1.0047  0.0002  1.0091  0.0004 1.0174  0.0008 0.51564 1.8919

e 40-50 outer #$-9-8-S-S-S 4.14(3-6)  1.0046  0.0002  1.0089  0.0004 10169  0.0007 0.51570 1.8921
inner(2) $-#$-8-8-S-S  1.00(0-2)  1.0069  0.0002 1.0135 0.0003 10256  0.0006 0.51562 1.8923

inner(1) $-$-#8-8-S-S  0.71(0-1)  1.0060  0.0002  1.0117  0.0005  1.0222  0.0009 0.51564 1.8918

inner(1) $-S-S-*8-S-S  0.86(0-1)  1.0060  0.0002 1.0117  0.0004  1.0223  0.0008 0.51567 1.8920

inner(2) $-9-S-S-*S-S  0.86(0-1)  1.0067  0.0002 1.0131  0.0003 10249  0.0006 0.51563 1.8922

outer $-S-S-S-S-*S  4.86(4-5)  1.0046  0.0001  1.0090  0.0003  1.0171  0.0005 0.51560 1.8919

S2- 45-52 outer *$-8-S-8-S-S-S  4.83(4-6)  1.0046  0.0002  1.0089  0.0003  1.0170  0.0006 0.51565 1.8921
inner(2) $-*#$-5-8-8-S-S  1.33(1-2)  1.0070  0.0002 1.0136  0.0004  1.0259  0.0007 0.51562 1.8923

inner(1) $-S-*S-8-S-S-S  0.67(0-1)  1.0062  0.0001  1.0121  0.0001  1.0230  0.0003 0.51565 1.8919

center $-S-S-*#8-S-S-S  0.33(0-1)  1.0059  0.0002 10116  0.0004  1.0220  0.0007 0.51569 1.8919

inner(1) $-$-S-S-*$-S-S  1.17(1-2)  1.0062  0.0000  1.0120  0.0001  1.0228  0.0001 0.51567 1.8918

inner(2) $-8-5-S-S-*S-S  0.83(0-1)  1.0067  0.0002  1.0130  0.0004  1.0248  0.0008 0.51560 1.8923

outer S-S-S-8-S-S-*S 4.17(4-5)  1.0046  0.0001  1.0090  0.0002  1.0172  0.0004 0.51566 1.8920

sz~ 50 outer *#$-3-S-8-5-S-8-S  4.00 1.0049 - 1.0094 - 1.0180 - 0.51564  1.8920
inner(3) §-#8-5-8-5-5-S-S  2.00 1.0072 - 1.0140 - 1.0267 - 0.51557  1.8923

inner(2) $-5-¥3-8-5-5-8-S 0.0 1.0062 - 10121 - 1.0229 - 0.51552  1.8918

inner(1) $-8-S-*8-5-5-S-S  0.00 1.0065 - 1.0126 - 1.0240 - 0.51568  1.8920

inner(1) §-8-5-8-%$-5-8-S 0.0 1.0062 - 1.0120 - 1.0229 - 0.51567  1.8918

inner(2) $-8-5-8-S-¥S-S-S 0.0 1.0058 - 10113 - 1.0215 - 0.51568  1.8920

inner(3) $-8-5-8-S-S-*S-S  2.00 1.0069 - 1.0135 - 1.0256 - 0.51560  1.8922

outer §-8-S-$-S-S-S-*S  4.00 1.0045 - 1.0088 - 1.0167 - 0.51566  1.8919

HS; 34-50 outer *S-S-H 4.00 10051 0.0001 10100  0.0002 1.0190  0.0003 0.51562 1.8920
HS-bonded S-*S-H 1.60(1-2)  1.0068  0.0001  1.0133  0.0001  1.0253  0.0002 0.51566 1.8919

HS; 34-50 outer *$-S-S-H 4.00 1.0049  0.0002 10095  0.0004 1.0180  0.0008 0.51560 1.8921
inner S-*$-S-H 2.00 10073 0.0000 10141  0.0001  1.0269  0.0001 0.51558 1.8924

HS-bonded S-S-*S-H 2.00 1.0067  0.0001  1.0131  0.0002 1.0249  0.0003 0.51571 1.8917

Sy 30-50 outer *S-§ 4.83(4-5)  1.0052  0.0001  1.0100  0.0002 10190  0.0004 0.51552 1.8927
outer S-*S 4.83(3-6)  1.0052  0.0002 10102  0.0004 1.0193  0.0007 0.51556 1.8928

Sy 34-50 outer *$-8-S 3.40(3-4)  1.0051  0.0001  1.0099  0.0003 1.0188  0.0006 0.51555 1.8924
center S-*8-S 1.60(1-2)  1.0085  0.0002 10165 0.0003 1.0314  0.0006 0.51553 1.8930

outer S-8-*S 4.40(4-5)  1.0050  0.0001  1.0097  0.0002  1.0184  0.0005 0.51554 1.8925

FeSH* 34-50 N/A Fe-*S-H 1.60(1-2) 10061  0.0001  1.0119  0.0003  1.0227  0.0005 0.51573 1.8914
FeS(aq) 31-50 N/A Fe-*$ 4.00(3-5)  1.0046  0.0001 10089  0.0003  1.0169  0.0005 0.51564 1.8920
(NatHS™)? 3045 N/A Na-*S-H 15(1-4) 10045 0.0001  1.0088 0.0003 1.0167  0.0005 0.51578 1.8912
H,S 30-45 N/A H-*S-H 0.5(0-1)  1.0067  0.0002  1.0129  0.0003  1.0246  0.0006 0.51571 1.8912
HS™ 30-45 N/A H-*S 3.002-4)  1.0045  0.0003 10087  0.0005 10166  0.0010 0.51580 1.8912
§2- 30 N/A *S 6 1.0039 - 1.0076 - 1.0145 - 0.51576  1.8916
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Table 4: Coefficients of polynomial fits to mean S-values (or related s values) and standard
deviation of the mean (1 s.d.) of B-values for aqueous sulfur compounds computed at the
B3LYP/6-31+G(d,p) level in numerous water clusters each over T' = 0-5000°C. Quantities are
computed using the coefficients via: 348 or 33/34x or 36/34 or 1 s.d. A/T* + B)T3 +

C/T?+ D/T + E where T is temperature in Kelvin (K). Values for 333 and 363 are computed
33/34

4
from the % and 36/34 exponents, respectively, using: 338 = 34ﬂ(33/3 ®) and 368 =

365(36/34

rather than for x values. To compute a coefficient, treat column headers and tabulated values

%) at a given temperature. Note that the 1 s.d. are given for 338 and 363 values

as equations where you solve for the coefficient. For example, to compute A for the 343 of Sg_
we begin with Ax10~% = -176.026 from the table and then solve for A: A = -176.026x10% =
-1.76026 x 108 (or -1760260). Extra significant figures are given for the coefficients to minimize

rounding errors.

g 35/34,; 30/34yc
Compound nHO | Ax 1070 Bx1072 C Dx10° E Ax107" Bx10? C D x 10° E Ax107t Bx10? C Dx10° E

S37(8 clusters) 3050 [ -176.026 131764  835.008 999974 10000 | -32.5449 451775  -314688 -T3TH8T  0.51597 | 235060  -78.2557  150.006 25.9227 18904
S5~ (6 clusters) 3150 | -246.675  -148.330 100637 -138127 10000 | 101236 -75.1225 -LOITT4 12832 051569 | 350042 147680  137.632 13877 18009
S‘;’ (4 clusters) 34-45 | -258.782 -129.593 103 -12.5886 1.0000 | 95.0159 -54.2567 -15.9062  33.8974 0.51577 | -57.1913 T 22 175.746  -7.89257 1.8904

133699 1.0000 | 11.1501 7.38300 244208 -1.95696 051587 | -105.385  -38.1416  171.658 -17.

2 (7 clusters) 3850 | 27605 133658  1077.82 8318905

S§(7 clusters) 10-50 | -278.962  -125.483 108227 -12.9053  1.0000 | 9.34265  9.69746  -25.3974 -0.690149  0.51588 | -80.55 451938 160.906  -13.6531  1.8005
8%7(6 clusters) 15-52 | -285.546  -124.641  1097.09 10000 | 23.8421 1.46416 8.99564 0.51588 | -121.818 79 169.565 -28.5768  1.8905
S (1 cluster) 50 -129.258  1121.42 1.0000 | 56.473 242593 -21.8124 204013 051582 | -104.941  -34.429 171069 -11.2 1.8904
HS; (5 clusters) 34-50 72 1396.61 10000 | 14.6488 645365  -12.0680 -9.82804 051583 | 60.2784  -100.085 125739 948934 1.8005
HS; (5 clusters) 34-50 | 586.29 -1047.59 10000 | -30.2866  37.0042 -15.5142 991276 -165.126  169.89  74.34 1.8904
S5 (6 clusters) 3050 | -286.31 -282.441 1.0000 | 10.2399 31197 -42.0312  0.306661 124467 -166.497  277.408 -22.9975  1.8905
Sy (5 clusters) -342.187 120246 -27.5626  1.0000 | 20.7163  9.37457  -36.0811 7.32133 -149.804  -102.735 251851 -31.2004  1.8905
H,S (4 clusters) 5417.73 22861 451276 0.9999 | -148.615  122.638 7 -30.0089 1080.9 -884.604  192.046  232.349  1.8903

HS™ (6 clusters) 5 | 2578.83 131342 236.104  0.9999 | -86.8794  60.8481  -11.2387 0.51590 | 724.748 609 106.095 215845  1.8904
FeSH* (5 clusters) 3450 | 2470.5 1609.72  227.81 10000 | -76.8008  57.6489  -17.3365 0.51590 | 527.886 00.952 114217 187.909  1.8003
FeS),,) (6 clusters) 31-50 850736 716277 1.0000 | -38.0652  49.7996  -35.3566 0.51593 | 26.6346 -1 189.678  30.0563  1.8903
(Na*HS™) (6 clusters) 3045 | 2590.13 130422 254946 09999 | -105.404  73.289  -11.8137 051589 | 695769 -508.518 97181 1.8904
HSO; (5 clustes 6544.60  -133941 11163 -1048.25 10002 | -351.093  496.74 23,816 37.3413 0.51586 | 2339.32 3326.15  1508.23 1.8905
SO%™ (6 clusters) 30-52 [ 5055.38  -11886.9  10728.1 962399  1.0002 | -285.366 438566  -210.52 32621 051588 | 1822.79  -2875.94  1408.93 1.8905

(Na*SO37)~ (3 clusters)  43-52 | 530874 -12158.2 108239 -9S1.142 10002 | -304.288 45417  -213.606 303202 051589 | 1937.65  -2074.47 14305 215009 18004
(Mg?SO37)° (3 clusters)  41-50 | 5389.1 122199 108354 -09401 10002 | -206.251  449.626  -214.036 377653 0.51587 | 193867 -2080.84 14357 236773 18005
Ss (1 cluster) 50 321316 -119.192 121868 -13.3141 10000 | 208403 132180  -42.6863 0454824 05159 | -174.863  -57.5431  283.012 1.8905
Intercept, (E) Ave. 10000 051587 1.8904
Intercept (E) 1s.d. 0.0001 0.00006 0.0001
1sd: ¥p Isd: %3 Lsd: %08
Compound ni0 | Ax107' Bx102 C Dx10°  E Ax10' Bx10* Dx10° B Ax10" Bx10? ¢ Dx10°  E
$37(8 clusters) 30-50 70 115193 408895 -0.869774  0.0000 | 4.0 62170 211263 0481825 0.0000 |-11.5355  -20.0121  76.9874 -1.46660  0.0000

37~ (6 clusters) 34-50 210 479241 19.1476 -0.400900 0.0000 | -147558 27430 9.94918  -0.200806  0.0000 807180 36.0233 -0.701843  0.0000
Sf’ (4 clusters) 3445 | -2.91292 -1.59154 8.46982 0.0000 | -1.61646 -0.8459 4. 02 -0.170081 0.0000 -4.6961 -2.78582 16.0062  -0.512 0.0000
S27(7 clusters) 3850 [ 111954 -T.58168  38.0334 0.0000 | -6.00852 197074 -0.416844 00000 |-184886  -121265 7L521  -1.23223  0.0000
S27(7 clusters) 4050 | -48306 076162 148763 -0.136978 0.0000 | 267478  -0.5174 768017 -0.0823192 0.0000 | -7.6688  -0.784058 28.0563 -0.169643 0.0000
S%’ (6 clusters) 45-52 | -4.14796 -4.04084 14.3328  -0.371715  0.0000 | -2.22879 -2.27 745526 -0.199382 0.0000 -7.1006 -6.56316 26.8259  -0.610642  0.0000
S27(1 cluster) 50 - - - - - - - - - - - - - - -

HS; (5 clusters) 3450 | 3.1678 326302 865037 143031 0.0000 | 149386 -1.66106 4425 0724016 0.0000 561311 16.2124 836 0.0000
HS; (5 clusters) 3450 | -3.51532 2 221104 423011 0.0000 | 205999 482 114488 221219 0.0000 | -5.46904 414894 794822 0.0000
S57(6 clusters) 3050 | -0.952074 456027  25.4454 -0.287880 0.0000 | -0.620231 -2.66981 132184 -0.163996  0.0000 | 0.0806251 -7.50837  A7.8817 -0.390603 0.0000
Sy (5 clusters) 34-50 | -3.34442 201 23.026 -0.396108  0.0000 | -2.04928 -2.8871 119135  -0. 299 0.0000 -4.65° 43.2743  -0.606331  0.0000
HyS (4 clusters) 3045 | -288036 2982 17.9267 158468 0.0000 | -14.9037 150587 921893 SISSSS  0.0000 |-53.5242  BS3478 337535 30.0206  0.0000
HS™ (6 clusters) 3045 | -206106 417215 48572 136225 00000 | -10.7393 165078 251641 0646344 00000 |-37.5342 102160 916611 261754  0.0000
FeSH* (5 clusters) 34-50 | -7.33082 -7.63827 27.5078  -0.800905  0.0000 | -3.91796 -4.19128 14.2278  -0.424076 0.0000 -13.0875 -1 53 517517 -1.42863 0.0000
FeSy,,, (6 clusters) 3150 [ -6.95111  -2.67824 25,6018 -0.826832 0.0000 | -3.81962  -156389 132041 0428178  0.0000 |-110192  -130206  48.4865 -1.46222  0.0000

(Na*HS™)? (6 clusters)  30-45 | -18.9943  $.94416 25,617  -7.53472  0.0000 | -9.87580  4.37759 388168 0.0000 | -34.978 181784 482611 -14.1717  0.0000

HSO; (5 clusters) 36-52 11.727 -32.7357 25.5003  -3.95198 0.0000 | 7.99022 -19.2844 13.5129 0.0000 10.5427 -45.9072 45.8225  -6.46 1 0.0000
SO2™ (6 clusters) 3052 | TSSTAS  -BA6TH4 357615 904 0.0000 | 42.118 454037 185233 00000 | 140822 -148.031 667119 -4.18088  0.0000
(Na*SO3)~ (3clusters) 4352 | 16.9268  -19.6855  0.41901 -15102  0.0000 [ 9.46145  -11.0281 505119  -0.750 0.0000 | 30.201 31051 17.4299 -2.68508  0.0000
(l\lg“s()i’)“ (3 clusters)  41-50 | -11.7906 296 3021 3.92685 0.0000 | -5.76953 19964 1.92179 0.0000 - 473 18.7663 9.57099  7.81303 0.0000
Ss (1 cluster) 50 - - - - - - - - - - - - - - -
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Table 5: Coefficients from polynomial fits to mean and standard deviation of the mean of

RPFR-values for polythionates computed at the B3LYP/6-31+G(d,p) level in numerous water

clusters each over T' = 0-5000°C. Values are computed using the coefficients via: 3*RPFR or
In(33RPFR)/In(3*RPFR) or In(3RPFR)/In(®**RPFR) or 1 s.d. = A/T* + B/T3 + C/T? +
D/T + E where T is temperature in Kelvin

coefficients to minimize rounding errors.

(K). Extra significant figures are given for

the

“RPFR i

Compound nH0 | Ax 1074 Bx1072 O Dx10° E Ax 1074 Bx1072 ¢ Dx10° E Ax 1074 Bx1072 O Dx10* E
8307

Outer (‘sulfonate’)  42-5 6638.18 -12577.5 10099.9  -973.35 1.0002 | -411.349 530.434 <222.115  29.4818 0.51590 -3460.68 1486.. -241.351  1.8905
Center (‘sulfanyl’) -150.407 1354.914  -15.61¢ 1.0000 | 6.38566 8.40783 -25.3466  -8.61598 0.51590 | -39. -86.858 194.783  7.97193 1.8903
Outer (‘sulfonate’) 6080.7 L9742 980642 937023 1.0002 | -365.737 190.741 3506 365504 051587 | 2422.02 327169 143192 228263 18005
5,07

Outer (‘sulfonate’) 4252 | 640164 123330 100339 950236 1.0002 | -303.105 54744 218900 321014 051588 | 2517.7 T8 146627 245219 18005
Inner -358.36 -201.597 1359.88 -22.0887 1.0000 | 22.5274 5.00042 033 2.35247 0.51587 | -133.632 -60.4634 216176 -27.4184  1.8905
Inner -383.145 219193 1460.05 238066 1.0000 | 11.9535 183264 356720 465080 0.51503 | 042731 83028 216345 272562 18905
Outer (‘sulfonate’) 4252 | 5820.26 16821 9786.60 918552 1.0001 | 361789 184035 210495 310217 0.51589 | 231023 31926 1AL 228677 18905
Intercept (E) Ave, 10001 0.51589 18005
Intercept (E) 1 s.d. 0.0001 0.00002 0.0001

1sd: “RPFR 1sd: ¥RPFR 1sd: PRPFR

Compound nHy0 | Ax 1071 Bx10% Dx10°  E Ax 107 Bx107 C Dx10*  E Ax 107 Bx107 C Dx10* B
S0~

Outer (‘sulfonate’) 76.3898 -22.608 49.7611 0.0000 | -1.859: 44.0515 0.0000 | 91.3 117.441 5 0.0000
Center (‘sulfanyl’) -3.92357 654280 229726 0673392 0.0000 | -2.33804 51986 0.0000 107863 431014 107264 0.0000
Outer (‘sulfonate’) 125.374 693 828116 -7.12016 0.0000 | 68.0524 85,5122 432176 388146 0.0000 | 218,551 265,655 153601 -11.0024  0.0000
8105

Outer (‘sulfonate’) 51.5253 23.5354 -1.88015 0.0000 | 26.7618 -26.3607 121135 -1.01509  0.0000 | 96.9131 -87.4455 44.0097 3.60482  0.0000
Inner -6.54691 22,6332 -0.660979  0.0000 | -3.64656 -3.41165 11,6876 -0.363399  0.0000 | -10.7528 -10.0017 42,4437 -1.08237  0.0000
Tnner 006721 209752 104215 0.0000 | -3.70783 56226 129802 0564309 0.0000 | -12.1468 164619 467466 173977 0.0000
Outer (‘sulfonate’) 165282 212063 -3.01357  0.0000 | -23.8494 581412 114480 17217 0.0000 | -10L8S6 37.0783 0.0000
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