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ABSTRACT

Sulfur (S) is a central element in global biogeochemical cycling and Earth’s redox evolution. Minerals that
contain S are an important record of local environmental conditions at the time of their formation based on
chemical speciation and redox. However, the oxidation state of S for hundreds of different S-containing minerals
and thousands of S-containing mineral localities is unknown, largely sulfides and sulfosalts, and the redox state
alone does not fully capture mineral chemistry diversity, thus limiting understanding of S redox evolution. Here,
we use mineral chemistry network analysis and the weighted Mineral Element Electronegativity Coefficient of
Variation (WMEEcy) metric to investigate the element interactions and localities of S-containing minerals from
the Mineral Evolution Database (MED) to infer the redox state of S in minerals where the redox state is unknown
(SY). Louvain community detection of the S mineral chemistry redox network reveals that there are three main
network communities that are separated by redox state. The S®* community includes minerals that contain the
S8+ redox state and a small number of S** and S?>* minerals, the S~ community includes $?~-containing min-
erals, and the SV community includes minerals in which the redox state of S is unknown. The wMEEcy values of
the SY community closely overlap with the WMEEcy values of the $2~ community, and do not overlap with the
WMEEcy values of the S°* community, indicating the S” community minerals contain predominately reduced S.
Assuming that SY community minerals contain reduced S, as supported by their network chemical associations
and wMEEy values, then reduced S-containing minerals make up approximately 81 % of S-containing mineral
localities in the S mineral chemistry network, even though the majority of all mineral localities (S-containing and
non-S-containing) are oxygen (O)-containing minerals. Additionally, reduced S-containing minerals make up the
majority (~75 %) of all non-O containing mineral localities in the MED, representing the importance of reduced
S as an electron source and substrate in the evolution of microbial metabolic networks. The range WMEEcy values
of S®* community minerals expands through time due primarily to formation of chemically diverse sulfate
minerals, coinciding with crustal oxidation from the late Proterozoic to Phanerozoic and the expansion of the
marine sulfate reservoir. The intersection of shared constituent elements among reduced and oxidized S in the
mineral chemistry network represents redox convergence of weathered S in the geosphere that was crucial in the
formation of natural resource deposits and the evolution of biogeochemical cycles.

1. Introduction

resulting in over 1,100 different mineral species that contain S as an
essential mineral forming component [(Rakovan, 2007; Lafuente et al.,

1.1. Geochemistry of sulfur and natural resources

Sulfur (S) is an abundant element in Earth’s crust (McDonough and
Sun, 1995; Rudnick and Gao, 2003), and highly reactive in different
paragenetic conditions (Berner, 1984; Bottrell and Newton, 2006),
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2015; Krivovichev et al., 2023); https://rruff.info/ima/]. Sulfur redox
sensitivity makes it an invaluable element for understanding Earth
system redox evolution (Canfield et al., 2000, 2007; Hurtgen et al.,
2005; Fike et al., 2006). Sulfate evaporite minerals have been used to
constrain the chemistry and redox state of the ocean at different periods
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of Earth history (Grotzinger and Kasting, 1993; Schroder et al., 2008),
and the fractionation of different S isotopes [325, 333, 345, 36S; 353 is
radiogenic and less relevant to long term geochemical records (Peters,
1959)] is associated with a wide range of different environmental and
biological redox processes (Canfield, 2001; Behrens and Stelling, 2011;
Cai et al., 2022). Moreover, the biogeochemical cycles of S and carbon
(C) are directly involved in regulating atmospheric oxygen levels
through the burial and oxidative weathering of organic matter and py-
rite [FeSo; (Berner, 1989, 2006)].

Sulfides (chemical species that contain $%7) and sulfates (chemical
species that contain SO37) have different redox driven isotope frac-
tionations in a wide range of different systems including high temper-
ature igneous systems, intermediate temperature hydrothermal systems,
and low temperature sedimentary systems (Strauss, 1999; Seal, 2006).
Fractionation values of the §34S isotope are generally higher for modern
seawater sulfate and ancient sulfate containing marine evaporites
compared to sulfides in meteorites, igneous rocks, fossil fuels, or pyrites
from ancient or modern biogenic sources (Krouse, 1980; Seal et al.,
2000). Of particular significance, the study of S isotope fractionation
records has revealed the timing of the oxygenation of the atmosphere
and ocean (Canfield, 1998; Farquhar et al., 2000; Farquhar and Wing,
2003; Sahoo et al., 2012; Luo et al., 2016). The reactivity of S in various
redox states with many different chemical species allows S to form de-
posits in diverse systems across the geosphere (Simon and Ripley, 2011;
Chou, 2012).

Sulfur is important in the formation of both inorganic and organic
natural resources (Lundy, 1950; Williams and Keith, 1963). Specifically,
the physicochemical properties of S strongly influence the formation of
sulfide ores, many oxide ores, and element sulfur deposits (Malyshev
and Malysheva, 2022). Connections between the sulfur cycle and ore
deposits throughout Earth history in volcanogenic massive sulfide de-
posits, clastic-dominated Pb-Zn deposits, sediment hosted copper de-
posits, and Mississippi Valley-type deposits can all be linked to global
sulfur cycling (Farquhar et al., 2010). Indeed, the redox state of aqueous
S species (such as SO%’, HSO4, HS™, H5S, etc.) and S rich magmas plays a
critical role in the formation of dozens of economically important ore
deposit types such as copper (Cu), zinc (Zn), cobalt (Co), nickel (Ni),
lead (Pb), gold (Au), silver (Ag), mercury (Hg), and platinum group el-
ements (PGEs) (Vaughan, 2006; Simon and Ripley, 2011). Also of great
importance to natural resource development, the redox transformations
of S are involved in the diagenesis of marine organic matter, formation
of energy resources, and subsequent S emissions for S incorporated in
fossil fuels (Williams and Keith, 1963; Sinninghe Damste and De Leeuw,
1990; Chou, 2012).

1.2. Sulfur mineral chemistry redox record

Minerals are a vital record of environmental parameters, such as
oxygen (O) fugacity in igneous systems, at the time of formation
throughout Earth history (Wood and Virgo, 1989; Kress and Carmichael,
1991; Hazen et al., 2008; Birner et al., 2018). Sulfide minerals (con-
taining reduced S) are more common in igneous systems than sulfate
minerals (containing oxidized S), consisting mostly of pyrrhotite
(Fe;_xS) or pyrite (FeSy), followed in abundance by chalcopyrite
(CuFeSy), pentlandite ((Ni,Fe)gSg), sphalerite (ZnS) or molybdenite
(MoS3) (Naldrett et al., 1967; Whitney and Stormer, 1983; Parat et al.,
2011). The amounts of sulfides and sulfates forming from magmas
indicate the predominate redox state as S>~ in sulfides and S®* in sul-
fates, and can be used to evaluate the O fugacity of the system (Frost,
1991; Baker and Moretti, 2011). Oxidation and reduction reactions
predominately occur under equilibrium conditions at high tempera-
tures, while disequilibrium redox reactions are more common at lower
temperatures, and S redox reactions or the exchange of S isotopes be-
tween reduced and oxidized S species generally results in the greatest S
isotope fractionations (Seal, 2006). The complex redox chemistry of S
minerals, and attendant isotopic fractionation, are used to trace the
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redox evolution of many different systems from magma to crust and
atmosphere (Piccoli and Candela, 2002; Konecke et al., 2017; Sadove
etal., 2019). Specifically, sedimentary pyrite 5>*S values have been used
along with iron (Fe) speciation and trace metal concentrations to iden-
tify transitions in the S cycle associated with changing redox conditions
in the Archean, Mesoproterozoic, and Phanerozoic oceans (Habicht
et al., 2002; Leavitt et al., 2013; Crowe et al., 2014; Gilleaudeau and
Kah, 2015).

In general, reduced sulfide is more associated with chalcophile and
siderophile elements, while sulfate is more associated in salts with
lithophile elements (Goldschmidt, 1937; Haldar, 2017). Sulfides (con-
taining $%7) and sulfates (containing S®) are abundant types of S
minerals. However, the redox state of S is not known in hundreds of
other S containing mineral species, mostly comprised of potential sul-
fides and sulfosalts [Mineral Evolution Database, https://rruff.info/e
volution/; (Golden, 2019)]. The redox state of S in minerals can be
determined using X-ray Absorption Near Edge Spectroscopy (XANES), or
other methods, but the technique is not required for mineral charac-
terization over time. Additionally, the redox state of S alone does not
encapsulate the wide range of diverse chemical interactions among S-
containing mineral species, limiting the potential use of S to further
understand redox evolution. Because of the complex redox chemistry of
S and coexistence with other redox-sensitive elements, many S-con-
taining minerals have multiple potential element redox state combina-
tions among the mineral’s constituent elements that could result in a
neutral charge. The redox states of other elements in S-containing
minerals are important, but they can be stoichiometrically obscured due
to the range of stable S valences that can exist in the mineral.

Sulfur is an essential element in biology, with many structural and
functional roles that are linked to redox chemistry (Williams, 1981;
Jelen et al., 2016). As a biological building block, S serves as a link
between protein folds and metal cofactors, including mineral analogue
FeS cofactors via the cysteine S-containing functional group (Beinert
et al., 1997; Jordan et al., 2021). Some of the oldest known metabolic
pathways utilize S species as an essential electron acceptor or donor
(Shen et al., 2001, 2009; Westall et al., 2006; Philippot et al., 2007; Ueno
et al., 2008; Bontognali et al., 2012; McLoughlin et al., 2012). Indeed,
broad studies have shown that S redox chemistry is closely linked with
carbon (C) cycling through time (Fike et al., 2015; Raven et al., 2019,
2021a). A greater understanding of the redox state of S in different
depositional environments and time periods can help characterize bio-
logical utilization of S (Johnston, 2011), organic matter cycling (Raven
etal., 2021b, 2023), and fossil fuel formation in a broad range of settings
(Abubakar et al., 2022).

Sulfur can have very different chemical associations at different
redox states and in different ionic species (Hawthorne et al., 2000),
which can be characterized in deep-time mineral chemistry networks
(Moore et al., 2023). In this study, we use mineral chemistry network
analysis and both the weighted Mineral Element Electronegativity Co-
efficient of Variation (WMEEcy) and weighted Mineral Element Elec-
tronegativity mean (WMEE,) to investigate the different element
interactions of S containing minerals. The wMEE,, metric provides the
mean of the electronegativity values for all elements in a given mineral’s
nominal chemical formula, while the wMEEcy metric provides the
variation of the electronegativity values for all elements in a given
mineral’s nominal chemical formula. The wWMEEcy metric has been used
to identify global shifts in hard-soft acid-base chemistry of Earth’s crust
during the Proterozoic (Moore et al., 2022a). Mineral element electro-
negativity interactions represented by wMEE,, and wMEEcy values, and
differences in network associations between reduced and oxidized S can
be employed to infer the redox state of S in minerals where the redox
state is unknown, and to expand comprehension of the complexity of S
mineral chemistry. This information can then be used to further un-
derstand the redox evolution of S-containing minerals throughout Earth
history.
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2. Methods

Bipartite mineral chemistry network analysis of S minerals was
performed using the R package ‘dragon’ (Spielman and Moore, 2020).
Data used in network analysis was obtained from the Mineral Evolution
Database [MED; https://rruff.info/evolution/; (Golden, 2019), accessed
February 3rd, 2020]. The MED contains the chemical formulas, char-
acterized redox chemistry of mineral constituent elements, and the
maximum known ages of all known mineral species. The dragon package
can be launched in R by following the directions in the Readme file at
https://github.com/sjspielman/dragon, and further details on using
dragon are available in (Spielman and Moore, 2020). The mineral
chemistry networks were constructed by selecting S as the focal element,
and then initializing the network. Bipartite networks (a.k.a. bipartite
graphs) contain two categories of nodes, in which nodes from category
one are only connected to nodes from category two and vice versa
[category one nodes are not connected to other category one nodes by
network edges, and category two nodes are not connected to other
category two nodes by network edges (Asratian et al., 1998)]. Social
network analysis is a common use of bipartite networks to show affili-
ations between two groups of data (Wasserman and Faust, 1994).

The bipartite mineral chemistry networks constructed with dragon
consist of mineral nodes and element nodes, in which the mineral nodes
have network connections to all the constituent elements in that min-
eral’s nominal chemical formula (network connections are referred to as
“edges”). For example, the node representing the mineral pyrite FeS; has
network edges connected to the element nodes for Fe and S. The default
node position of the network layout is based on the force-directed
Fruchterman-Reingold algorithm (Fruchterman and Reingold, 1991),
which configures nodes based on the number of shared edges in the
network. Further description of mineral chemistry networks constructed
with dragon can be found in (Spielman and Moore, 2020). Separate S
mineral chemistry networks were constructed to include minerals with
maximum known ages of >3.2 Ga in one network and minerals with
maximum known ages of >0 Ga in another network using the dragon age
range slider function to compare differences between network commu-
nities including different S redox states. Mineral networks with separate
nodes for each element redox state were constructed by selecting the

Element electronegativity WMEE,

S
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“use separate nodes for each element redox” function in dragon. The
>3.2 Ga time period was selected to examine minerals with maximum
known ages that occurred before the tectonic transition period of 3.2 Ga
to 2.5 Ga (Cawood et al., 2018; Brown et al., 2020; Windley et al., 2021)
as compared to all minerals in the MED. The >3.2 Ga time period was
also selected because wWMEEy values for the maximum known ages of S-
containing minerals expand after 3.2 Ga.

The mineral nodes of each network are sized by the number of known
localities in the MED to account for approximate crustal abundance of
each mineral (Figs. 1, 2). The element nodes in the network in Fig. 1 are
colored by Pauling electronegativity (Pauling, 1932) and the minerals
are colored by wMEEcy. The wMEEcy values and wMEE,, values were
calculated for each mineral species to investigate element interactions
and redox relationships in the S mineral chemistry networks. The
WMEEcy and wMEE,, values were calculated using Pauling electroneg-
ativity (Pauling, 1932) values of each mineral’s constituent elements,
weighted by the number of each element in the nominal chemical for-
mula of the mineral as described by (Moore et al., 2022a). Pauling scale
electronegativity was chosen because the electronegativity values for
each element are determined using multiple different covalent bonds for
a given element. Using the number of each element in the nominal
chemical formula in the mineral in the wMEEcy and wMEE, calculations
accounts for the electronegativity influence that each element has in the
mineral, such that an element that occurs multiple times in a mineral
formula will have a greater electronegativity influence than an element
that occurs once in the same mineral formula.

The wMEE, metric is calculated by taking the mean of the electro-
negativity values for all atoms in a given mineral’s nominal chemical
formula [e.g., cubanite; CuFe,Ss; electronegativity of Cu = 1.90, Fe =
1.83, S = 2.58; wMEE,, = mean of (1.90, 1.83, 1.83, 2.58, 2.58, 2.58) =
2.22]. The wMEEcy metric is calculated by taking the coefficient of
variation of the electronegativity values for all elements in a given
mineral’s nominal chemical formula [e.g., cubanite; CuFe,Ss; electro-
negativity of Cu = 1.90, Fe = 1.83, S = 2.58; wMEEcy = coefficient of
variation of (1.90, 1.83, 1.83, 2.58, 2.58, 2.58) = 0.18]. Louvain com-
munity detection (Blondel et al., 2008) was performed for the networks
in Fig. 2 using the igraph Package in R (Csardi and Nepusz, 2006) in
order to identify associations between particular minerals, constituent

Fig. 1. Bipartite mineral chemistry network including all known S-containing minerals and their constituent elements. Element nodes are represented by blue color-
scale circles with each element’s chemical symbol, and are colored by Pauling scale electronegativity (Pauling, 1932). Mineral nodes are represented by small circles
colored by weighted Mineral Element Electronegativity Coefficient of Variation (WMEEcy). Network lines (“edges™) connect mineral nodes to all of their constituent
element nodes (e.g., pyrite — FeS, node has network edges connected to Fe and S). Mineral nodes are sized by the number of known localities. Node position of the
default network layout configuration uses the force-directed Fruchterman-Reingold algorithm (Fruchterman and Reingold, 1991).
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Fig. 2. (A) Sulfur mineral chemistry network including all known S-containing minerals with maximum known ages > 3.2 Ga. Element nodes are separated by redox
state. Mineral nodes are represented by circles and element nodes are represented by their chemical symbols. Mineral nodes are sized by the number of known
localities in that time period, and element nodes are sized by the number of network edge connections. Mineral and element nodes are colored by Louvain community
detection (Blondel et al., 2008). (B) Strip chart of weighted Mineral Element Electronegativity Coefficient of Variation (WMEEcy) for each mineral in the Fig. 2A
network separated by Louvain network community (Note: Network community 5 only included two data points and was excluded). (C) Same type of S mineral
chemistry network as Fig. 2A, but including all known S-containing minerals and their constituent elements. (D) Strip chart of weighted Mineral Element Elec-
tronegativity Coefficient of Variation (WMEEcy) for each mineral in the Fig. 2C network separated by Louvain network community.

elements, and element redox states. Louvain community detection op-
timizes modularity when identifying network node communities.
Network element and mineral nodes in Fig. 2 are colored by Louvain
community. Post-hoc Tukey tests comparing the wMEEcy values of
Louvain network communities in the >3.2 Ga and >0 Ga networks
(Fig. 2) were performed using R (R Core Team, 2021).

Geologic ages of mineral occurrences used in the sum of S mineral
localities through time plot (Fig. 3A), WMEEcy through time plots
(Fig. 3B, Fig. 4), S wMEE,, vs. wMEEcy plot (Fig. 5A), and S closeness
centrality vs. wMEEcy plot (Fig. 5B), were obtained from the MED
[https://rruff.info/evolution/; (Golden, 2019)]. The wMEEy statistical
range (referred to throughout as the wMEEcy “range”) was calculated
for maximum known mineral ages (Fig. 3B) and all mineral occurrence
ages (Fig. 4) in 0.5 Ga intervals with outlier data points excluded to
reduce bias in the wMEEy range (time intervals of 0.5 Ga were chosen
to avoid gaps in wMEE¢y data). Due to continental weathering pro-
cesses, metamorphism, and the recycling of tectonic plates, there is a
greater probability that older rocks and minerals will be lost or modified
(Taylor and McLennan, 1995; Veizer and Mackenzie, 2014), resulting in
preservation bias toward younger minerals. Sampling bias also takes
place for economically significant minerals and harder minerals that are
often less soluble and more resistant to weathering (Morrison et al.,
2020), which is important for S-containing minerals whose hardnesses
can vary between sulfides and sulfates (Czerewko et al., 2003).
Diagenesis of mineral deposits can occur after host lithology formation,
resulting in different potential ages of an altered mineral and its setting
(Xu and Pruess, 2001). Despite potential biases that can occur due to
preservation, age, and economic significance, expected pulses of
increased mineralization are apparent during periods of known conti-
nental assembly [i.e., Kenorland 2.8-2.5 Ga, Columbia 2.0-1.8 Ga,
Rodinia 1.3-0.9 Ga, Pannotia 0.54-0.5 Ga, and Pangea 0.4-0.3 Ga;
(Voice et al., 2011; Hazen et al., 2019; Liu et al., 2019; Hummer et al.,
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2022)]. Additionally, global changes in WMEEy values are observed at
the same time periods for both maximum and minimum known ages of
>200,000 mineral occurrences in the MED (Moore et al., 2022a). The
global WMEEcy changes for both maximum and minimum known ages of
mineral occurrences thus reveal the same shifts in crustal chemistry
through time.

3. Results
3.1. Sulfur mineral chemistry network structure

The S mineral chemistry network is segregated into two sections
based on electronegativity and hard soft acid base interactions. The left
section of the network (Fig. 1) includes intermediate electronegativity
soft acid/base elements that form low wMEEcy minerals (e.g., tung-
stenite, WSy, WMEEcy = 0.051; miassite, Rh17S15, WMEEgy = 0.063),
and the right section of the network includes high and low electroneg-
ativity hard acid/base elements (including O) that form high wMEEcy
minerals (e.g., Arcanite, K;SO4, WMEEgy = 0.481; kogarkoite, NagSO4F,
WMEEcy = 0.498). The low wMEEcy minerals are largely sulfides or
other minerals that do not contain O, and the high wMEE¢y minerals
predominately contain O (there are exceptions including the high
WMEE_y calcium (Ca) sulfide oldhamite, CaS, WMEEcy = 0.624; and the
high wMEEcy non-sulfate aluminum (Al) silicate sulfhydrylbystrite
Na5K2Ca[Al6Si6024](85)2’(SH)’, WMEEcy = 0.410). First row transition
metals are central in the network compared to most other elements,
given that first row transition metals form many different sulfides or
oxides at different redox states.

The S redox mineral chemistry network with element nodes sepa-
rated by redox state illustrates that certain elements and certain element
redox states only form minerals with particular S redox states (Fig. 2).
Louvain community detection of the S redox mineral chemistry network
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Fig. 3. Weighted Mineral Element Electronegativity Coefficient of Variation (WMEEcy) maximum age and S mineral redox abundance through time. (A) Total
number of S-containing mineral localities through time. The total mineral localities are separated by Fig. 2C > 0 Ga S redox network Louvain community. (B) The
WMEEcy values are plotted by maximum known mineral age of each S-containing mineral from O to 4 Ga. Data point colors and symbols are separated by Louvain
network community from Fig. 2C. The solid plotted line represents the statistical range of WMEEy values in 0.5 Ga intervals for communities 1 and 4, and the dashed
plotted line represents the statistical range of WMEEcy values in 0.5 Ga intervals for communities 2 and 3. GOE = Great Oxygenation Event [2.4-2.3 Ga (Farquhar
et al., 2000; Farquhar and Wing, 2003; Luo et al., 2016)]; POE = Proterozoic Oxygenation Event [0.63-0.55 Ga (Scott et al., 2008; Sahoo et al., 2012)].

including all minerals with maximum ages of >3.2 Ga, and with ele-
ments separated by redox state, shows that there are three main network
communities and two minor network communities (Fig. 2A). The >3.2
Ga S redox network community 1 includes S*~ minerals, community 3
includes mainly S®* minerals with fewer than ten total S** and $2*
minerals, and community 4 includes minerals in which the redox state of
S is unknown (SU). In the >3.2 Ga S redox network, community 2 in-
cludes nine minerals that contain either Ni3+, C03+, or arsenic (As) with
unknown redox state, and community 5 includes two minerals that
contain Mg?*. There are statistically significant differences by post-hoc
Tukey Test between the WMEEcy values of community 1 vs. community
3, community 2 vs. community 3, and community 3 vs. community 4 in
the >3.2 Ga S redox mineral chemistry network (Fig. 2B, Table 1).

29

Conversely, there are not statistically significant differences by post-hoc
Tukey Test between the WMEEcy values of community 1 vs. community
2, community 1 vs. community 4, and community 2 vs. community 4 in
the >3.2 Ga S redox mineral chemistry network. The distinct network
communities are due to the unique chemistry of the reduced, oxidized,
and unknown S redox states which results in limited network overlap
between the different redox state network nodes.

Similar to the >3.2 Ga S redox network, Louvain community
detection of the S redox mineral chemistry network with elements
separated by redox state including all minerals with maximum known
ages >0 Ga shows that there are three main network communities and
one minor network community (Fig. 2C). The >0 Ga S redox network
community 1 includes S®* minerals, community 2 includes SV minerals,



E.K. Moore et al.

A Community 1 (S%*) wMEE,

C1 wMEE,,

C2 WMEE,,

Max Age (Ga)

Geochimica et Cosmochimica Acta 376 (2024) 25-36

B Community 4, (S®*) WMEE,
3 .
z
z
(@)
4
D .
Community 3 (5%, S,) WMEE,
0.6
Sphalerite, Wurtzite 05
>
LI_IU
w
X >
2
m
Q

~
w
[N
=
o

Max Age (Ga)

Fig. 4. Weighted Mineral Element Electronegativity Coefficient of Variation (WMEEy) locality ages through time. The wMEEcy values are plotted by maximum
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intervals for each community.

community 3 includes reduced S?~ or $3~ minerals, and community 4 is
much smaller including minerals with Mn?* and Be?*. The >0 Ga S
redox network is more connected than the >3.2 Ga S redox network,
resulting in fewer distinct Louvain network communities in >0 Ga S
redox network. In the >0 Ga S redox network, there are statistically
significant differences by post-hoc Tukey Test between the wMEEcy
values of nearly all the network communities (Fig. 2D, Table 1). Com-
munity 1 vs. community 4 is the only pair of two communities in the
>0 Ga S redox network that do not have a statistically significant dif-
ference between their WMEEcy values by post-hoc Tukey Test.

3.2. Sulfur mineral electronegativity associations and redox implications

The cumulative sum of S-containing mineral localities through time
for each network community shows rapid increases in S-containing
mineral localities at 2.8 to 2.6 Ga, 1.9 to 1.8 Ga, 0.6 Ga to present day,
and that minerals that contain $>~ have been found at the largest
number of localities in the MED from deep time to present day (Fig. 3A).
The wMEEy values of mineral species in communities 1 and 4 from the
>0 Ga S redox mineral chemistry network (containing S®* minerals)
generally expand through time, particularly after 3.2 Ga, based on the
maximum known ages of S-containing mineral species (Fig. 3B). Com-
munities 2 and 3 from the >0 Ga S redox network (contain SU minerals
and S?~ minerals, respectively) have more consistent mineral species
WMEEy values through time that largely overlap until 0.6 Ga, at which
point community 3 includes a greater distribution of higher wMEEcy
values than community 2. The distribution of wMEEcy values through
time based on the maximum known ages of >70,000 S-containing
mineral localities from around the globe also shows that the range of
WMEEy values expand the most through time for communities 1 and 4
(Fig. 4). The wMEEcy values largely overlap for communities 2 and 3 for
S mineral localities as well (community 3: pyrite, FeSp, WMEEcy= 0.186;
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arsenopyrite, FeAsS, WMEEcy = 0.171). At <0.6 Ga community 2 in-
cludes smaller and larger wMEEcy values compared to >0.6 Ga, and
community 3 includes larger values compared to >0.6 Ga, particularly
0.311, at many localities throughout most of Earth history correspond-
ing to the abundant Zn sulfides sphalerite and wurtzite (Fig. 4D). The
distribution of WMEEcy values through time for >70,000 S-containing
mineral localities in the MED provides global trends of S mineral
chemistry among different redox states and network communities.

The plot of WMEE, by wMEEcy shows that in general, minerals in
network communities 2 and 3 with lower wMEE,, (e.g. electronegativity
mean) values also have lower WMEEcy (e.g. electronegativity variation)
values than minerals in communities 1 and 4 (Fig. 5A). The wMEE,, and
WMEEy values of communities 1 and 4 predominately overlap with
each other, and are largely separated from communities 2 and 3, which
largely overlap with each other. The majority of minerals in commu-
nities 1 and 4 also have higher network closeness centrality values than
most of the minerals in communities 2 and 3, which indicates that
communities 1 and 4 are more central in the S mineral chemistry
network (Fig. 5B). The minerals with the highest closeness centrality
values ranging from 3.6x10™* to 3.9x10™* include primarily minerals
from community 1, which occur at the intersection of multiple network
communities, and fewer minerals from communities 2, 3 and 4.

4. Discussion
4.1. Sulfur mineral chemistry network redox communities

As observed in previous mineral chemistry network studies involving
other elements (Moore et al., 2018, 2020, 2022a,b,2023; Srivastava
et al., 2021), the S mineral chemistry network consists of an oxidized
hard acid-base section including high wMEEcy minerals, and a reduced
soft acid-base section including low wWMEEcy minerals (Fig. 1). Redox
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Fig. 5. (A) Plot of weighted Mean Mineral Element Electronegativity (WMEE,) vs. weighted Mineral Element Electronegativity Coefficient of Variation (WMEEcy) for
each S-containing mineral species. (B) Plot of network closeness centrality vs. weighted Mineral Element Electronegativity Coefficient of Variation (WMEEcy) for each
mineral species in the Fig. 2C network with data points separated by Louvain network community.

Table 1

Tukey test results comparing WMEEy values of Louvain communities for the >
3.2 Ga S redox network in Fig. 2 and the > 0 Ga S redox network in Fig. 3. Note:
CI = confidence interval.

Age Cluster Estimated 95 % CI 95 % CI Adjusted
(Ga) Comparison effect size Lower Upper P-value
difference bound bound

>3.2 2-1 —0.035 -0.110 0.040 0.607
>3.2 3-1 0.059 0.002 0.115 0.041
>3.2 4-1 —0.028 —0.076 0.020 0.420
>3.2 3-2 0.094 0.013 0.174 0.016
>3.2 4-2 0.007 —0.068 0.082 0.995
>3.2 4-3 —0.087 —0.144 —0.030 0.001
>0 2-1 —0.148 —0.160 -0.137 <0.0001
>0 3-1 —-0.102 -0.116 —0.089 <0.0001
>0 4-1 0.016 —0.021 0.053 0.668
>0 3-2 0.046 0.031 0.061 <0.0001
>0 4-2 0.165 0.128 0.202 <0.0001
>0 4-3 0.119 0.081 0.156 <0.0001
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sensitive first row transition metals [and molybdenum (Mo)] are asso-
ciated with both reduced and oxidized S minerals in the S mineral
chemistry network, with a wide range of WMEEy values. The different
mineral network interactions between S and transition metals reflect the
prevalence of S-transition metal redox associations for both reduced and
oxidized S in biochemistry and synthetic chemistry (Beinert, 2000;
Eijsbouts et al., 2007; Emmett and Willis, 2015; Liang et al., 2016).
The separation of different network communities and their shared
node connections becomes much more apparent in the S redox mineral
chemistry networks with each element node separated by redox state
(Fig. 2). Indeed, the similarities and differences in element associations
among each network community can be used to understand redox
chemistry in minerals where the redox state is not known. The statisti-
cally significant difference by post-hoc Tukey test between the WMEEcy
values of community 1 vs. community 3 in the >3.2 Ga S redox network
represents the different mineral element electronegativity associations
among minerals that contain $2~ (community 1 — reduced minerals) vs.
so+ (community 3 - oxidized minerals; Fig. 2A, 2B, Table 1). Conversely,
there is no statistically significant difference between the wMEEcy
values of >3.2 Ga S redox network communities 1 (SZ’, S%’), 2 (S%> and
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SU), and 4 (SU), indicating that the minerals in communities 2 and 4
predominately contain reduced S as sulfide (527) or persulfide (S37).
This finding is reasonable given that both S~ and SV minerals do not
contain O and the similarity of network element associations within the
communities (Fig. 2). If it is assumed that the vast majority of S min-
erals actually contain reduced S, as indicated by wMEEcy values,
network associations, and the absence of O in $*~- and SY-containing
minerals, then oxidized S-containing mineral species make up a much
smaller fraction of total S-containing mineral species and localities at
>3.2 Ga (note: abundant minerals in the environment by volume also
make up large percentages of S-containing mineral localities: pyrite-
10.68%; chalcopyrite-8.97%; baryte-3.47%; gypsum-2.11%; and anhy-
drite-0.61%). This observation is expected given the reducing conditions
in the geosphere and atmosphere during the Hadean, Eoarchean, and
Paleoarchean (Shaw, 2008; Trail et al., 2011; Morrison et al., 2018),
with an important exception occurring in 3.47 Ga North Pole barytes
where oxidized sulfur (i.e. sulfate) was abundant enough for baryte
deposits to form that included preserved isotopic evidence of sulfate
reduction (Shen and Buick, 2004).

Various comprehensive studies have identified 3.2 Ga to 2.5 Ga as a
period of tectonic transition prior to the onset of Wilson Cycle plate
tectonics (Cawood et al., 2018; Brown et al., 2020; Windley et al., 2021).
The wMEEcy values for S%* minerals expands after 3.2 Ga (Fig. 3B, 4A),
and the majority of minerals with maximum known ages between 3.2
and 2.5 Ga have wMEEcy values below 0.3 and are either sulfates with
complex chemical formulas or sulfides. The S-containing minerals that
have been observed at the largest number of localities from 3.2 to 2.5 Ga
are pyrite (FeSy), chalcopyrite (CuFeS,), pyrrhotite (Fe;Sg), sphalerite
(ZnS), and galena (PbS). After 3.2 Ga, the transition of tectonic regime
shift, and stepwise oxygenation of the atmosphere contributes to the
origination and preservation of new S-containing mineral species, which
expands the different element associations and redox chemistry di-
versity in the S mineral chemistry network. The network communities in
the >0 Ga S redox network that include minerals containing oxidized
so+ (communities 1 and 4) on average have higher WMEEcy values and
higher wMEE, values than the network community that contains
reduced S (community 3; Fig. 2C, 5A), in agreement with previously
observed WMEEcy trends comparing oxidized and reduced minerals
(Moore et al., 2022a). There is substantial overlap between the wMEE¢y
values and wMEE,, values of the >0 Ga S redox communities 3 and 2,
which include S"’p’—, S%~-, and SU—containing minerals, respectively
(Fig. 2D, 5A). As with the >3.2 Ga S redox network, this indicates that
the mineral species in community 2 (SY) of the >0 Ga S redox network
predominately contain reduced S. Additionally, there is a limited num-
ber of various SU minerals in >0 Ga S redox network community 2 that
contain the persulfide ion (S37) in which S is present in the S~ oxidation
state including the highly abundant mineral pyrite (Paszkowicz and
Leiro, 2005).

Sulfur mineral chemistry network analysis and associated element
electronegativity interactions closely align with the known redox states
of S-containing minerals that include or do not include O (Sato, 1960;
Nordstrom, 1982; Ivanov, 1983; de Hoog et al., 2004). However, the
majority of mineral species (~56%) with unknown redox state in com-
munity 2 of the >0 Ga S redox network are sulfosalts (Supplementary
Table S1), which are difficult to characterize in terms of redox state
(Moélo et al., 2008). Many of the remaining >0 Ga S redox network
community 2 sulfide minerals (Fig. 2C), that are not classified as sul-
fosalts, also include complex anions (Supplementary Table S1) that are
characteristic of sulfosalts (Makovicky, 2019). Network community
detection, WMEEcy calculations, and wMEE,, calculations provide sub-
stantial support that sulfosalts and other S-containing minerals in which
the redox state is unknown contain reduced S>~ or S3°, given the simi-
larity between wMEEy values of SV minerals and reduced-S minerals
and the dissimilarity between wMEEcy values of SV minerals and S®*
containing minerals.

32

Geochimica et Cosmochimica Acta 376 (2024) 25-36
4.2. Sulfur mineral redox evolution

The increasing range of wMEEcy values for >0 Ga S redox network
communities 1 and 4, which almost exclusively include oxidized S®*-
containing minerals (Figs. 3-5), generally coincides with Earth surface
oxygenation through time recorded in the S geochemical record (Can-
field, 1998; Canfield et al., 2000, 2007; Farquhar et al., 2000; Hurtgen
et al., 2005; Fike et al., 2006), and the oxidation of Earth’s shallow crust
embedded in the manganese (Mn) mineral record (Hummer et al.,
2022). Greater chemical complexity of minerals with S-O bonds vs.
minerals without S-O bonds also allows for a wider range of wMEEcy
values for oxidized S®*-containing minerals. Indeed, the proportion of
S“-containing minerals (>0 Ga S redox network communities 1 and 4)
occurring in sediments due to Earth surface oxidation increases through
time, particularly during the Phanerozoic [MED, https://rruff.info/e
volution/; (Golden, 2019)]. The rising occurrence and preservation of
>0 Ga S redox network community 1 mineral localities with wMEEcy
values >0.35 from the late Mesoproterozoic to present day as compared
to previous geologic eras, mainly consists of sulfate minerals that
contain alkali metals and alkaline Earth metals. These alkali metal and
alkaline Earth metal sulfate minerals formed with increased oxidative
continental weathering and subsequent mineralization increasing from
the late Proterozoic to Phanerozoic (Jambor et al., 2000; Berner, 2004;
Canfield, 2005; Halevy et al., 2012).

Although the range of wMEEcy values stays more consistent for
>0 Ga S redox network communities 2 and 3 as compared to community
1, the substantial overlap between wMEEy values in communities 2 and
3 through time strongly indicates that community 2 minerals contain
reduced S*~ or $3~ as do community 3 minerals (Figs. 3B, 4). The most
common minerals of community 3 whose wMEEcy values do not overlap
with community 2 are sphalerite (ZnS) and wurtzite (ZnS), two common
and economically important sources of Zn (Scott and Barnes, 1972; Ye
et al., 2011). The abundance of oxidized SG+-containing minerals in
community 1 does sharply increase in the Phanerozoic, but community 3
mineral localities, which almost exclusively contain S%> or S%’, make up
the majority of S-containing mineral localities in the MED (Fig. 3A). If it
is assumed that community 2 minerals also contain S* or S3~ (e.g.,
enargite, CuzAsSs, WMEEcy = 0.149; pyrargyrite, Ag3SbS;, WMEEcy =
0.150; bismuthinite, Bi»S3, WMEEcy = 0.130), as supported by their
network chemical associations and wMEEcy values, then reduced S-
containing minerals make up approximately 81% of S-containing min-
erals in the MED (communities 2+3 localities = 57,321; total localities =
70,656). The prevalence of reduced S-containing mineral localities
aligns with the typically low 80, values of the upper mantle and lower
crust (McCammon and Kopylova, 2004; Galvez and Jaccard, 2021), and
reinforces the connection between the oxidation state of the mantle and
Earth surface processes (McCammon, 2005; Gaillard et al., 2015).

Community 3 mineral localities that are known to contain reduced S
and community 2 mineral localities that are predicted to contain
reduced S, increase substantially during the Phanerozoic as well, despite
the increase in oxidative weathering (Canfield and Teske, 1996; Berner
et al., 2003; Halverson and Hurtgen, 2007) and disappearance of redox
sensitive minerals from placer deposits during this period (Hazen et al.,
2011; Johnson et al., 2014; Agarwal and Sreenivas, 2021). Sulfur-
containing mineral localities increase through time in part due to pres-
ervation bias of younger material, and the formation and preservation of
many reduced S mineral localities indicates that many of these minerals
formed in recent reducing environments that are not subject to wide
changes in redox conditions. Indeed, one of the most prominent local-
ities for sulfosalt minerals is the Lengenbach deposit in the Binn Valley
of the Swiss Alps that has a relatively recent age of 0.06 Ga (Nowacki
et al., 1961; Hofmann and Knill, 1996). The prevalence of S2~ minerals
in magmatic source material, and the formation and preservation of
reduced minerals from igneous source rocks due to supercontinent as-
sembly and orogenesis (Hazen et al., 2019; Liu et al., 2019; Santosh and
Groves, 2022) are likely major contributing factors to S~- or S3 -
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containing minerals accounting for the majority of S-containing mineral
localities in the MED.

4.3. Sulfur redox convergence

Despite the greater number of S-containing mineral species that also
contain O resulting in greater network closeness centrality for S®+-
containing minerals (Fig. 5), the total number of mineral localities is
greater for reduced S-containing minerals. This is contrary to the total
mineral localities in the MED (including S-containing minerals and all
non S-containing minerals), the majority of which contain O. In fact,
assuming that >0 Ga S redox network community 2 mineral localities
contain reduced S, then the vast majority of non-O-containing mineral
localities in the MED are reduced S-containing minerals (~75%).

While pyrite is the largest sink of reduced sedimentary S (Berner and
Raiswell, 1983), there are many other reduced S minerals and reduced S
in organic matter that can contribute to the reduced S reservoir in the
geosphere, including sulfosalts and other minerals with network pre-
dicted $%~ or S3~ redox state (Figs. 2-4). The expansion of S wWMEEcy
values through time for S®* and SU minerals represents redox conver-
gence of weathered S as an electron donor between the oxidizing surface
and reducing geosphere as S is transported and mineralized. Indeed,
oxidatively weathered and mobilized metal and other nutrient ions,
reflecting the expansion of the marine sulfate reservoir and subsequent
sulfate reduction (Canfield and Raiswell, 1999), can then be utilized by
microbial communities or transported to reducing environments to
potentially form minerals with reduced S.

Sulfur mineral chemistry redox intersection through time aligns with
the syngenesis of sulfide ore from different sources (Temple and Le
Roux, 1964; Temple, 1964), and the convergence of environmental
boundary conditions that contributed to the evolution of biogeochem-
ical cycles (Moore et al., 2017; Goldford et al., 2019). Moreover, the
sequential evolution of S cycling enzymes involved in sulfide oxidation,
sulfate-thiosulfate oxidation/reduction, and organic S metabolism
across the biosphere reflects the redox state of early Earth from the
Archean to Proterozoic (Mateos et al., 2023). The prevalence of s2-
mineral localities throughout Earth history illustrates the prominence of
reduced S in the geosphere as an important metabolic substrate,
component in organic matter diagenesis (Sinninghe Damste and De
Leeuw, 1990; Werne et al., 2004), a crucial source of electrons in mi-
crobial metabolic pathways (Canfield, 2001; Fike et al., 2015), and a
building block in protein metal binding complexes (Vahrenkamp, 1975;
Williams, 1981).

5. Conclusions

The oxidation of Earth’s crust and cycling of elements in the envi-
ronment can be traced through the mineral record in deep-time. Sulfur
readily exchanges between the geosphere and biosphere, and S is one of
the most common mineral-forming elements, with complex redox
chemistry that results in diverse mineral element associations. Mineral
chemistry network analysis shows that the S mineral chemistry network
consists of an oxidized hard acid-base section including high wMEEcy
minerals, and a reduced soft acid-base section including low wMEEcy
minerals. The expanding range of wMEEcy values for S+ community
minerals through time accord with Earth surface oxidation, increased
oxidative continental weathering, and the expansion of the marine sul-
fate pool from the Proterozoic to Phanerozoic resulting in redox
convergence of oxidized and reduced S minerals. The direct overlap
between the wMEEqy values of the S redox network SU community,
primarily composed of sulfosalts, and the WMEEcy values of the S~
community, strongly indicates that SY community minerals with un-
known redox state contain reduced $2~ or S3~. Assuming that SV com-
munity minerals contain reduced S (e.g., enargite, CuzAsS4, WMEEcy =
0.149; pyrargyrite, AgsSbS;, wMEEcy = 0.150; bismuthinite, BisSs,
WMEEcy = 0.130), based on network chemical associations and WMEE ¢y
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values, then reduced S-containing minerals make up the vast majority of
S-containing mineral localities in the MED, despite the fact that the
majority of all mineral localities in the MED (both S-containing and non-
S-containing minerals) are comprised of O-containing minerals. Addi-
tionally, reduced S-containing minerals make up the majority of all non-
O containing minerals in the MED, illustrating the role of reduced S in
the geosphere as an important reservoir of reduced inorganic materials,
a component in organic matter cycling, and a crucial substrate and
source of electrons in global biogeochemical cycles and associated mi-
crobial metabolic networks.

Data availability

Data presented in this manuscript can be accessed from the Mineral
Evolution Database (http://rruff.info/evolution/). dragon is freely
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(https://cran.r-project.org/) to analyze data from the Mineral Evolution
Database.
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