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Abstract

The Earth’s surface has undergone major transitions in its redox state over the past three
billion years, which have affected the mobility and distribution of many elements. Here we use
Se isotopic and abundance measurements of marine and non-marine mudrocks to reconstruct the
evolution of the biogeochemical Se cycle from ~3y2 @Gwards. The six stable isotopes of Se
are predominantly fractionated during redox reactions under suboxic conditions, which makes Se
a potentially valuable new tool for identifying intermediate steps from an anoxic to a fully
oxygenated worlds®?/78Se shows small fractionations of mostly less thgntBroughout Earth’s
history and all are mass-dependent within error. In the Archean, especially after 2.7 Gyr, we find
an isotopic enrichment in marine (+0.37 £2) relative to non-marine samples (-0.28
0.67%o), paired with increasing Se abundances. Student t-tests show that these trends are
statistically significant. Although we cannot completely rule out the possibility of volcanic Se
addition, these trends may indicate the onset of oxidative weathering on land, followed by non-
guantitative reduction ddeoxyanions during fluvial transport. The Paleoproterozoic Great
Oxidation Event (GOE) is not reflected in the maiif@’®Se record. However, we find a major
inflection in the seculad®?"%Se trend during the Neoproterozoic, frarlRrecambrian mean of
+0.42 + 0.4%, to aPhanerozoic mean of -0.19 £+ 0%9This drop probably reflects the
oxygenation of the deep ocean at this time, alloagxyanions to be stable throughout the
water column. Since then, reductionS#oxyanions has likely been restricted to anoxic basins
and diagenetic environments in sediments. In light of recent Cr isotope data, it is likely that
oxidative weathering before the Neoproterozoic produced Se oxyanions in the intermediate
redox state $¢, whereas the fully oxidized species’Ssecame more abundant after the

Neoproterozoic rise of atmospheric oxygen.
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1. Introduction

Seis an essential micronutrient for many organisms (e.g. Mayland, 1994; Gladyshev,
2012). In natural environments it can be found in four redox stateé&’'aSeQ?), S&¥ (SeQ?*
or HSeQ), S&, and organic and inorganic $elin the modern ocean, the oxyani@&' and
SéY are most abundant and show typical nutrient abundance profiles with depletion in the photic
zone, replenishment below the photic zone due to organic matter remineralization and constant
concentration in the deep ocean (Cutter and Cutter, 2001). O&glhis common in surface
waters but it is almost entirely re-oxidized at depth and thus insignificant below the photic zone.
In anoxic water columns, remineralization of organic matter does not occur, such that 8eganic
' phases dominate below the chemocline and Se oxyanions remain low throughout the water
column (Cutter, 1982; Cutter, 1992). Sediments that formed in anoxic environments therefore
mostly contain reduced phases, includdej and organic and pyrite-bour@k" (Kulp and Pratt,

2004; Fan et al., 2011).

The six stable isotopes 8&(masses 82, 80, 78, 77, 76 and 74) are most strongly
fractionated during kinetic redox transformations, whaslor the lighter masses. In laboratory
experiments, abiotic reduction of Se oxyanions tbd®®&e" with HCI, NHOH, ascorbic acid,

Fe?* in green rust or sulfide can impart larger negative fractionations 0-2860, where € =

882785 geactant— 8°%"%S@roduc) than biotic reductions(= 6-14%0) (Krouse and Thode, 1962; Rees

and Thode, 1966; Rashid and Krouse, 1985; Johnson et al., 1999; Herbel et al., 2000; Ellis et al.,
2003; Johnson and Bullen, 2003; Mitchell et al., 2013). However, in natural systems, abiotic
reduction is thought to be kinetically inhibited such that biological fractionation likely dominates
(Johnson and Bullen, 2004). Large fractionations can also occur during equilibration of Se

species with different redox states, where, as in kinetic isotope fractionation, the more oxidized
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forms become isotopically enriched by up t838Li and Liu, 2011). Althouglt has so far not

been demonstrated that equilibrium processemaignificant in natural environments, the
dominance of kinetic fractionation in other isotopic systems like S, as well as the co-occurrence
of different Se redox species in thermodynamic disequilibrium in natural samples (e.g. Cutter
and Bruland, 1984; Kulp and Pratt, 2004) suggests that kinetic processes are most important
(reviewed by Johnson and Bullen, 2004). Moderate negative fractionations frol «0265%o

have been reported f&e’' assimilation into biomass (Johnson et al., 1999; Hagiwara, 2000;
Clark and Johnson, 2010), hhbse values greater than @6 which were measured by

Hagiwara (2000), have been questioned due to possible fractionation during sample preparation
(Johnson and Bullen, 2004). Hence isotopic fractionation associated with assimilation is
probably on the order of 04 or less and thus minor. Similari$g" adsorption orre oxides

results in small negative fractionations of up td@.{@verage 0%0) (Johnson et al., 1999;

Mitchell et al., 2013). Volatilization of organic $drom incubated soils can impart moderate
fractionations of up to 2% (Johnson et al., 1999; Schilling et al., 2011a), but Se gases have
such a short atmospheric residence time of only a few hours (Wen and Carignan, 2007) that this
pathway is insignificant over geologic timescales. Consequently, it appears th&dagmpe
fractionations of greater thafkd in geological samples should be evidence of biological

reduction ofSeoxyanions. As noted by others (Ellis et al., 2003; Johnson, 2004; Johnson and
Bullen, 2004), isotopic fractionations associated with oxyanion reduction may be smaller in
natural ecosystems than under experimental conditions due to differences in physiology between
cultured microorganisms and natural consortia. However, individual reports of fractionations up
to 4%o in some marine shales (Wen et al., 2014; Stieken et al., submitted) suggest that Se

oxyanion reduction can leave a detectable signature in old rocks if it occurred at the time of
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deposition. Smaller fractionations associated with oxyanion adsorption and assimilation into
biomass may be significant in oxic environments where reduction does not occur. This raises the
possibility of usingSeisotopes as an independent tool for reconstructing environmental redox
changesver Earth’s history (Mitchell et al., 2012; Stlieken et al., 2015). Because of its relatively
low abundance, multiple redox states and high redox potential (Johnson,20@d)y be more
sensitive to redox and productivity changes than other proxies, such as S andMerh4jes
note that an impediment to this line of research is the current lack of data about Se isotopic
fractionations associated with volcanic eruptions, which may have been important in the past, but
we will discuss this issue as appropriate.

This study is composed of two parts with the aim of reconstructing the evolution of the
Secycle through Earth’s history. First, we compile recent mari@eisotope data from the
literature and create a working model for h8eisotopes behave on a global scale in the modern
ocean under known redox conditions. This will provide a platform for interprégigptope
data in deep time. Second, we present new data from mudrocks through time with particular
focus on the Precambrian, incorporating transects across environmental gradients in the late
Archean and Mesoproterozoic. Combined with existing datasets (Johnson and Bullen, 2004;
Rouxel et al., 2004; Mitchell et al., 2012; Layton-Matthews et al., 2013; Wen et al., 2014;
Stueken et al., 2015), this provides us with a record spanning the last 3.2 billion years, i.e.
through the proposed Paleoproterozoic and Neoproterozoic oxidation events (reviewed by Lyons
et al., 2014a). Both of these events could have affecteslethigeochemical cycle, and hence
the sedimentar$erecord may provide independent evidence or additional information on them.
More specifically, we test the following hypotheses: (1) Because the most rBebjpecies S¥

and in particulaBe’ are only stable under suboxic to oxic conditions, we would expect that the
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marineSecycle changed profoundly with the oxygenation of the deep ocean in the
Neoproterozoic (Canfield et al., 2007; Canfield et al., 2008; Shields-Zhou and Och, 2011; Sahoo
et al., 2012). S&é and S& should have become more stable ions in the water column, i.e. they
should no longer have been subject to quantitative reduction, leading to larger net isotopic
fractionations preserved in sediments. Hence, we expect to see a systematic difference in isotopic
values before and after the Neoproterozoic oxidation event. (2) The high redox potesial of
oxyanions (S¥V'") compared to sulfate (§ (Johnson, 2004) may also have delayed the onset of
the Seweathering flux from land into the ocean during the early stages of Earth surface
oxygenation. Total S (TS) abundances in marine sediments increased in the late Archean,
suggesting incipient oxidative weathering of sulfide minerals, enhanced by microbial activity
(Stueken et al., 2012). If conditions were not oxidizing enough for Se, then TS/TSe ratios in
sediments should have been elevated for some time interval afterwards, perhaps until the
Paleoproterozoic or Neoproterozoic oxidation events, when atmospheric oxygen levels rose
globally. If, however, microbial activity led to locally high redox states sufficienSéor

oxidation, then the $eand/or S¥ flux to the ocean may have increased concurrently with the

SY!' flux and TS/TSe ratios should be constant through time. Hence marine TS/TSe ratios may
serve as an indirect proxy for non-marine redox processes. We would further expect to see
isotopic differences between non-marine, shallow marine and deeper marine sediméfts if Se

stability and abundance decreased from oxic terrestrial habitats to anoxic seawater.

2. Methods

2.1. Compilation of recent data



137 To better understand the mod&acycle, we compiled data from the literature

138 representing the last 500 kyr during which the ocean redox state is relatively well constrained.
139 Included are data from the mid-Atlantic (Johnson and Bullen, 2004), the Bermuda Rise (Shore,
140 2010), the Cariaco Basin (Shore, 2010), the Arabian Sea (Mitchell et al., 2012) and the Black
141 Sea (Johnson and Bullen, 2004; Mitchell et al., 2012). The data set was divided into two

142 categories: open oxic ocean and restricted anoxic basins. Data from the mid-Atlantic, the

143 Bermuda Rise, the Arabian Sea, and from the glacial oxygenated stages of the Cariaco Basin
144  (Shore, 2010) were included in the oxic ocean category. Samples from the Arabian Sea include
145 sediments that formed below an oxygen minimum zone (Mitchell et al., 2012), but because the
146  Arabian Sea rapidly exchanges water masses with the open ocean by upwelling and therefore
147 likely has a high supply deoxyanions, it is more similar to an oxic ocean. The restricted

148 anoxic basin category includes data from the interglacial Cariaco Basin (Shore, 2010) and the
149 Black Sea. Although some samples from the Black Sea have been described as oxic (Mitchell et
150 al., 2012), euxinic conditions in the deeper water column probably result fadowyanion

151 concentrations and a short residence time throughout the basin (Cutter, 1992). Therefore, we
152 assigedall Black Sea samples to the anoxic restricted basin category.

153

154 2.2. New analyses of ancient rocks

155 Our new analyses focused on whole-rock samples of kerogenous mudrocks (Table 1),
156 because they are relatively abundant @adich. This approach has the disadvantage that

157 mudrocks can contain multiple isotopically distiBetphases including elemen®é, Se'

158 bound to organic matter or substituting fot & sulfide minerals, an8€e¥ adsorbed to mineral

159 surfaces or kerogen (Kulp and Pratt, 2004; Fan et al., 2011; Schilling et al., 2014b; Stieken et al.,
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submitted). Combining these phases probably reduces the measured isotopic range and might
make it more difficult to discern patterns. In some ways, this is analogous to measuring trends in
C isotopes without separating organic C from carbonate. However, separation techniques for
differing Sephases in rocks are only beginning to be developed (Kulp and Pratt, 2004; Fan et al.,
2011; Schilling et al., 2014b; Stueken et al., submitted), and it is uncertain if they are useful for
ancient samples where isotopic ratios may hasequilibrated. An alternative approach may be
to analyze banded iron formations (BIF) that primarily contain just one phase, i.e. adséfbed Se
(Schilling et al., 2014b; Schirmer et al., 2014). HoweverSheoncentrations in such rocks are
very low, presenting analytical difficulties, and BIF or equivalent deep-mBéaoe&ides are not
available from all time periods or from all environments. Mudrocks have formed throughout
Earth’s history in a diversity of environments including lakes, tidal flats and outer marine shelves,
which allows us to compile data across both the Paleoproterozoic and the Neoproterozoic
oxidation events (Lyaset al., 2014a) and to reconstruct environmental redox gradients.

One of our principal goals in this study was to determine if mass-independent
fractionation of selenium isotopes (MBe) occurred early in Earth’s history, analogous to the
Archean MIF anomaly seen in quadruple sulfur isotope studies. In order to assess this, we used a
sample-standard bracketing analytical protocol rather than the more usual double-spike
procedure. We measured all masses from 71 to 84 to allow post-analytical data correction for the
full range of possible isobaric interferences without the assumption of strict mass-dependent
fractionation (Stlieken et al., 2013). This procedure allows reproducible measurement of 5
selenium isotopes, the precise determination of 4 isotopic ratios to less than 0.2%. for §’%'8Se,
57/"8Se and5®%/"8Seand 0.5%o for 5'4/"8Sg and thus accurate detection of mass-independent

fractionation on three-isotope diagrams (Sttieken et al., 2013). Moreover, natural mass-



183 independent fractionation in the sulfur and mercury isotopic systems is best expyetbeed

184 least abundant and odd-numbered masses (Farquhar et al., 2007; Gosh et al., 2008), which in the
185 case of selenium arféSe and’Se, both isotopes that are often sacrificed in double-spike

186 methodologies. Our technique has been successfully used to detect small but significant Se
187 isotopic excursions at the Archean-Proterozoic boundary (Stieken et al., 2013).

188 Our sample preparation methods, analytical protocols and interference correctt®as for
189 isotopes are described in more detail in Sttieken et al. (2013). In brief, rock powders were
190 digested with HF, HN®and HCIQ; theSewas extracted by column filtration through thiol

191 cotton fibers and further purified with aqua regia. Analyses were carried out with a hydride-
192 generator (HGX-200) coupled to a multi-collector inductively-coupled plasma mass

193 spectrometer (Nu Instruments). Instrumental mass bias was corrected by standard-sample
194 Dbracketing. Isobaric interferences, most importantly by argon dimers, arsenic hydrides and
195 germanium, were corrected post-analytically (Stiieken et al., 2013). Results are reported in
196 standard delta notation relative to NIST SRM 3149. Unless noted otherwise, we used the
197 82Se/®Se ratio:

198 382785 = [F?Sel®Se)ampid(32Sel®Sekrmaias- 1]- 1000 (Eq. 1),
199 because with our method this particular isotope pair yields the most accurate and precise
200 measurementFor conversion to 8227%Se, which has been used by other laboratories, values can
201 be multiplied by 1.54, because mass-independent fractionation is absent (see below). We
202 analyzed a total of 202 samples and &2fthose in replicates. The average precision (1o) was

203  0.10%o for 8%?"8Se and 1.6% (relative error) for Se concentrations. Our result for the

204 international reference material SGR-1, processed with the same methed,¥5as0.18%o

205 (lo,n=9), which is in good agreement with recently published values (Schilling et al., 2011b;
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Mitchell et al., 2012; Pogge von Strandmann et al., 2014). Data was statistically evaluated using
Student’s t-test and regression analysis.

Total organic C and total S were analyzed with established methods used routinely in the
UW Isolab (Schoepfer et al., 2013; Stueken, 2013) with precisions of 1% and 10%, respectively.
For TOC, powders were decarbonated with 6N HCI. S was analyzed on untreated samples.
Analyses were carried out by flash combustion with an elemental analyzer (Costech ELCS 4010
coupled to a continuous-flow isotope-ratio mass spectrometer (Finnigan MAT 253).

Statistical comparisons between binned time intervals were carriedimgiStudent’s t-
test. These methods have sufficient power to detect small but significant shifts in mean isotopic
values through time and have been used to detect secular changes in other isotopic systems (e.g.
Stieken et al., 2012). Bins for statistical tests were chosen following previously noted transitions
in sulfur (Stieken et al., 2012) and selenium cycling (Large et al., 2014) in the late Archean and
Neoproterozoic, respectively. We further tested for changes around the Paleoproterozoic Great

Oxidation Event (Bekker et al., 2004; Anbar et al., 2007; Stueken et al., 2015).

3. Results
3.1. Trendsin the modern ocean

The compilation of publishe8eisotope data from marine sediments deposited over the
last 500 kyr (Fig. 1) shows that sediments deposited from the open oxic ocean tend to have a
slightly but statistically significantly lighter isotopic compositi@f? Sewg = -0.10 + 0.2 %o,
range -0.9%o to +0.41%o) than sediments formed under anoxic water in restricted basins (+0.07
+ 0.28%0, range -0.41%o to +0.5%%o; pone-tailed< 10%). Sediments deposited in anoxic basins thus

tend to be somewhat closer in compositoseoxyanions (S&V') dissolved in the open ocean

10
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(>+0.3 %o, Rouxel et al., 2004; Mitchell et al., 2012). The isotopic composition &f Sed S&
dissolved in seawater has not yet been measured directly, but as noted by Mitchell et al. (2012),
measurements &e" adsorbed onto Fe-Mn nodul@®).32 %o, n = 1, Rouxel et al., 2004) as
well as the composition of phytoplanktor0.27 %o, n = 1, Mitchell et al., 2012) provide lower
limits. If adsorption of S¥ is associated with a fractionation of 0.1%o on average (Mitchell et al.,
2013), then dissolved Semay have a composition of around +0.4%o. Although assimilation of
SeYM! into biomass has a fractionation of 0.6%o0 (Clark and Johnson, 2010), this fractionation
may not be expressed if assimilation is quantitative in the photic zone, where Se oxyanion
concentrations are depleted (Cutter and Bruland, 1984; Cutter and Cutter, 2001). Hence the
composition of phytoplanktof-0.27%., Mitchell et al., 2012) may approximate that of
dissolved SK¥V'. But given the maximum observed fractionations during adsorption and
assimilation, dissolved Se oxyanions may be as heavy as +1%o. Se!V and S&' are probably
isotopically homogenized, becausé'Ss mostly generated through remineralization of organic
matter (Cutter and Bruland, 1984), whichedaot impartanisotopic fractionation (Johnson and
Bullen, 2004).

Today, under a fully oxic atmosphere, the inpuSeto the ocean from crustal
weathering and volcanism probably has an average composition equivalent to that of the crust at
+0.01 £ 0.49%0 (Rouxel et al., 2002), because oxidation as during weathering does not cause
isotopic fractionations (Johnson et al., 1999) and normal Se-poor soils are unfractionated relative
to crust (Schilling et al., 2011b). As meteorites show approximately the same value (+0.11 +
0.34 %o, Rouxel et al., 2002), it is unlikely that on a global scale $lésotope composition of
the upper crust has changed much throughout Earth’s history. If so, then our compilation

suggests that sediments from the modern oxic ocean are systematically depleted relative to the

11



252  crustal source whereas dissolved’8kis enriched. Sediments from anoxic basins are slightly

253 heavier than the crust, but still somewhat lighter than the presumed composition of seawater.
254

255 3.2. New data from ancient sedimentary rocks

256 All our newSeisotope data (Table Al) plot within error along the theoretical mass-

257 dependent fractionation line (Fig. 2), indicating that isobaric interferences occurring in the mass
258 spectrometer have been properly corrected. Using our analytical protocol (Stiieken et al., 2013),
259 §%275Seis analytically the second most stable ratio &ftéréSe (Fig. 2a).6%%""Se(Fig. 2b) can

260 be compromised by interferences WitpArCl) and possibly’(AsH,) that are difficult to

261 monitor and to subtract (Stiieken et al., 2013; Sttieken et al., 2015), which probably explains the
262 enhanced scatter in our measurements of this isotopicd&tiéSe (Fig. 2c) suffers from

263 interferences witd“Ge, magnified by the low abundancet8e. Occasional outliers §&74Se

264 are thus likely due to improperly corrected residé@k. So overall we do not see any evidence

265 of mass-independent fractionation (MIF)Seat any time in the rock record, in stark contrast to
266 the isotopic record of S (Farquhar et al., 2000). Photochemical reactions invi&&uwege either

267 not conducive to MIF, or volatil8ecompounds were insignificant in relative abundance. It is

268 worth noting that eukaryotic algae, plants and fungi are significant contributors of theSmajor

269 gases today, i.e. methylat8é" (e.g. Chasteen and Bentley, 2003), and hence the flux of these
270 gases may have been trivial in the earlier Precambrian prior to the oxygenation of the atmosphere
271 and the radiation of eukaryotic life.

272 Combined with publishe8eisotope data from the late Archean Mt. McRae Shale

273 (Stueken et al., 2015) and several Phanerozoic basins (Johnson and Bullen, 2004; Shore, 2010;

274 Mitchell et al., 2012; Wen et al., 2014)r results show that throughout Earth’s history (Fig. 39
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the range of mass-depend&atisotope fractionation recorded in mudrocks (%3.t +2.9%o) is
significantly smaller than the B%. measured in oxyanion reduction experiments in the
laboratory (Johnson et al., 1999; Herbel et al., 2000; Ellis et al., 2003; Johnson and Bullen,
2003), but during most time intervals it exceeds th&Onmfaximum range expected fiee-Mn-
oxide adsorption and assimilation into biomass (Johnson et al., 1999; Clark and Johnson, 2010;
Mitchell et al., 2013). As discussed above, the relatively small range in bulk sediments is
probably in part due to mixing of multipgephases recording different isotopic fractionations,
butit may also reflect a smaller magnitude in isotopic fractionation under n&eqador
conditions.

The mean of all new and published isotopic data is +0.09 £0(53= 526 while the
geometric mean of tot&e(TSe) concentratioris 1.3 +4.8/-1.0 ppm (212967 ppm). We
use the geometric mean here because of the wide TSe range over several orders of magnitude. In
the normal marine record (Table 2), isotopic ratios decrease slightly but significantly from the
mid-Archean (here 3.19-2.87 Gyr; +0.62 + 0a,/n = 23, after removing one outlier of +1%3
and 2.23 ppm TS¢o the late Archean (2.71-2.50 Gyi0.35 + 0.39%o, N = 110) (Pne-tailea= 10%)
but show no major change from the late Archean to the Proterozoic (2.49-1.10 Gyr: +0.45
0.5%%0, N = 59; pne-tailea= 0.12). The most significant changeSaisotopes occurs between the
Proterozoic and the Phanerozoic (0.54 Gyr to modern; -0.19 %0.8% 240; pre-taied= 10%°).
Although we do not have any data for samples with ages between 1.10 Gyr and 0.55 Gyr, it is
plausible that this isotopic transition coincides with the purpédedond rise of oxygéhand
the oxygenation of large parts of the deep ocean in the late Neoproterozoic (Canfield et al., 2007;

Shields-Zhou and Och, 2011; Sahoo et al., 2012). This hypothesis is supported by recent
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evidence for a marked increase in pyrite-bound Se at around 600 Myr (Large et al., 2014), which
also suggests a major reorganization in the marine Se cycle around this time.

In these compilation of normal marine Se isotopes and abundances, we excluded
Phanerozoic basins known to be restricted: the modern Cariaco Basin and Black Sea, the 180
Myr Posidonia Shale, the 380 Myr New Albany Shale (total avei%{féSe= +0.23 + 0.4%o, n
= 66) (Johnson and Bullen, 2004; Shore, 2010; Mitchell et al., 2012). These basins show
distinctively higher TS/TSe ratios (1.82 +3.19/-1.16 226 %44%/ppm], n = 37) than most
other Phanerozoic basins (0.27 +0.71/-0.20 216 %°¢[%/ppm], n = 130; ghe-taied= 104 Fig.
3c) due to higher TS concentrations. This is probably the result of locally distinct geochemical
processes under restricted euxinic conditions, justifying our decision to exclude these basins
from the normal marine record. In the Precambrian, the distinction between restricted and open
marine basins is less certain. All Precambrian basins sampled for this study have been argued to
opery exchange with the ocean, perhaps with the exception of the Belt Basin. But, as discussed
in Section 4.5, Se likely had a short residence time in the Precambrian ocean, making the
distinction between open and restricted basins unnecessary. We therefore treat all our
Precambrian data as representative of normal marine conditions, but discuss environmental
differences in more detail below.

A highly significant transition in averag®concentrations occurs between the mid-
Archean (0.17 +0.11/-0.07 ppm ="%® *%2'ppm) and the late Archean (1.45 +2.75/-0.95 ppm =
1016 £046npm; pne-ilea= 10%). Concentrations then decrease slightly from the late Archean to
the Proterozoic (0.74 +3.73/-0.62 ppm =218*%78ppm; @ne-taiea= 0.005) and increase
significantly again from the Proterozoic to the Phanerozoic (1.75 +7 42ffm = 1624072

PPM; Pne-tailed= 00006
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Marine TS/TSe ratios [%/ppm] only show relatively subtle changes through time. They
increase from 0.45 +0.58/-0.25 (=4% * %%6) pefore 2.71 Gyr to 0.78 +1.98/-0.56 (=113 £
between 2.71 Gyr and 1.1 Gyn{pried= 0.04) with no significant change between the late
Archean and the Proterozd@ne-tailed= 0.42). They then decrease significantly).17 +0.69/-

0.13 (= 1@ &%) in the PhanerozoiPone-tailed= 10%7).

A few sites further show environmental gradientS@isotopes:
¢ In themid-Archean Witwatersrand Supergroup (Fig. 4a) from South Africa (2.96-2.87 Gyr),
all samples are isotopically positiveut fluvial samples are slightly lighter (§%27%Se = +0.30 *
0.1%%60, n = 5) than proximakarine samples (5%2/78Se= +0.74 £ 0.28%o, n = 8) (P one-tailed< 0.01).
Distal marine samples are variable (6327%e = +0.63 £ 0.51%o, n = 5). In general, marine shelf
samples from the Witwatersrand Supergroup agree well with upper continental slope samples
from the Soanesville Group in Western Australia (3.2 Gyr; 8327%e = +0.64 £ 0.18%o, n = 9).
¢ In the late Archean Fortescue Group (Fig. llbVestern Australia (2.75-2.65 Gyr), we find a
significant contrast between marine environmésit€’éSe = +0.37 + 0.2%,, n = 28) and non-
marine environments (8%978Se = -0.28 + 0.6%0, N = 19)(P one-tailea< 0.001). Shallow marine
shales from the Carawine Dolom{@#?78Se = 9.32 + 0.12%o, n = 7) are on average the same as
deeper marine samples from tlerinah Formation (6%2/78Se = 9.38 + 0.30%o, n = 21) but less
variable. Both agree well with marine samples from the Ghaap Group in South Africa (2.56-2.52
Gyr; 8%278e = +0.41 + 0.33%0, N = 15.
¢ Volcanogenic massive sulfides (VMS) from the late Archean Kidd Creek Basin (2.7 Gyr;
58278Se = +0.28 + 0.240, n = 5) are statistically indistinguishable from associated marine black
shaleg58?8Se = +0.07 + 0.22, N = 5)(Pone-tailea= 0.10), but show a markedly smaller range

andalarge isotopic enrichment compared to modern hydrothermal sulfides fromdhe M
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Atlantic Ridge(6%?78Se = 0.98 + 0.81%o, n = 51, Rouxel et al., 2004) and late Devonian VMS
deposits from northwestern Cang@%’'"%Se = 1.88 + 2.33%o, n = 23, Layton-Matthews et al.,
2013).
« In the Mesoproterozoic Belt Supergroup (1.47 Gyr, Fig.ideopically light values (58%/7%Se
=-0.07 £ 0.4%., n = 7) mainly occur in offshore facigs the west, whereas onshore facies from
the eastern basin margin tend to be relatively h&f#fSe = +0.73 + 0.380, n = 8). Here, the
offshore sites are located closer to the opening of the basin towards the ocean but also closer to
the proposed major riverine inflow from the unsampled western basin margin (Ross and
Villeneuce, 2003). Deep basinal facies fromribughly coeval Roper Bin (1.36 Gyr; §22/7%Se
=+0.53 = 0.20%o, n = 7) and samples of intermediate water depth from the Taoudeni Basin (1.1
Gyr; 6%2/78e = +0.45 + 0.52%0, n = 5) are generally positive. If these sediments were deposited
distal to the most significant riverine water inflow, then all three Mesoproterozoic basins may
show relative isotopic enrichment with increasing distance from the i@apgwurce.
e Our results for coastal Atlantic samples from the Cretaceous (120 Myr) Ocean Anoxic Event |
(OAE 1) are all negative (5%2/8Se = -0.41 + 0.2, n = 8, Fig. 4f), whereas Mitchell et al. (2012)
found primarily positive value®®?"%e = +0.19 + 0.25 %o, n = 27) in deep-marine Atlantic
samples from OAE Il (93 Myr). Hence, taken together, the Atlantic Ocean may have displayed a
basinal gradient during anoxic stages.

When all normal marindata points are combined, $32/"%e is not correlated with 84S (P
=0.005), TS G=0.05), TOC (¥= 10°) or TSe (f = 0.02) and only weakly wits*Corq (> =
0.22). TSe shows moderate correlations with TS and TOC in logarithmic spadc3d and
0.50, respectively, Fig. 5), but much less so in linear spased(01 and 0.22). We hypothesize

that the logarithmic correlation is partly a result of lithology and sedimentation. eafme-
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grained black shales with low sedimentation rates tend to accumulate a larger quantity of reduced
Se(Se'" or Sé), sulfide S and organic C than siltstones or more rapidly accumulating sediments,
regardless of whether the three elements are biogeochemically related. Based on the relatively
weak correlations in linear space, we therefore concludé&#aes not strictly follow either S

or organic matter under all conditions. However, we do see moderately strong correlations
between 5%278Se and TOC in a few individual basins, in particular the Ghaap Groa®(64, n

= 15, Fig. 4e) and the Belt Supergroup<10.41, n = 15, Fig. 4d)n both cases, 5®9"%Se values
decrease with increasing TOC, but TSe is not correlated with TOC or TS. TOC data are not
available for the marine Fortescue Group. None of the other basins for which we have more than

10 data points show strong correlations.

4. Discussion
After first assessing the quality of samples analyzed in this study, we describe
conceptual model of the modern Se cycle based on our compilation of literature data. We then

use this as a platform to reconstruct the evolution of the global Se cycle through time.

4.1. Sample quality

Diagenesis, metamorphism or weathering can potentially alter primary geochemical
features in rock samples. As discussed in Section 4.2, diagenetic Se oxyanion reduction may
occur in sediments deposited under oxic conditions where the Se supply is relatively high.
Evidence for diagenetic oxyanion reduction in ancient rocks may thus be a diagnostic feature of

oxygenated conditions and is therefore not an impediment to this study. Other diagenetic
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reactions between reduced Se phases, such as exchangebeftBeen organic matter and
pyrite, should not lead to isotopic fractionations, especially within bulk rocks.

Regarding metamorphism, Large et al. (2014) showed that sulfide-botlrd Se
essentially immobile during metamorphic alteration, therefore isotopic alteration of this phase
should be trivial. Organic Sg S€ or adsorbed $&may be more sensitive to metamorphism,
but associated isotopic fractionations are unknown. Most of our samples are of sub-greenschist
metamorphic grade; only the Witwatersrand samples are greenschist grade. In the S isotope
literature, metamorphic effects are commonly ignored in these metamorphic facies, and given the
higher mass of Se relative to S, it is unlikely that Se is more mobile than S under metamorphic
conditions. We therefore believe that our results are not significantly affected by metamorphism.

Weathering has been shown to cause large Se isotopic fractionations of several permil in
a recent study of unusually Se-rich s¢8s26,000 ppm) from China (Zhu et al., 2014), where Se
was apparently oxidized and then partially re-reduced during aqueous transport. However, in Se-
poor soils (0.1-0.5 ppm) from Germany the range of fractionatasnmuch smalle¢<0.5%o,
Schilling et al., 2011b), suggesting that the large fractionations observed by Zhu et al. (2014)
may not necessarily be representative of typical weathering environments. Measurable isotopic
effects may be restricted to Se-rich settings where the Se weathering flux is unusually high, such
that partial reduction can add significantly to surrounding rocks. Se oxidation by itself does not
impart a detectable isotopic fractionation (Johnson et al., 1999). Because most of our samples are
from drill cores while any outcrop samples were relatively fresh and had their outer surfaces

removed with a rock saw, weathering probably did not have significant effects on our results.

4.2. Proposed modern Secycle
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The relatively lows®?"8Se values preserved in sediments deposited in or near open oxic
conditions(8%278Seyg =-0.10 * 0.2 %, range -0.9Q%o to +0.41%0) compared to the presumed
composition of dissolved Se oxyanions in seaw@fBf'éSe> +0.3, Section 3.1) are likely the
result of non-quantitativée’' or S€V reduction to Stor inorganicSe" under suboxic
conditions during diagenesis or in locally suboxic bottom water ([rigsttore, 2010). The
mechanism may have been either biological dissimilatory reduction or abiotic reduction. We
emphasize that ouopen oxic ocean’ category includes data from an oxygen minimum zone in
the Arabian Sea (Mitchell et al., 2012) and therefore does not exclusively represent oxic
conditions; however, all data points are from environments that are part of the open ocean and
connected to the oxic water column, i.e. they are characterized by a high Se oxyanion supply,
unlike restricted anoxic basins. Non-quantitative Se oxyanion reduction during diagenesis under
an oxic water column or in lodglsuboxic bottom water may thus explain why resid&edl and
SeV dissolved in modern oxic seawater are relatively enriched compared to averagedesust
Rouxel et al., 2002). Addition of small amounts of isotopically heavy adsorte(~$€.3%o,

Rouxel et al., 2002) or organic $e-+0.3%., Mitchell et al., 2012) to isotopically ligl8€ and
inorganic S& may explain why bulk §%2/7%Se values in open marine sediments are not as

negative as one might expect given the fairly large fractionations associated with reduction
reactions observed in laboratory simulations (Johnson et al., 1999). Sequential extraction
experiments indeed show that sediments and soils commonly contain nigtgilases with

distinct isotopic compositions (Kulp and Pratt, 2004; Schilling et al., 2014b). Sequential
extractions have so far not been carried out on open marine sediments deposited under an oxic
water column, but we would predict a mixture of isotopically light inorganit &el/or Séand

small amounts of isotopically heavy'"Sand/or organic S&
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434 In the C and S cycle, the isotopically heavy reservoirs complementary to isotopically

435 light reduced phases (organic matter and sulfide, respectively) are carbonate and sulfate minerals.
436 Inthe case 08g however, the most oxidized spec&=' does not form major mineral deposits

437 and incorporation into carbonate or sulfate minerals is probably minor (< 0.025 ppm total Se,
438 Hagiwara, 2000). Adsorbed ‘S@n FeMn-oxides may be the most significant isotopically heavy
439 reservoir today, complementary to the relatively light siliciclastic sediments from the open

440 ocean; more data are needed to test this possibility. Based on our data compilation, we propose
441 that sediments from restricted anoxic basins, which tend to be isotopically slightly heavier than
442 sediments of open oxic basins, may represent another significant complementary positive

443 repository to the isotopically lighter sediments from the global oxic ocean (Fig. 6). Under anoxic
444  conditions,Seassimilated into biomass is not recycled by oxidation, leading to low

445  concentrations of Se oxyanions in the anoxic water column (Cutter, 1982; Shore, 2010; Mitchell
446 et al., 2012). Therefore, Se oxyanion reduction is likely more quantitative than under diagenetic
447  conditions beneath an oxic water column where the concentrations of Se oxyanions are high.
448 Following Rayleigh distillation, net isotopic fractionations during reduction relative to the crustal
449 source may thus be smaller. Furthermore, compared to open oxic settings, organic Se may be
450 more abundant. Biomass may also be isotopically heavier than in the open ocean, because with
451 more quantitative oxyanion reduction, residud!®@e i.e. the substrate for assimilation into

452  biomass, may be heavier than +0.3%.. So although restricted anoxic settings do not appear to

453  fully capture the isotopic composition of marin€'8é (as is the case with Mo, Anbar, 2004),

454  they at least approach it and are distinct from open marine oxic settings where the supply of Se

455 oxyanions is higher. This means that the ma8aeycle should have evolved markedly through
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time as the global ocean evolved from an anoxic to an oxic state and the residence time of Se

oxyanions presumably increased.

4.3. Mid-Archean

Throughout the Archean, the global ocean was generally anoxic (Poulton and Canfield,
2011; Lyons et al., 2014a), but oxygenic photosynthesis may have created local oxygen oases
since at least 3.0 Gyr (Crowe et al., 2013; Planavsky et al., 2014a). Moreover, relatively high
levels of TOC in the absencefe¢or S mineralization in the 3.2 Gyr Soanesville Group have
been interpreted as potential indirect evidence of even older cyanobacterial oxygenic
photosynthetic activity (Buick, 2008). However, the low concentratioseof mid-Archean
sediments from the Soanesville Group and the Witwatersrand Supergroup suggest that there was
no significantSeflux into the ocean. It is important to note that, unhke for example Sedoes
not require HS in the water column or in pore waters to become enriched in anoxic sediments,
because it can be immobilized by reduction to solfi Bence the absence of$lalone cannot
explain low TSe concentrations in mid-Archean sediments. Instead it is more likely that
atmospheric p&©was too low fora significant oxidative weathering flux &einto the ocean
(Reinhard et al., 2013a); any @at was biologically produced at this time (Crowe et al., 2013;
Planavsky et al., 2014a) was probably rapidly consumed by reductants wetiréodx
potentials. Mid-Archean marine sediments have TSe concentrations (0.20 + 0.13 ppm, removing
one outlier of 2.2 ppm from the Parktown Formation) only slightly above that of the upper crust
(0.09 ppm, Rudnick and Gao, 2014), but they are isotopically heavier by 0.634:. @8N
that fluvial sediments from the Witwatersrand Supergroup are slightly lighter (+0.30%,0.19

Fig. 4a), it is possible that there was a small but non-trivial flux ¥f'S&rom O, oases on land
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into the anoxic ocean, and partial reduction or adsorption occurred during fluvial transport,
rendering residual dissolved'8¥ isotopically enriched. S isotope data from the Witwatersrand
Basin are also consistent with a small oxidative weathering source, because they point towards a
crustal non-atmospheric sulfate contribution (Guy et al., 2012; Guy et al., 2014). However, w
cannot rule out that the Se was instead of hydrothermal or volcanic origin and that isotopic

fractionation occurred in the deep ocean or in volcanic eruptions.

4.4. Late Archean

The marked increase in average TSe concentrations in samples of the late Archean
Fortescue Group and the Ghaap Group and in the Kidd Creek shales (Fig. 3b), concurrent with
an increase in TS concentrations (Stueken et al., 2012) (note relatively small change in TSe/TS,
Fig. 3c),canbe due to either unusually high volcanic or hydrothermal activity or the onset of
oxidativeSeweathering on land. A hydrothermal Se source can probably be ruled out because
we also find relatively high Se concentrations in the lacustrine Tumbiana Fm (Table A1), which
shows no evidence of hydrothermal activity (Buick, 1992). Moreover, the modern hydrothermal
flux of Se into the ocean (~5-AMol/yr, Rubin, 1997) is so low compared to other sources (see
below) that it would have had to increase unrealistically.

While enhanced hydrothermal input in the late Archean cannot explain the TSe increase,
we are unable to distinguish unambiguously between increasing volcanism and oxidative
weathering as Se sources at that time. Today, volcanic eruptions generafenel/yt@f Se,
including gaseous and particul&¢, SeQ and HSe (Suzuoki, 1965; Mosher and Duce, 1987;
Wen and Carignan, 2007). On the modern Earth, this volcanic flux is much smaller than the

riverine Se flux to the ocean (~6/1ol/yr). The latter was calculated assuming a river flux of
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3.7-18%/yr (Henderson and Henderson, 2009) with an average Se oxyanion load of 1.5 nM
(Conde and Alaejos, 1997). However, this number includes uncertain anthropogenic
contributions, whereas organic and particulate Se are not accounted for. It is thus probable that
enhanced volcanism in the Precambrian dominated over the weathering flux as long as oxidative
weathering was muted. Isotopic Se fractionations associated with volcanic processes are
unknown, and so we cannot rule out that unprecedented volcanic activity caused both the rise in
TSe ~2.7 Gyr and the significant isotopic contrast between non-marine and marine sediments in
the Fortescue Group (Fig. 4b). For example, one could envision a scenario where volcanogenic
SeQ dissolved in rivers proximal to the volcanic source, formings5aRyanions, which were

then isotopically fractionated by partial reduction during transport to the ocean. This would have
produced isotopically depleted Se phases in fluvio-lacustrine sediments, as observed. The
residual isotopically enricheBlewould have been carried to the ocean and deposited in marine
sediments following quantitative reduction or assimilation into marine biomass.

However, several lines of evidence support the alternative conclusion that Se oxyanions
in river water were sourced from the onset of oxidative weathering rather than volcanism in the
late Archean. First, the volcanic flux should also have been high in the mid-Archean and there is
no independent evidence for a large increase in volcanic activity throughout the late Archean.
Second, if volcanic eruptions were massive enough to increase marine Se concentrations by
almost an order of magnitude, then large amounts of Sequld have rained out directly into
the oceansoone would expect to see more negative fractionations in marine sediments. Hence
the isotopic gradient from non-marine to marine facies is more readily explained if Se oxyanions
were sourced locally in oxygen oases on land (e.g. Buick, 1992; Flannery and Walter, 2012;

Lalonde and Konhauser, 201%hird, Se concentrations peak during the ‘whiff of oxygen’ at 2.5
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525 Gyr (Anbar et al., 2007; Stueken et al., 2015), concurrently with Mo and Re, which cannot be
526 explained by volcanism. Molybdenum concentrations and isotopic fractionations (Siebert et al.,
527 2006; Wille et al., 2007; Kendall et al., 2010) as well as other geochemical proxies including
528 sulfur (Stueken et al., 2012), nitrogen (Garvin et al., 2009; Godfrey and Falkowski, 2009) and
529 organic carbon isotopes (Eigenbrode and Freeman, 2006) all support mildly or locally oxidative
530 conditions in surface environments since ~2.7 Gyr, making it plausible that also some Se was
531 oxidized on land at that time.

532 Recent evidence suggests that oxidation &f ©rCr"' may have been subdued until the
533 Neoproterozoic (Frei et al., 2009; Planavsky et al., 2014b), which may have also precluded
534 abundant production of %en the earlier Precambrian becausé' @ad CV' have similar redox

535 potentials (Brookins, 1988). However,"Skas a much lower redox potential tha{'@nd S&

536 (Brookins, 1988) and could thus have been a stable ion in lakes and rivers and the surface ocean
537 long before the Neoproterozoic.

538 New data from the early Cambrian (Wen et al., 2014) show large Se isotopic

539 fractionations under ferruginous conditions, indicative of partial oxyanion reduction in the open
540 ocean, which suggests that although Becapable of reducing SgZingaro et al., 1997), the

541 reaction is evidently too slow to cause complete reduction. THU£&dd have been produced

542 in late Archean oxygen oases proximal tepDoducing microbial mats (e.g. Buick, 1992;

543 Flannery and Walter, 2012; Lalonde and Konhauser, 2015), and carried to the ocean in anoxic
544 Fe'-dominated (Rasmussen and Buick, 1999) river systems.

545 Regardless of the whether'Sevas sourced from volcanic Se@r oxidative weathering,

546 and assuming that Se isotopic fractionations associated with volcanic gas phase reactions are

547 insignificant, the wide range #¥?"%Sevalues in the late Archean suggests that Se oxyanion
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reduction occurred at this time, because fractionations associated with adsorption or assimilation
of Se(< 0.7 %o, Johnson et al., 1999; Clark and Johnson, 2010; Mitchell et al., 2013) are too

small to explain the data. Both processes may, however, contribute to the observed scatter.

4.5. Paleo- and M esopr oter ozoic

Seisotopes and concentrations in marine mudrocks do not change markedly from the late
Archean to the Paleo- and Mesoproterozoic. We found tempsi8geenrichments up to
+2.02%o in the 2.32 Gyr Pretoria Group immediately after one of the Paleoproterozoic glaciation
events, which may be a result of the proposed Lomagundi atmospbeneidhoot between
2.35 and 2.05 Gyr (Bekker et al., 2004; Bekker and Holland, 2012; Planavsky et al., 2012;
Hardisty et al., 2014; Scott et al., 2014). Intuitively, more oxidizing conditions should lead to
more negative values, as in the modern ocean (Section 4.2). However, it is conceivable that
throughout the Precambrian a large fraction of Se dissolved in rivers was organically complexed,
more so than today (Doblin et al., 2006), due to interaction with microbial life on land. In that
case, moderately high atmosphericpring the @ overshoot could have increased the
proportion ofSeoxyanions in rivers relative to organically complega Consequently, a larger
fraction of fluvial Se could have been subject to reduction, such that the residue would have been
pushed to highr positived®?"8Sevalues. Alternatively, positive values could be explained by the
opposite effect, i.e. a smaller amount of Se oxyanions in rivers subject to a relatively larger
degree of partial reduction and hence more positive values in the residual dissolved fraction that
readed the ocean. However, in that case, large positive values G &hauld be relatively
common in the Precambrian and concentrations in marine sediments should drop, contrasting

with the observed high concentrations in the Pretoria Group. Hence the Se oxyanion flux into the
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571 ocean was probably higher in the Paleoproterozoic than in the late Archean. Té&/High

572 values at 2.32 Gyr may thus be an enhanced version of those recordedhadusiigft of

573 oxygen’ around 2.5 Gyr (Anbar et al., 2007; Stueken et al., 2015).

574 Cr isotope data suggest that in the Paleo- and Mesoproterozoic the atmosphere was still
575 not oxidizing enough for the production of abundat (Frei et al., 2009; Planavsky et al.,

576 2014b). If so, then Se oxyanions in rivers were probably still dominatedhy-Hgsvever, initial

577 reports ofSeisotopes in S¥ adsorbed to BIF of Paleoproterozoic age show very negative values
578 (Schilling et al., 2014a), consistent with non-quantitative reduction'6t&&¢’ in seawater on

579 the outer shelf and suggesting that the surface ocean was perhaps locally more oxic than non-
580 marine environments, such that’'Seas stable. But this situation still contrasts with the modern
581 ocean where marine 8éds derived from organi&e' oxidation rather than Sereduction

582 (Cutter and Bruland, 1984). Hence the BIF data may be further evidence for a strong chemocline
583  within the Paleoproterozoic water column. Isotopically light peobably adsorbed to Fe-oxide
584 particles in the photic zone and subsequently settled on the seafloor. Kerogenous shales, as
585 analyzed in this study, could have preserved the composition of the residual h€awy Se

586 quantitative reduction below the chemocline.

587 Late Paleoproterozoic and MesoproteroZédata from the Animikie Basin, the Pine

588 Creek Inlier, the Roper Basin, the Belt Basin and the Taoudeni Basin do not show any

589 enrichments above +2a (Fig. 3) and are generally similar to the late Archean. However, data
590 along a basinal profile in the Belt Basin, where we found more ne@éti8&ecloser to the

591 major river inflow and positive values along the restricted basin margin (Fig. 4c), suggest that
592 mostSeYMV' reduction may have occurred in the ocean rather than in rivers. As surface

593 environments became more oxidizing from the late Archean to the Proterozoic (Lyons et al.,
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594 2014a), partial S&V' reduction may thus have moved further towards the ocean. While

595 oxidative weathering in the late Archean (if it occurred) was perhaps restricted to oxygen oases
596 (Lalonde and Konhauser, 2015), it may have been more widespread in the Proterozoic, even if
597 the redox potentiadtthose weathering sites did not increase markedly (Planavsky et al., 2014Db).
598 However,Seoxyanions were probably not as well-mixed throughout the water column as they
599 are today and were perhaps more rapidly consumed on a regional scale. As in the Archean, the
600 total range 06%278Sevalues in the Proterozoic is too large to be explained by adsorption or

601 assimilation alone, but these processes may contribute to the observed scatter in the data.

602

603 4.6. Phanerozoic

604 For large parts of the Phanerozoic, the maBieeycle was probably similar to that of

605 today (Section 4.2), as indicated by the more frequent occurrenegative 5827%Se values in

606 marine sediments from various localities and an average differencé4%-0ompared to

607 Proterozoic. We note that also Phanerozoic hydrothermal deposits (Rouxel et al., 2004; Layton-
608 Matthews et al., 2013) are isotopically lighter than Archean counterparts from the Kidd Creek by
609 more than 1%, suggesting that the supply of Se oxyanions from oxic seawater to hydrothermal
610 systems increased. HenBeoxyanions were probably more abundant throughout the water

611 column, except in restricted anoxic basins. The drop in TS/TSe ratios by a factor of 4.6 (Fig. 3c)
612 in open marine sediments suggests an increase in th&&dhak into the ocean, possibly as a

613 result of increasing redox potential at weathering sites (Planavsky et al., 2014b) leading to the
614 production of S¥ rather than S¢é as in the earlier Precambrian (Sections 4.4, 4.5). Oxygenation
615 of the deep ocean in the Neoproterozoic (Canfield et al., 2007; Johnston et al., 2012; Sahoo et al.

616 2012) would further have initiated seafloor weathering as an additional Se oxyanion source.
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During anoxic events, such as in the Cretaceouseiogcle probably reverted to its
Precambrian state, as shown by the gradient between neifati¥®e values from coastal
samples during OAE-I and positi$é?’éSe values from deep marine samples during MAE-
(Mitchell et al., 2012), assuming Se sources were comparable dursegtients.

Large et al. (2014) recently reported a significant increaSe cbncentration in
sedimentary pyrite crystals across the Precambrian-Cambrian boundary, which is not as strongly
reflected in our data from bulk sediments. It is conceivable that the difference between the two
datasets is evidence for a change in Se speciation rather than total supply. In the Precambrian,
most sedimentar§ewas probably organic-bound, whereas in the Phanerozoic the greater
abundance dbeoxyanions in an oxic water column may have allowed for more dissimilatory
reduction and incorporation of inorganic'Siato sulfide minerals. If so, then the contrast
between our whole-rock abundance data and that of the pyrite isolates presented by Large et al.

(2014) is perhaps further evidence for widespread ocean oxygenation in the Neoproterozoic.

Conclusions
Our data support several conclusions about the evolution of the Earth’s redox state and
the global biogeochemic&lecycle:

1. Concurrently rising Archean TS and TSe between 2.8 Gyr and 2.7 Gyr and the significant
isotopic contrast between marine and non-marine samples in the late Archean are
consistent with an early onset of oxidateweathering in locally oxygenated terrestrial
habitats long before the global rise of atmospheriglp@els during the Paleoproterozoic
GOE However, we cannot disprove the possibility that both features were caused by

volcanic Se production as long as isotopic fractionations and Se abundances associated
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3.

with volcanic eruptions are poorly known. In either c&=, was probably more

abundant than Sk given the inferred low abundance ot'QiFrei et al., 2009;

Planavsky et al., 2014b), which has a similar redox potential‘agBBeokins, 1988)Se
oxyanions produced during weathering were partially reduced during fluvial transport to

the ocean.

. The GOE itself (~2.4-2.3 Gyr) (Bekker et al., 2004) did not leave a marked imprint on the

Seisotopc or abundance record, except for perhaps a small enrichm&#t'#e during

the proposed gbvershoot between 2.35 Gyr and 2.05 Gyr (Bekker and Holland, 2012;
Planavsky et al., 2012; Hardisty et al., 2014; Scott et al., 2014). This may be because
organic complexation ddeduring fluvial transport and in the ocean likely reduced the
maximum observed fractionation in sediments.

A relatively greater abundance $€oxyanions may have reached the ocean in the
Proterozoic compared to the Archean, but reduction probably occurred along the
chemocline, perhaps in the vicinity of river deltas. However, our lack of data from truly
open marine settings, i.e. outside of epicontinental basins, makes it impossible to assess
how Sebehaved in the oligotrophic ocean. If significant portions of the deep ocean were
oxic (Reinhard et al., 2013b; Ader et al., 2014), then partli4l’Seeduction and isotopic
fractionation could also have occurred offshore, similar to today.

The most notable transition in the Se isotopic record occurred at some time between the
Mesoproterozoic and the mid-Paleozoic, wh#Y5Se values shifted from dominantly
positive to frequently negative. The transition between the Proterozoic and rSedern
cycle probably occurred during the oxygenation of the deep ocean in the Neoproterozoic

(Canfield et al., 2007; Johnston et al., 2012; Sahoo et al., 2012). WHil@&eperhaps
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the dominant Se oxyanion in the earlier Precambrian, increasing atmospheric oxygen
levels in the Neoproterozoic (Planavsky et al., 2014b) may have stabiliYed Se

5. In the modern ocean, sediments from localities that are well-connected to the open oxic
ocean are on average isotopically depleted relative to the crustal source and dissolved
marineSeYV'. Sediments from restricted anoxic basins are also lighter than dissolved
SeVV!| but slightly heavier than the @tiand also heavier than open marine sediments.
Restricted anoxic basins may thus represent a complimentary Se isotopic reservoir to the
open ocean, similar to the Mo cycle (Anbar, 2004) (Fig. 6).

6. At no time during Earth’s history do any of the isotopes of Seshow mass-independent
fractionation, unlike the geochemically similar element S. Either photochemical reactions
involving Sewere not conducive to MIF, or volatif&e compounds were insignificant

and/or too short-lived prior to the evolution of complex eukaryotic life.

In summary, bullSeisotope ratios in mudrocks are consistent with the generally
acceptediiew of Earth’s redox evolution (Lyons et al., 2014b), but they have somewhat limited
utility as a paleoredox proxy for two main reasons. First, whole rock analyses are likely to
represent mixtures of heterogene&aphases, and in many siliciclastic samples, orgaaltis
probably always one of the major phases. If org&eit captures the composition of seawater
(Section 4.2), then it will mask any negative fractionations carried by inorgatiorSe&.
Measured isotopic fractionations in whole-rocks are therefore relatively muted, in some cases
making it more difficult to unambiguously distinguish between oxyanion reduction and
adsorption or assimilation as the major fractionating mechanism. S&misdiopes appear to

have been fractionated during transport to the ocean or along ocean rfiargios of Earth’s
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history, except perhaps in the Phanerozoic when the total average of 8A&fie values is

close to average crust, indicating quantitative transfer between reservoirs. Without spatial
resolution it will thus be impossible to know the composition of Se entering a specific ocean

basin. Hence, results from a single site cannot readily be extrapolated to the global ocean.
However, detailed stratigraphic studies or large datasets, such as the one presented in this paper,
have the potential to reveal trends. Indeed, the most notable trend in our Se isotopic data lends

further support to the idea of deep ocean oxygenation in the Neoproterozoic.
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Table 1: Major stratigraphic unitanalyzed in this studYJncertainties are reported as lc.

. . Age . 5%2/78se log(TSe) log(S/Se)
Unit Location [Gyr] Setting n [%o] [ppm] [%/ppm]
Soanesville Gp. Australia 3.19 upper slope, open marine 9 +0.64+0.18 -0.89+0.10 -0.55+0.14
2.94-2.92 fluvial 5 +030+0.19 -0.59+0.22 +0.10+0.37
Witwatersrand Spgp. S. Africa 2.96-2.87 proximal marine, possibly restricted epeiric sea 8 +0.74+0.28 -0.66+0.26 -0.22 +0.45
2.96-2.94 distal marine, epeiric sea, open to the ocean 5 +0.63+0.51 -0.46+0.49 -0.34 £ 0.45
Pongola Spgp. S. Africa 2.90 epeiric sea connected to the ocean, possibly restricted 2 +041+044 -0.76+0.09 +0.05+0.04
. . open marine shelf 5 +0.07+0.22 +0.55+0.35
Kidd Creek deposit Canada 2.71 volcanogenic massive sulfide deposit (VMS) 5 +0.28+0.24 +2.73+0.78
2.78-2.72 fluvio-lacustrine 19 -0.28+0.67 +0.07+0.58 -0.78 +0.67
Fortescue Gp. Australia 2.65 open marine shelf, onshore 7 +0.32+0.12 -0.23+0.21
2.65 open marine shelf, offshore 21 +0.38+0.30 -0.02+0.40 +0.27 £0.14
Ghaap Gp. S. Africa 2.56-2.52 open marine shelf 15 +0.41+0.33 +0.23+0.51 -0.08+0.63
Hamersley Gp. Australia 2.49 open marine shelf 3 +0.46+0.66 +0.16+0.47
Pretoria Gp. S. Africa 2.32 epeiric sea, open to the ocean 8 +1.13+0.56 +0.43+0.78 -0.33+0.51
Namoona Gp. Australia 1.9 intracontinental rift basin, possibly restricted 8 -0.07+0.13 +0.47 £0.68 -0.07 £0.13
Animikie Gp. Canada 1.87-1.84 epeiric sea, open to the ocean 13  +0.40x0.46 -0.28+£0.44  +0.23+0.42
Belt Spep. USA 1.47 ?ntracontinental r?ft basin, possibly restr?cted, onshore 8 +0.73+0.33 -1.09 +0.34 -0.34 £ 0.49
intracontinental rift basin, possibly restricted, offshore 7 -0.07 £0.43 -0.75+0.39 -0.49 £ 0.62
Roper Gp. Australia 1.36 epeiric sea, open to the ocean, offshore 7 +0.53+0.20 -0.13+0.71 -0.01+0.14
El Mreiti Gp. Mauritania 1.10 epeiric sea, open to the ocean, intermediate depth 5 +0.45+0.52 +0.58+0.69 -0.14+0.70
Stephen Fm. Canada 0.54 open marine shelf, submarine fan 1 +0.96 -1.11 +0.23
Woodbend Gp. Canada 0.36 epeiric sea, open to the ocean 5 +0.04 £0.47 -0.27 £ 0.86 +0.21 £ 0.46
Wocklum Limestone Germany 0.34 epeiric sea, open to the ocean 2 -0.72 £0.28 -1.46£0.14
Phosphoria Fm. USA 0.26 epeiric sea, open to the ocean 3  +0.01+0.74 -0.66 £ 0.23
Peril/Sandilands Fm. Canada 0.20 open marine shelf 12 +0.23+0.34 +0.64 £0.45 -0.79+£0.48
Fidalgo Complex USA 0.16 deep open basin, turbidite ( preserved as ophiolite) 1 -0.29 -0.36 -0.50
Morrison Fm. USA 0.15 interior seaway, possibly restricted 1 -1.20 -1.05
North Atlantic Portugal 0.12 open marine margin, submarine fan 8 -0.41£0.23 +0.01£0.26 -0.58 £ 0.30
Nanaimo Gp. USA 0.08 open marine shelf, turbidite 1 +0.43 -0.31 -0.63
Mowry/Eagle/Cody Fm. USA 0.10-0.07 interior seaway, possibly restricted 4  -0.44 £0.65 -0.53+0.22 -1.20+0.13
Hell Creek/Tullock Fm. USA 0.065 fluvio-lacustrine 4  +0.25+0.57 -0.06 +0.36
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704 Table2: Long-term averages of individual data points from open marine basins.

582/78Se [%o] TSe [ppm] s/Se [wt%/ppMP
g"::‘zrcghfg;‘r) +0.62 £ 0.27 107076 £0.21 10031+ 0.35706
late Archean

+035 1039 100.16 +0.46 10-0.12 +0.59
(2.71-2.50Gyr) 707
Proterozoic

+045 i055 10-0.13 +0.78 10-0.10 +0.48
(2.49-1.10Gyr) Zn9
(Pohgzzryorztzicrnodern) -0.19 +0.59 100.24 +0.72 10-0.78 +0.71
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Figure captions

Figure 1: Seisotopes in open and restricted marine basins over the last 500 kyr. The
compositions of the crust and the lower limit for the composition of seawdf&t See shown

for reference (dashed black lines). Open marine sediments (n = 96) are systematically depleted
where as restricted basins (n = 37) tend to preserve the compositidH'6f B@bably due to

more quantitative reduction. See text for references.

Figure 2: Mass-dependent fractionationSeisotopes. a6%?"®Seversuss®?78se b: 5827'Se
versusd®?78se c: §87*Seversuss®?78se One outlier withs’@74Se=-13. %o is not shown.
Residual interferences are the most likely explanation for outliers in panels b and c. We therefore

conclude that all four isotope pairs display mass-depeiderionation. Error bars are 1c.

Figure 3: Whole-rockSeisotopega), abundanceg), and TS/TSe ratios (rin mudrocks
through time. Horizontal lines mark the tbi@arine average (solid) + 1o (dashed) of new and

published data.

Figure 4: Sein selected basins. a: Witwatersrand Supergroup; b: Fortescue Group; ¢ and d: Belt

Supergroup; e: Ghaap Group; f: Cretaceous Atlantic Ocean, where data from OAE-II are from

Mitchell et al.(2012)Error bars are 1o.
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Figure5: Total selenium (TSe) versus total sulfur (TS) and total organic carbon (TOC).
Correlations are significant in logarithmic scale (panels a and b) but not in linear scale (panel c

and d).

Figure 6: Proposed modern marine Se cycle. § = $%2/78Se. Sources to the ocean include
continental and seafloor weathering, volcanic emissions and hydrothermal fluids with isotopic
compositions probably similar to that of the cr@toxyanions (Se@’, where x = 3 for S¥ or

4 for S&'") sourced from weathering may be reduced non-quantitatively’tor §®rganic Sé

(FeSe) during diagenesis, leading to negaif¥é®Se values in sediments under an oxic water
column. These negative values may be diluted with isotopically positive orgahior Sz

adsorbed té-eMn-oxides FeMn-SeQ). Reduction and/or assimilation into biomass are
guantitative in restricted anoxic basins. Emissions of dimethyl selenide (DMSe) have apparently

been negligible over geologic timescales. See text for references.
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