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ABSTRACT

Redox reactions greatly influence metal and metalloid mobility, as different oxidation
states can exhibit diverse geochemical behavior controlling solubility and adsorption affinity.
Elucidating these processes is important in a wide range of geochemical applications, such as
contaminant mobility, resource extraction, or the oxygenation of early Earth. Stable isotopic
fractionation of redox-sensitive elements can be used as a means to identify redox reactions
taking place. For example, selenium (Se) isotopes track reductive immobilization of the
contaminant Se in groundwater or surface waters. Other isotope systems, like that of tellurium
(Te) and antimony (Sb) have yet to be explored in depth and could provide information about
biogeochemical processes that control their mobility in modern and ancient environments.

The work presented here seeks to improve our understanding of the isotope systematics
of Te, Sb, and Se. I examined the potential of Te isotopes as a proxy of atmospheric oxygenation
by creating a novel method to measure 8'*°Te in a suite of paleosols and near-shore sediments
ranging from 3.0 Ga to the Cenozoic. The results suggest that Te isotopes may track the initiation
of global Te redox cycling triggered by O, levels at the Great Oxidation Event. For the
oxyanions of the toxic metalloids, Sb and Te, one of the largest immobilizing processes is
adsorption. Given the importance of this pathway, potential isotope effects induced by adsorption
should be studied, as significant contribution from this fractionating process can complicate
interpretations of redox-driven isotopic fractionation. I set up several experiments to examine the
isotopic fractionation during adsorption of Sb and Te to goethite and illite at pH 6 and 8. The
results indicate that isotope effects produced by adsorption are necessary to consider when using
the Sb or Te isotope systems to track reduction reactions. Similarly, the isotope fractionation

during Se(VI) or Se(IV) reduction may be complicated by other fractionating processes. For
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example, the oxidative dissolution of reduced Se-bearing phases has been assumed to produce
minor isotopic fractionation but has not been studied in depth. I conducted oxidation experiments
with selenide-bearing minerals, which revealed the presence of a persistent positive isotopic
offset between the oxidized Se(VI) fraction and the mineral. This result has major implications in
interpretation ofifer Se isotopic fractionation during reduction, especially in environments with
fluctuating redox conditions. Taken together, the results of these studies advance the use of Te,

Sb, and Se isotope systems as proxies of elemental mobility.
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CHAPTER 1: INTRODUCTION

1.1 Significance

Redox reactions govern the mobility and concentration of contaminants (e.g. Cr, U, As),
economically valuable metal(loids) (e.g. Cu, Te, Sb), and elements considered essential for
animal and human life (e.g. N, P, S, Se), as oxidation states of these redox-sensitive elements
generally display distinct geochemical behavior. For example, reduced Cr(III) is highly insoluble
and less bioavailable than the carcinogenic Cr(VI) species (Losi et al., 1994). Therefore, the
identification and quantification of the reactions that reduce or oxidize Cr, in this instance, are
essential to minimizing the fate and transport of this contaminant. This is often not possible in a
groundwater aquifer, as multiple reactions or physical processes in addition to reduction may be
responsible for decreasing Cr(VI) concentrations. Stable isotopic fractionation of multivalent
elements can track the presence and magnitude of specific redox reactions (e.g. Jemison et al.
(2018); Schilling et al. (2015); Berna et al. (2010))

The applications of stable isotopic fractionation to biogeochemistry focused mainly on
“traditional” H, C, N, O, and S isotopic fractionation until the 1990s. Decades of work measuring
traditional isotope systems by gas source mass spectrometry produced a strong foundational
knowledge of stable isotope geochemistry (see Valley (2001) and references therein). Isotopic
fractionation of isotope systems other than H, C, N, O, and S, meanwhile, was largely theoretical
until multi-collector inductively coupled plasma mass spectrometry (MC-ICP-MS) (Anbar and
Rouxel, 2007). Measurements of these isotope systems were largely limited by the ability to
ionize elements of interest and to correct for instrumental mass fractionation. The advent of MC-

ICP-MS addressed both of these issues. The introduction of sample into Ar plasma allowed



elements with high ionization potentials to be ionized more efficiently (Colodner et al., 1994). In
addition, instrumental mass fractionation, while large, is mostly constant over time and can be
corrected for (Teng, 2017). In addition, a magnetic sector mass analyzer allows for multiple
beams to be detected by different collectors simultaneously.

Since this advancement, geochemists have used a wide range of new isotope systems to
study diverse topics in earth science, such as early earth formation and solar system formation
(Teng et al., 2019), the evolution of life (Lyons et al., 2014; Robbins et al., 2016), climate
change and paleoceanography (Anbar and Rouxel, 2007), mantle-crust evolution (e.g. Huang et
al. (2010)), the formation of new mineral phases (e.g. Fernandez et al. (2019)), and contaminant
studies (Bopp et al., 2010; Wiederhold, 2015). As a result, the majority of elements with multiple
stable isotopes in the Periodic Table have been measured. However, many have not been
explored in depth. The following work examines the isotopic fractionation of three such isotope
systems: tellurium (Te), antimony (Sb), and selenium (Se) for applications of understanding
elemental mobility in modern and ancient environments.

1.2 Notation

For any element, isotopic fractionation is measured as variation in the ratio (R) of the
heavy to light isotope. This is expressed using delta (8) notation where Rgampie 1S normalized to R
of a universal standard.

0 = [Raample/Rstandard — 1] ¥1000%o0 (1.1)
The magnitude and direction of fractionation for any reaction is expressed as a fractionation
factor o, which is defined as the ratio of Rinstantancous Product) r€lative to the Rreactant). This can also

be written as €, or € = (a-1) *1000%o.



1.3 Background
1.3.1 Tellurium

Tellurium is a rare metalloid (crustal abundance: ~1 pg kg-') of increasing economic
value (Hu and Gao, 2008; Zweibel, 2010). Tellurium is both acutely toxic and teratogenic, but
little is known about chronic exposure to low levels of Te (Perez-D'Gregorio et al., 1988b;
Yarema and Curry, 2005). Higher demand for Te is coupled to its use in CdTe solar panels, and
to a lesser extent, batteries, thermoelectric devices, and nanotechnology (Zweibel, 2010). Due to
the growth in the solar industry, the U.S. Department of Energy deemed it an economically
critical metal in 2016 (Goldfarb, 2015b). However, increased Te extraction has resulted in more
instances of mining and refining-related contamination (Hayes and Ramos, 2019; Perkins, 2011;
Wiklund et al., 2018). Understanding the biogeochemical reactions governing Te mobility is
important for both improving resource extraction and mitigating the contamination of this
metalloid.

Relatively little is known about Te geochemistry. Tellurium exists in four oxidation
states, -1I, 0, IV, and VI. The two lower valences, Te(0) and Te(-1I), tend to be the most
insoluble. Reduced tellurides form mineral phases with Ag, Cu, and Pb in sulfide-rich magmatic
and hydrothermal ore deposits (Missen et al., 2020; Watterson et al., 1977). In the oxidized
states, Te(IV) and Te(VI) are soluble oxyanions. Both oxyanions, though, show high adsorption
affinity to Mn- and Fe-(oxy)hydroxides (Hein et al., 2003b; Kashiwabara et al., 2014b) and, to a
lesser extent, clay minerals (Qin et al., 2017). Due to heavy scavenging of Te by solid surfaces in
groundwater, surface waters, and the ocean, dissolved Te concentrations are low (< 1 ng L")
(Filella et al., 2019; Lee and Edmond, 1985). As a result, Fe-rich soils and marine sediments,

especially ferromanganese crusts, are enriched relative to the crustal abundance of Te



(Kashiwabara et al., 2014b; Schirmer et al., 2014). Unlike its fellow chalcogen, Se, Te has no
known biological role and causes oxidative stress. Tellurium redox reactions, however, can be
microbially-mediated. Dissimilatory reduction of Te by a variety of microorganisms of Te(VI) to
Te(IV) and Te(IV) to Te(0) nanoparticles or volatile methylated species occurs through a
detoxification mechanism (Baesman et al., 2007; Ollivier et al., 2011; Ramos-Ruiz et al., 2016).
In addition, a few examples of anaerobic microbial respiration with Te(VI) and Te(IV) as
terminal electron acceptors have been reported (Baesman et al., 2007; Csotonyi et al., 2006).

Tellurium has eight stable isotopes (lone, 1221¢ 123T¢, 124Te, 125Te, 1%Te, ' Te, and
30T¢). Study of Te isotopic fractionation is still in its infancy. The first examination of Te
isotopic fractionation by Smithers and Krouse (1968) theoretically calculated equilibrium isotope
partitioning equivalent to a 5% difference between the 8'°°Te/'**Te of Te(VI) and Te(-II). In the
same study, experimentally observed mass-dependent isotopic fractionation during reduction of
Te(VI) by sulfite produced a £"*'**Te of -3.2%o. Baesman et al. (2007) found a similar
fractionation of -1.6 to 3.2%o during the reduction of Te(VI) and Te(IV) to Te(0) by acetate-fed
cultures, Bacillus selenitireducens and Sulfurospirillum barnesii. Until recently, no studies
examining Te isotopic fractionation in natural samples existed. Recent work by Fornadel et al.
(2017), Fukami et al. (2018) and Fehr et al. (2018), though, show significant mass-dependent
isotope variations in ore deposits, meteorites, igneous rocks, and marine sediments. However, no
examinations of Te isotopic fractionation in soils of modern or ancient environments have been
conducted.
1.3.2 Antimony

Antimony is a much more common metalloid (upper crustal abundance ~300 pg kg™)

than Te and is of greater environmental concern (Hu and Gao, 2008; Tanner and Ehmann, 1967).



Higher levels of Sb ingestion can result in acute toxicity (9 mg L' Sb in water), and long-term
exposure to Sb is correlated to higher prevalence of cancer and heart disease (Cooper and
Harrison, 2009; Guo et al., 2016). Numerous consumer products contain non-trivial amounts of
Sb, including polyethylene terephthalate (PET) plastic bottles (Westerhoff et al., 2008), brake
pads (von Uexkiill et al., 2005), and lead alloys (Okkenhaug et al., 2013). Leaching experiments
of water bottles, and measurements of Sb concentrations next to highly trafficked roadways show
significant elevation of this metalloid, indicating that Sb is released from these commonplace
items.

Antimony exists in two oxidation states, Sb(III) and Sb(V), in low-temperature
environments. Similar to Te, the reduced species is less soluble, forming a variety of Sb(III)-
oxide minerals when sulfide is absent, and stibnite (Sb,S;) when sulfide is present (Filella and
May, 2005; Filella et al., 2009; Olsen et al., 2018). However, at low concentrations, Sb(III) can
form soluble Sb(OH); and aqueous sulfide complexes, as observed in geothermal waters (Wilson
et al., 2012). In addition to abiotic reduction by sulfide, microbial reduction and oxidation of Sb
are ubiquitous geochemical reactions (Abin and Hollibaugh, 2014; Kulp et al., 2014). Both of
these reactions are thought to involve biological pathways similar to As reduction or oxidation
and have occurred in strains isolated in low Sb environments (Li et al., 2016).

As production of Sb is now dominantly driven by China, Sb mines in the US, Canada,
and Australasia are presently inactive (Seal et al., 2017). The legacy contamination at Sb and
gold mining operations, where Sb is a co-contaminant, has become the focus of many studies
(Ashley et al., 2007; Cidu et al., 2014; Wang et al., 2011; Wilson et al., 2004). Investigations
examining weathering of Sb-bearing mine tailings show that the immobilization of Sb(OH)s is

controlled by adsorption to Fe-(oxy)hydroxides and clays (Wilson et al., 2012). In addition,



remineralization of Sb(V) in Fe-(oxy)hydroxides (Burton et al., 2020) and formation of
tripuyhite (FeSbO,4) has been suggested to be an important attenuating process of Sb(V)
(Leverett et al., 2012). Sb(III) also has a high adsorption affinity to Fe-(oxy)hydroxides (Leuz et
al., 2006). In oxic environments, Sb(OH)3(.q) oxidation is catalyzed by adsorption to ferric oxides
(Leuz et al., 2006).

Antimony has two stable isotopes '*'Sb and '*’Sb, which exist in roughly equal
proportions. The ratio of these two isotopes has been shown to vary in stibnite minerals (~1.5%o),
mine-impacted river water (~1.0%o), and deep-sea sediments (~0.6%o) (Resongles et al., 2015;
Rouxel et al., 2003). However, the interpretation of this data lacks a foundation, as only two
studies thus far have conducted laboratory studies to examine the “isotope systematics” of Sb.
Rouxel et al. (2003) found that reduction of Sb(V) by potassium iodide produced a -0.9%o
difference between the instantaneous product and reactant. Reduction of Sb(V) by sulfide in an
acidic medium also produced a similar magnitude fractionation of -1.4%o (Mackinney, 2016). In
order to be able to use Sb isotopes to interpret biogeochemical cycling, laboratory experiments
examining other environmentally relevant processes like biological reduction, oxidation, and
adsorption should be conducted.

1.3.3 Selenium

Selenium (Se) is a micronutrient, but it is toxic at moderate levels to humans and animals.
Insufficient intake of Se can cause Keshan disease, a weakening of the cardiovascular system
(Loscalzo, 2014), while high levels of Se leads to multiple-organ failure caused by selenosis
(Sutter et al., 2008). Se intake is related to the geological distribution of Se in waters and soils. In
the United States, the weathering of seleniferous marine shales contributes to Se-enriched

sediments (e.g. Presser and Swain (1990)). Therefore, the US Environmental Protection Agency



has established a maximum contaminant level of 50 ng g™ Se in drinking water (EPA, 2018). In
the late 1980s, the ecological impact of high levels of selenium concentrated by irrigation canals
became apparent at the Kesterson River National Wildlife Refuge (CA). Bioaccumulation of Se
resulted in deformed embryos of waterfowl enriched with mg kg™ levels of Se (Ohlendorf et al.,
1990). Other examples of Se anthropogenic contamination include leaching of Se-rich
overburden in waste rock piles and impoundments with coal combustion residuals (Brandt et al.,
2019; Mebane et al., 2014). In these instances, redox processes primarily control the release and
fate of this element.

In the more oxidized forms, Se(VI) and Se(IV) occur as soluble oxyanions, SeO4”,
SeOs> and HSeOs". Se(IV) adsorbs readily to Fe and Mn-(oxy)hydroxides and clays, making it
more particle-reactive than Se(VI) (Balistrieri and Chao, 1990; Peak, 2006; Peak and Sparks,
2002). Meanwhile, the reduced oxidation states, Se(0) and Se(-1I), exist in largely insoluble
phases in low-temperature settings. This paradigm is complicated by biological assimilation of
Se(IV) and transformation of Se to organo-selenides, which can make up a large percentage of
Se present in more reducing settings (Clark and Johnson, 2010; Schilling et al., 2015). Se
oxyanions can also serve as terminal electron acceptors and undergo dissimilatory reduction to
Se(0) or methylated compounds. This often occurs through pathways that also reduce nitrate,
nitrite, and sulfate (Hockin and Gadd, 2006; Sabaty et al., 2001). Microbial oxidation of Se(0) is
soils is also active, but occurs at much slower rates than reduction (Dowdle and Oremland,
1998).

Selenium isotopic fractionation has been employed to monitor Se biogeochemical
transformations in groundwaters and surface waters (Basu et al., 2016; Clark and Johnson, 2010;

Zhu et al., 2014). In addition, Se isotopes have been used to track predominantly immobilizing



processes (i.e. adsorption and reduction) in marine settings as a proxy of atmospheric and marine
oxygenation (Stiieken et al., 2015). The framework used to interpret Se isotopic shifts in field
settings is based on laboratory studies of isotopic fractionation during naturally relevant
reactions. Abiotic reduction of Se(VI) to Se(IV) and Se(IV) to Se(0) by green rust and iron
sulfides produce a maximum £**Se/’®Se up to -11%o and -10%, respectively (Johnson and
Bullen, 2003; Mitchell et al., 2013). Biological reduction of Se oxyanions also induces a variable
range of -1.7 to -11.8%o for Se(VI) and -1.7 to -7.8%o for Se(IV) depending on the conditions and
reduction rate (Ellis et al., 2003; Herbel et al., 2000; Schilling et al., 2020; Schilling et al., 2011).
Isotopic fractionation during assimilatory reduction, meanwhile, is very small (Mitchell et al.,
2012). While considerably less than reduction, isotopic fractionation is induced by adsorption of
Se(IV) as well (Xu et al., 2020). Two very brief studies, of Se(0) oxidation in soils and Se(I'V)
oxidation by H,O,, showed little isotopic fractionation (Johnson, 2004; Johnson et al., 1999).
However, the former instance is complicated by competing isotope effects of adsorption and
reduction. The second example is arguably not environmentally relevant, as the experiment was
conducted in a solution of 1.0 M NaOH with 3% H,0O,. Significant isotope effects during
oxidation could have major implications for use of the Se proxy as an indicator of marine redox
conditions and tracing Se biogeochemical transformations during oxidative dissolution of Se-
bearing shales.
1.4 Research Goals

The work presented here seeks to expand our current knowledge of Te, Sb, and Se
isotope geochemistry for applications of tracing redox processes in modern and ancient settings.

There is considerable interest in using the Te and Sb stable isotope systems to better

understand processes that concentrate these elements for economic or contaminant studies.



However, the development of MC-ICP-MS methods sensitive enough to measure average crustal
concentrations of these metalloids is necessary. Chapters 2 and 3 present methods to measure
isotope ratios using naturally-relevant concentrations of Te and Sb. These include a novel
procedure for measurements of Te isotopes by MC-ICP-MS and development of new
purification techniques for Te and Sb isotope measurements in waters and sediments. In Chapter
5, I apply the Te isotope measurements to examining Te redox cycling under variable
atmospheric O, concentrations in Precambrian sediments.

In addition, the utility of isotope measurements in any modern or ancient setting depends
on the ability to disentangle possibly multiple isotope-fractionating reactions. Well-constrained
laboratory studies examining the magnitude of isotopic fractionation induced by
environmentally-relevant reactions are essential to successfully interpret these isotopic
variations. Chapters 3 and 4 focus on two previously overlooked but important fractionating
reactions: adsorption of Sb and Te to goethite and illite and the oxidative dissolution of Se-
bearing minerals.

1.5 Overview of chapters

Chapter 2 focuses on methods developed for making isotope measurements of small
masses of Te in sediments. The development of Te isotope geochemistry in low-temperature
environments has been hindered analytically by low crustal abundances of Te. Here, I present a
method for making sensitive and precise measurements by hydride generation MC-ICP-MS. This
technique can be used to measure Te mass-dependent isotope variations in sediments and waters.
This study is published in the Journal of Analytical and Atomic Spectroscopy.

In Chapter 3, I examine the isotopic fractionation during adsorption of Sb and Te.

Because Sb and Te both adsorb readily to Fe-oxides, Mn-oxides, and clays, isotopic fractionation



induced by this process could become compounded with redox-driven isotopic shifts. I
determined the magnitude of Te and Sb isotopic fractionation at equilibrium, and during transient
phases prior to equilibrium being attained, for Te(IV), Te(VI), Sb(IIl) and Sb(V) adsorption to
goethite and illite. The findings of this study can be applied to the interpretation of Sb and Te in
oxic environments and those with fluctuating redox conditions.

Chapter 4 examines Se isotope fractionation that occurs during the oxidative dissolution
of selenide-bearing minerals. This study investigates isotopic fractionation of produced Se(IV)
and Se(VI) during the oxidation of ferroselite and berzelianite with hydrogen peroxide and air.
The reported results point to a complicated interplay of fractionating mechanisms which in
almost all conditions resulted in isotopically heavy Se(VI) relative to the bulk mineral isotopic
composition.

In Chapter 5, I present results of Te isotopic variations in paleosols and ironstone
formations to track the rise in atmospheric O, during the Precambrian. The results of this study
show significant isotopic variation after the Great Oxidation Event, implying that appreciable O,
was available for reduced Te phases to be oxidized and undergo isotope fractionation via

reduction or adsorption.
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CHAPTER 2: MEASUREMENTS OF MASS-DEPENDENT TE ISOTOPIC VARIATION
BY HYDRIDE GENERATION MC-ICP-MS'
Abstract
Tellurium (Te) stable isotope measurements have the potential to serve as tracers of Te
mobility and redox conditions in modern and ancient environments. Here, we present a method
to measure Te isotope ratios by MC-ICP-MS utilizing a hydride generation system to efficiently

deliver Te to the plasma, in combination with a '*Te-"**

Te double spike. This approach allows
for precise 8'°°Te/'**Te (26: 0.09%o0) measurements while using less than 8.75 ng of natural Te.
Although hydride generation methods usually produce higher sensitivity than more conventional
methods, for Te, the sensitivity is similar, on our instrument, to that achieved using a desolvating
nebulizer. Nonetheless, hydride generation has an advantageous ability to exclude interfering
elements such as Ba and allow analysis of samples without chemical separation of Te in some
cases. We also demonstrate successfully a modified ion exchange procedure to separate various
matrix components and isobaric interferences from Te in natural sediments. Analyses of multiple
digestions of USGS standard reference materials, mine tailings, ancient sediments, and soils

utilizing this approach show the largest spread in terrestrial Te isotopic composition to date

(8"°Te/'**Te ~1.21%o) and a lack of detectable mass-independent fractionation.

" This chapter is published as Wasserman, N.L. and Johnson, T.M. (2020) Measurements of
mass-dependent Te isotopic variation by hydride generation MC-ICP-MS. Journal of Atomic and
Analytical Spectroscopy. 35,307-319. DOI: 10.1039/C9JA00244H
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2.1 Introduction

Tellurium (Te) is an economically valuable metalloid often incorporated into
photovoltaic cell technology and nanotechnology (Zweibel, 2010). Estimates show that demand
for Te may increase as much as 100-fold by 2030, and this may lead to increasing instances of
mining-related contamination as observed around Cu smelters (Canada) and a nickel refinery
(UK) (Goldfarb, 2015; Perkins, 2011). Exposure to high concentrations of Te can result in liver
and kidney necrosis and collapse of the respiratory and circulatory systems (Gerhardsson, 2015;
Yarema and Curry, 2005). Tellurium is currently extracted primarily as a byproduct of copper
solvent extraction-electrolytic refining (Zweibel, 2010). This method will most likely be phased
out due to more efficient solvent extraction methods for copper refining that do not involve Te
separation (Goldfarb, 2015). Accordingly, both exploration for Te ores and increased occurrence
of industrial Te contamination may occur, and there is a greater need to examine low-
temperature abiotic and microbial processes that control Te enrichment in ores, and Te transport
in contaminated water.

While Te has a low crustal abundance (~1-3 ng g) (Hein et al., 2003), certain
geochemical processes can concentrate Te. A compilation of soil and sediment samples indicates
that Te concentrations range from less than 5 to 100 ng g and past studies have see enrichments
up to 50,000 times in ferromanganese crusts (Belzile and Chen, 2015; Hein et al., 2003). Similar
to other group 16 elements, selenium and sulfur, Te is found in four nominal oxidation states (-2,
0, +4, +6). Tellurium can be mobile in the +4 and +6 states as a soluble oxyanion, whereas in the
reduced states it tends to have low solubility, forming solid tellurides or elemental Te nanorods
(Goldfarb, 2015). In oxic marine surface waters, Te(IV) and Te(VI) exist as oxyanions in

roughly equal proportions (Lee and Edmond, 1985). Both the irregularly-coordinated tellurite
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(TeOs™) and octahedrally-coordinated tellurate (TeO4”) species are scavenged by Fe- and Mn-
oxy(hydrox)ides, although tellurite adsorbs more strongly (Qin et al., 2017). Unlike Se, Te is not
a micronutrient. Several studies, though, have observed microbial dissimilatory reduction of
Te(IV) and Te(VI) to Te(0) nanorods or methylated tellurides (Baesman et al., 2007; Taylor,
1999).

Because a variety of abiotic and microbially-mediated redox processes influence Te
mobility, there is increasing interest to develop the element as an indicator of paleoredox
conditions. Decades of studies have utilized various isotopic and chemical proxies to provide
constraints on the relative oxidizing power of the atmospheric and oceanic systems. Geochemical
redox proxies indicate that, from the Great Oxygenation Event (~2.4 Ga) until
the next major oxygenation event at 0.8 Ga, atmospheric oxygen remained low, while certain
portions of the ocean (shallow oases and deep marine environments) may have been partially
oxygenated (Hardisty et al., 2017; Planavsky et al., 2014; Planavsky et al., 2018). Such
decoupling highlights the need for the development of additional geochemical tools, like Te
isotopes, to trace distinct redox conditions of marine and terrestrial environments.

With eight stable isotopes, Te stable isotope measurements may be useful as tracers of
redox processes that affect Te mobility. Similar to the Se, Cr, and U isotope systems, Te mass-
dependent isotopic fractionation may occur during reduction or oxidation by abiotic or biological
reactants (Bopp et al., 2010; Ellis et al., 2003). Theoretical calculations by Smithers and Krouse
(1968) estimated a 6%o difference between *°Te/'**Te of TeO4> and H,Te at isotopic
equilibrium. (Baesman et al., 2007) observed a kinetic Te isotopic fractionation factor of € ~ -2.0
to -5.0%o in laboratory reduction of TeO,> and TeOs” by sulfite, cysteine, and two bacterial

cultures amended with acetate (Baesman et al., 2007). The fractionation factor, €, is equivalent to
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1000%o x (0-1), where a equals the ratio of the *°Te/'**Te of the instantaneous product relative
to the reactant. Recent surveys of Te ores (range of ~2%o) and ordinary chondrites (range of
~6.3%0) and sediments (range of ~0.85%o) also show significant isotopic fractionation (Fehr et
al., 2018; Fornadel et al., 2017; Fukami et al., 2018). However, attempts to examine isotopic
variation in soil samples (typically <20 ng mL™") have been limited by the inability of analytical
techniques to measure the very small masses found in many materials.

Here, we present a method for Te stable isotope measurements that allows for small
masses of natural Te (<8.75 ng) without a need for a Ba correction, using a hydride generation

sample introduction system in combination with a '**Te-'**

Te double spike. We also present an
ion exchange purification technique modified from previous studies to achieve high recovery
while separating Te from typical sample matrix components (e.g., Fe) (Wang and Becker, 2014)
and isobaric interferences (e.g., Sn) (Forrest et al., 2009). With this method, the Te isotope
approach can be more broadly applied to improve understanding of modern contaminated
systems, paleoredox states of ancient earth systems, igneous systems, and modern critical zone
processes.
2.2 Materials and Methods
2.2.1 Reagents

Acids for digestion and chemical separation of samples were prepared from American
Chemical Society (ACS)-Certified HCl (Macron Fine Chemicals), ACS-Certified HNO; (Fisher
Chemical), and HF (99.99% purity, Alfa Aesar). Additional distillation was not required as the
acid blanks contained less than 0.1 ng mL™' Te. The oxidizing solution for Te was prepared with

potassium persulfate (Certified ACS, Fisher) powder. A Millipore Milli-Q Integral water

purification system (Merck Millipore, USA) provided ultrapure water (18.2 MQ) with which all
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reagent solutions were made. NaBH4 (>98%, Acros Organics) and NaOH (Certified ACS,
Fisher) powdered reagents were utilized to prepare the reductant solution used for hydride
generation.

2.2.2 Samples and standards

Three Te standards, National Institute of Standards and Technology (NIST) SRM 3156
Te concentration standard (Lot no. 140830), Alfa Aesar Na,TeO; powder reagent (99.5% metals
basis, lot no. M27C052), and Alfa Aesar H,TeO4*2H,0 powder reagent (99% metals basis, lot
no. YO5A029), were used to evaluate long-term precision. Single batches of these stock solutions
of these reagents were used as in-house standards to assess precision. All solutions were
prepared by dissolving the powder in 1 M HCI. A Te standard solution in 5% HNO; (Spex
CertiPrep) was used as a concentration standard for measurements by single collector inductively
coupled plasma-mass spectrometry (ICP-MS) (Thermo Scientific, iCAP Q).

Seven United States Geological Survey geochemical reference materials were digested
and measured. Three of these standards, Nod-P-1, SGR-1 and MAG-1 have been measured
previously (Fehr et al., 2018; Fukami et al., 2018). Briefly, Nod-P-1 is a diagenetic manganese
nodule from the Pacific Ocean, SGR-1 is a shale powder from the Green River Formation, and
MAG-1 is a marine mud from the Wilkinson Basin, Gulf of Maine (Flanagan and Gottfried,
1980). The USGS standard SCO-1, an Upper Cretaceous silty marine shale, has no published Te
isotope values. One USGS soil sample, C-320293, is a topsoil taken from shrubland in the
Humboldt-Toiyabe Forest in Nevada, USA (Smith et al., 2014).

Several mine tailings were collected from millsites from across the western United States
with all coordinates recorded using NADS83 spheroid and WGS84 datum. The Delamar mining

district (Lincoln County, NV; coordinates: 37.45892, -114.77739) was mined for gold from 1892
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through 1909 leaving at least 408,000 metric tons of mine tailings at the site. Sample “Delamar
big tailings surface” (0-2 cm) was collected from the site, “big tailings pile”. This site was
characterized by smaller particle sizes, higher extent of oxidation, and higher concentrations of
potentially toxic elements (Hayes and Ramos, 2019). The Ute Ulay mill (Hinsdale County, CO;
coordinates: 38.0192289, -107.3768862) intermittently processed lead and zinc ore since 1874.
More recently, tailings from the Golden Wonder, a nearby gold telluride deposit, have been
deposited at the site since the 1990°s (Smith, 2012). Samples, “Ute Ulay surface” (0-2 cm) and
“Ute Ulay deep” (83-90 cm), were collected from a fresh tailings pit there. Sample “Vulcan
precipitate” is a precipitate found in weathered mine tailings, dominantly copiapite
(Fe*'Fe* 4(S04)s(OH),*20H,0), collected from the soil surface under the historic Vulcan mill
structure (Gunnison County, CO; coordinates: 38.3447176, -107.0062077). Sample “Masonic
surface” (0-2 cm) was collected from the streambed just downstream of the historic Masonic
Mill (Mono County, CA; coordinates 38.3673, -119.12059).

Two ancient sediments were also digested. The first sample “CLRD-3.0" is from the 2.45
Ga Cooper Lake paleosol (Ontario, Canada). The paleosol, made up of dominantly quartz and
clay minerals with lesser amounts of pyrite, is developed on the Algomon granite at the base of
the Huronian Supergroup (Sutton and Maynard, 1993). It is interpreted to have formed under
anoxic atmospheric conditions (Babechuk et al., 2019). The second sample (CLG-1) originates
from the 1.650 Ga Mesoproterozoic Chuanlinggou Formation (Northern China) (Gao L.Z.,
2008). It is composed of primarily oolitic iron deposits, which were deposited in a ferruginous

and mildly oxic water column (Li et al., 2015).
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2.2.3 Digestion and purification

For samples with lower concentrations of Te (CLRD-3.0 and CLG-1) up to 0.4 g of
sample was digested, while 0.02 g of “Masonic Surface”, “Vulcan Yellow Precipitate”, and
“Delamar big tailings surface” samples was used. For all other samples approximately 0.2 g was
used for digestion. Depending on the mass required, samples were digested in 4 or 8 mL reverse
aqua regia (1:3 HCl: HNOs ratio) on a hot plate at 110°C for 24 hours. This digestion procedure
was sufficient to release Te associated with non-silicate phases (e.g. clays, sulfides, Fe-
oxyhydroxides), which are present in all of the samples. For silicate-rich matrices reverse aqua
regia has been adequate to release 85% to 100% of the Te present due to its association with
sulfide and oxide phases (Yierpan et al., 2018). Therefore, the small contribution of silicate
phases in our samples should not influence our recovery. Residual solids were separated from the
supernatant, which was evaporated to dryness at 90°C. Unlike Se, where >80% of Se can be
volatilized during evaporation in HCI matrices, little volatilization of Te occurs in HCI or HNO3
at this temperature (Chen et al., 2016). Small losses of Te by volatilization and possible isotopic
fractionation are corrected by the Te double spike addition prior to digestion. Subsequently, the
samples were brought up in 4 mL 6 M HCI and heated on the hot plate at 110°C for 2 hours to

ensure all Te was converted to Te(IV). The *Te-'**

Te double spike (+4 valence; see section 2.4)
was added to the samples before digestion.

All chemical purification was performed in laminar flow HEPA-filtered clean hoods
contained in a Class 10,000 Clean Lab (University of Illinois at Urbana-Champaign). The mass
of Te loaded on the column ranged from 8 to 300 ng Te. For samples requiring more than 0.5 g

of digested material (<15 ng Te), parallel column separations can be utilized with the expectation

of a higher blank contribution. Separation from the majority of the interfering elements (Fe,
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matrix) was achieved using AG1-X8 anion exchange resin columns (3 mL bed volume; 100-200
mesh, BioRad Laboratories) following a modified procedure from Fehr et al. (2004) and Wang
and Becker (2014). Briefly, resin was conditioned in a Poly-Prep 10 mL column (BioRad
Laboratories) with 8 mL 6 M HCI after which the sample was loaded, with Te retained. The
column was rinsed with 6 mL of 6 M HCl to elute Se and other matrix elements (Co*", Ni*",
Cu*", and Pb2+) followed by 5 M HF, which removed most of the Fe, a suppressant of H,Te
formation during hydride generation (Brennecka et al., 2017). Subsequently, 4 mL 9 M HCI was
added to further elute matrix elements. To remove residual Fe, 5 mL of 2 M HCI was added
before eluting Te(IV) with 8 mL of 1 M HNO;.

Samples were evaporated to dryness at 90°C and further digested with five drops of
concentrated HNOs followed by five drops of concentrated HCI. Once dried down, the residue
was dissolved in 0.1 M HCI containing freshly made 0.02 M K,S,0s. Samples were heated on a
hot plate at 110°C for 90 minutes, converting all Te(IV) to Te(VI). After oxidation, samples
were further purified with a 1 mL cation exchange column (AG50W-X8, 200-400 mesh, BioRad
Laboratories) to remove Sn and Fe in a 10 mL Poly-Prep column (BioRad Laboratories). The
columns were conditioned with 0.1 M HCI, after which, the sample was loaded followed by 5
mL of 0.1 M HCL. The eluent was immediately collected, as H,TeOj is a neutrally charged
species and does not adsorb to the resin. Residual Fe(IIl) was retained on the column along with
most of Sn(I'V) at dilute HCI concentrations (Fehr et al., 2004). Once dried down, samples were
again digested with 2 drops of concentrated HNOs3 followed by concentrated HCL.

In some cases, to further remove Sn from samples, samples were acidified to 0.4 M HCI
and passed through a BioRad column following a modified procedure from Wang et al. (2017).

A 1 mL AG1-X8 (100-200 mesh) resin bed was conditioned with 10 mL 0.4 M HCI. Once the
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sample was loaded, as Te(V]), the elutant was collected immediately along with the next 5 mL of
0.4 M HCI. The sample was then dried down, dissolved in 2 mL 5 M HCl and heated at 110°C
for at least 2 hours to fully reduce Te(VI) to Te(IV).
2.2.4 Double spike

A ""Te-"**Te double spike (2% HNO3) was used to correct for instrumental mass bias
and any isotopic fractionation that might occur during sample preparation. Double spike addition
is a well-established method to precisely correct for instrumental mass bias (Eugster et al., 1969;
Johnson and Beard, 1999; Russell, 1971). *Te and '**Te were chosen as the spike isotopes
based on the minimization of error (Rudge et al., 2009). The isotopic composition of the double
spike was determined by hydride generation measurements, corrected for mass bias determined
from NIST SRM 3156 measurements before and after the double spike. The double spike
composition was corrected for Sn and Xe interferences. Memory of the natural Te standard was
removed completely before double spike measurement. The Te spikes were of high purity,
containing 98.8% '*’Te and 93.0% '**Te. The spikes were mixed to create solution with 54.40%
"20Te and 43.60% '**Te (on a molar basis), which is close to the optimal ratio determined using
the methods of Rudge et al. (2009) (57% and 43%) using '*°Te and *°Te as the inversion
isotopes. The concentration of the double spike solution was calibrated based on measurements
of a spiked Te concentration standard (Spex CertiPrep).
2.2.5 Mass spectrometry

All measurements were made on a Nu Plasma HR MC ICP-MS (Nu Instruments, UK) in
low-resolution mode, with Te introduced to the plasma via a custom —built hydride generation
system. The system generates HoTe(,) by reacting Te(IV) in 4 M HCI (1.0 mL min™") with an

inline solution of 0.2 wt. % NaBH, and 0.2 wt. % NaOH (0.5 mL min™"). A frit-based gas-liquid
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separator with an Ar flow of about 0.03 L min™ stripped the H,Te from the liquid, which was
then passed through a 0.2 um polytetrafluoroethylene (PTFE) filter to remove aerosols, and
merged into Ar carrier gas (1.4 L min™"). This allows for an efficient transfer of the gaseous H,Te
into the mass spectrometer. Importantly, only elements that can form gaseous hydrides and other
volatile species can be transferred into the mass spectrometer through this method, excluding
many potential isobaric interferences such as Ba, and molecular interferences from Mo, Nb, Zr,
Cd, Pd, and Sr.

Several analyses were made using a desolvating nebulizer (CETAC, Aridus IT DSN) to
assess the advantages and disadvantages associated with each technique. A nebulizer Ar gas flow
1.0 L min™ and sweep gas flow of 9.63 L min™' allowed for a 0.07 mL min™' sample uptake rate
using a PFA MicroFlow nebulizer (Elemental Scientific).

The measurement routine used Faraday collectors on the Nu Plasma as shown in Table
2.1. Collectors were connected to amplifiers with standard 10" Q resistors on all collectors except

the one in the H5 position (*°Te) which has been fitted with a 10'° Q resistor. This facilitates high-

2387 1235 238
U/

precision U measurements by allowing measurement at high >**U intensities (up to 10 A).

Unfortunately, reverting to the 10'" Q resistor was not feasible during the course of this study and this

130 : .
Te measurement (see discussion). The measurement

resulted in greater baseline noise in the
routine was set up such that '**Te is in the Axial position (Table 2.1). In L4, ''*Sn, a common
impurity in samples and the NaBH4 reagent, is monitored to enable corrections for Sn
interferences on '**Te and '**Te. SnH" sourced from the NaBH, was subtracted by on-peak
zeroes, while that from the samples was such that '*’Sn/'*’Te <0.02. In addition, **Xe was
measured on collector H6 to enable correction for small Xe interferences on *°Te, '**Te, '*°Te

124

and '**Te. Baseline analysis of mass 120 without hydride generation revealed a **’Ar*’Ar*’Ar
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interference of 2-3 mV, which was corrected for by on-peak zeroes. While we found no evidence
for a significant SbH interference on mass 124, mass 123 (‘*’Sb and '*Te) was monitored. A
TeH" correction removed hydride interferences on '*Te and '*°Te. After each measurement,
2*Te'H" or ' Te'H" was subtracted based on the intensity of '**Te and '*Te and a constant

TeH /Te. At the beginning of each session, overspiked and underspiked samples were measured
to validate and/or adjust the TeH"/Te used for the correction. '*Te is particularly sensitive to the

124

TeH" interference, as the contribution of '**TeH" derived from the relatively high-intensity spike

isotope, '**Te, strongly impacts the somewhat rare '*Te isotope. Given the average TeH"/Te of

123

0.0001, 'TeH" interference on '**Te was not corrected for, as '**TeH" at normal intensities and

124

spike to sample ratios would be less than 0.002%o of the intensity of the '**Te signal. **Ba and

32Ba, while of low abundance, can be significant interferences on B30Te and '**Xe as observed
by Fehr et al. (2018) and Fukami et al. (2018). Similar to Brennecka et al. (2017), we did not
observe significant '*’Ba above baseline values during hydride generation for samples containing
up to 1V on "*"Ba while using the DSN. Ba does not readily form hydrides in the conditions
utilized and was not corrected for in our sample routine.

Interferences were partially corrected by subtraction after on-peak baseline and
background measurements of a blank 4 M HCIl solution with an integration time of 100 sec,
immediately prior to peak centering on '**Te and sample measurement. Residual Xe and Sn were
further subtracted by measuring '**Xe and ''®Sn during each integration of sample measurement
and calculating the interferences using assumed natural isotopic compositions and the mass bias
determined from the double spike. This was done in an iterative way as part of the double spike

data reduction, so the interferences were accounted for in the mass bias determinations and vice-

versa. Samples were measured over 5 blocks of 10 measurements, each integrated over 3
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seconds. A total of 3.5 minutes of sample consumption time was required, followed by 6.6
minutes rinse time before the next analysis.

In order to compare our results to previous studies, we normalized our samples to NIST
SRM 3156. While previous studies have reported the isotope ratio *°Te/'*Te (Brennecka et al.,
2017; Fehr et al., 2018; Fukami et al., 2018), we report the ratio B0Te/*Te due to its lesser

125T¢ and the smaller measurement

uncertainty: '*°Te is 2.7 times more abundant than
uncertainty using '*°Te more than compensated for the lower sensitivity of the '*°Te/'**Te ratio
(4 D mass difference) to a given fractionation relative to the *°Te/'*Te ratio (5 D mass
difference). An analysis of counting statistics-related noise and baseline noise revealed that
0T¢/'*Te should have an uncertainty 1.6x larger than '*°Te/'*°Te at normal intensity. We
observed that on average the uncertainty of '°°Te/'*Te was 1.5 times that of '°°Te/'**Te over 4
analytical sessions. In addition to 8'°*°Te/'*°Te, 5'**Te/'**Te and 3'*Te/'*°Te were also
determined independently to monitor for certain analytical problems such as uncorrected Xe, Sn,
and hydride ("**TeH" and '*TeH") interferences. Over an analytical session, rejection of an
analysis due to large uncorrected Xe, Sn, or hydride residuals was uncommon once samples were
effectively separated from Sn (see Section 3.5).

Standards and samples were spiked based on the optimal molar proportion of spike to
sample ~0.98 as discussed in Section 3.3. All standards, once spiked, were heated in 5 M HCI at
100°C for 2 hours to reduce Te(VI) to Te(IV). High-precision measurements typically required a
natural Te concentration of 2.5 ng mL™'. All bracketing standards were diluted such that **Te
measured to ~1.5V, while all samples were diluted such that **Te was 1.2 —2 V. Given the 3.5

minutes required for measurement, one sample measurement typically consumed 8.75 ng natural

Te. Afterward, Te was rinsed out by admitting 0.5 M HCI for 70 s, followed by three cycles of 2
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M HCI for 70 s each. An iterative routine was used to solve the double spike equations using
120me 124Te, 12°Te and °Te to derive §"°°Te/'**Te results, '’ Te, '**Te, '*°Te and '**Te to derive
5'%Te/'*%Te results, and '*°Te, '**Te, '*’Te, and '*°Te to derive 8'*Te/'**Te results.*® Each group
of four samples was bracketed with NIST SRM 3156 standard analyses before and after; sample
results were normalized to the average Te isotope measurement of this standard over the
analytical session.

2.2.6 Concentration measurement

To estimate the concentration of each sample for accurate spike addition, 0.2 mL of the
digested samples were diluted in 2 mL of Milli-Q water to a final matrix of 5% HNO3and 0.1%
HCI. Samples were measured on an iCAP Q ICP-MS (Thermo Fisher Scientific). The mass '*Te
was measured over 5 cycles with a 0.03 second integration time. An internal standard, consisting
of '°In, was mixed with the sample via an inline addition to correct for instrumental drift and
matrix effects. The limit of detection was 0.02 ng mL™' Te and the limit of quantification was
0.31 ng mL™".

Isotope dilution was used to obtain more precise concentrations. The double spike data
reduction calculations yield a highly precise determination of the spike:sample ratio, allowing
calculating of the sample concentration if the double spike concentration is known.

2.3 Results and Discussion
2.3.1 Sensitivity and memory

Measurement of Te isotope ratios of natural sediments requires a high-sensitivity
measurement method. Average soils contain typically <5 to 100 ng g Te (Belzile and Chen,
2015). Accordingly, it is very helpful if precise measurements of soils samples can be obtained

using less than 10 ng Te per analysis. Sensitivity during the course of this study was on average

31



600 mV for **Te fora 1 ng mL™" Te solution, which for a 1.0 mL min™ uptake rate, delivers 1.0
ng min”'. This sensitivity arises from the high efficiency of the hydride generation system in
delivering Te to the plasma. Although the sample uptake rate is high, the relatively short analysis
time of 3.5 minutes permits precise measurement on relatively small sample masses. While
Brennecka et al. (2017) reported high efficiency using hydride generation to measure Te isotope
ratios of calcium-aluminum-rich inclusions (~10 ng used per analysis), that method was designed
to measure '“°Te anomalies in meteorites using internal normalization. The present study is the
first to combine the double-spike technique with hydride generation to measure mass-dependent
fractionation.

Surprisingly, our measurements on our instrument using desolvating nebulization (Aridus
IT system) yielded similar Te beam intensity at the same rate of Te mass consumed per unit time.
This is an important result as hydride generation has been considered to produce superior
sensitivity relative to the desolvating nebulizer for certain hydride forming elements like Sb and
Se due to the efficiency of hydride formation and transfer into the mass spectrometer. The
hydride sample introduction system used in this study produced equivalent sensitivity to that of
Fehr et al. (2018) and Fukami et al. (2018). However, the Nu Plasma HR instrument used in this
study was manufactured in 2004; newer MC-ICP-MS instruments would probably afford at least
2 times greater sensitivity.

There are significant advantages and disadvantages to each sample introduction system.
As reported by Brennecka et al. (2017) at times we observed significant precipitation of
elemental Te inside the hydride generation system. This caused slow wash-out of Te memory in
the hydride generation system between samples and a decrease in sensitivity. Keeping the sample

concentration below 5 ng mL™' Te and tuning the instrument using a 0.5 ng mL™"' Te solution
g g g g
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helped limit memory effects. We also avoided continuous measurement longer than 4 minutes
and rinsed immediately after each analysis with a 0.5 M HCI wash followed by three 2 M HCI
washes. In addition, while the Sn contribution from the NaBHyj is significant for hydride
generation (''®Sn ~30 to 100 mV), it will be corrected by on-peak zeroes and by monitoring
8g

A positive aspect of hydride generation is the avoidance of certain interferences that do
not form hydrides. For example, barium (Ba) is an isobaric interference on *’Te (0.11%) and
B2%e (0.10%), which was monitored to correct for Xe on 126T¢ 128Te and '*°Te. This is a
complex interference to correct for, due to the simultaneous impacts on '*°Te and the Xe
correction. Ba would need to be reduced to very low levels by ion exchange chromatography or

corrected for by monitoring '

Ba, which is not feasible in our current detector setup.
Furthermore, if solutions contain a simple matrix and low Sn (e.g. experimental samples), Te
isotope measurements can be made by hydride generation with minimal preparation. This is in
contrast to the DSN, where all analytes are transported into the mass spectrometer and could
cause matrix or isobaric interferences.

In addition, the H; passed to the plasma by the hydride generation system suppresses the
intensity of Xe and the Ar trimer, an impurity in Ar gas, thus decreasing the impact of these
interferences. Furthermore, hydride generation also decreases the impact of Sn in sample
solutions, as most Sn is not delivered to the plasma: Optimal stannane (SnH4) generation requires
basic conditions very different from those used for H,Te generation (Rahman et al., 2018).

The sensitivity of both sample introduction methods allows for determination of rocks

with average crustal Te concentrations. Samples containing more than 15 ng g™ Te can be

analyzed using the purification methods in this study. This range is relevant to natural sediments

33



with lower Te content, such as CLG-1 and CLRD-3.0, and mafic rocks (Schirmer et al., 2014;
Yierpan et al., 2018). For Te concentrations less than 15 ng g, where more than 0.5 g of sample
is required, 8'°Te/'**Te can be measured using separations of a single spiked sample split among
parallel columns to distribute the matrix load. There will be a higher blank in the recombined
sample. However, it will be considerably less than twice our current procedural blank, as the
contribution of the blank is only from a few additional sources (column, column frit, and resin).
This procedure may be suitable for average crustal rocks with lower Te contents, such as granites
(Schirmer et al., 2014).
2.3.2 Precision and secondary standards

Long-term 8"*Te/"*°Te reproducibility was assessed as twice the standard deviation (20)
of repeated analyses over 2 years. Precision for NIST SRM 3156 processed through the sample
preparation steps was £0.06%o (26) and 0.10%o (25) for 100 ng (n = 11) and 50 ng (n=5) aliquots,
respectively. For repeat analyses of a single bottle of the dissolved Alfa Aesar Te(VI) powdered
standard (n= 39) our uncertainty was £0.09%o (26) for 5'*°Te/'*°Te (Table 2.2). The average
8'°Te/'*°Te of the bracketing standard, NIST SRM 3156, was on average 0.04 = 0.09%o (20)
(n=71). Average internal precision for 3'*°Te/'*°Te, §'**Te/'**Te, and §'*Te/'**Te was 0.07%o,
0.05%o0 and 0.05%o (20), respectively.

The long-term average 5'"°°Te/'**Te of the Te(VI) reagent used as an in-house standard
was 0.84 = 0.09%o (20) relative to NIST SRM 3156. The Te(IV) Alfa Aesar reagent used as a
second in-house standard was isotopically identical to NIST SRM 3156 within uncertainty. The
offsets between these standards and NIST SRM 3156 were useful as secondary checks on

analysis quality.
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Repeat analyses of the Alfa Aesar Te(VI) solution were made at varying intensities to
examine the impact on precision. When '**Te intensity was less than 0.8 V, §"*°Te/'**Te and
8'*Te/'**Te values were measured outside of the accepted range of uncertainty and doubled for
every factor of two decrease in intensity (Figure 2.1). This is equivalent to ~1.25 ng mL™" Te for
average instrument conditions. The increase in measured 53T/ **Te, §'*%Te/'**Te, and
8'*Te/'*°Te variability at lower Te intensities is due to an increasing impact of background
interferences, such as '*°Sn and '**Sn, and counting statistics-related noise on the measurement.

Overall, replicate measurements of natural samples (Table 2.3) show similar precision to
that of the standards, implying good reproducibility of the digestion and ion exchange
purification procedures. Higher variability in repeated measurements of Nod-P-1 (26: 0.12%o)
and MAG-1 (20: 0.15%0) may reflect some heterogeneity within the powdered samples, as has
been suggested by Fukami et al. (2018) for their analyses of ferromanganese nodules. For
samples yielding less than 8 ng of Te or *°Te less than 1.2 V, §'°°Te/'**Te, §'**Te/'**Te, and
8'*Te/'**Te could be obtained with the trade-off of less precise measurements (Figure 2.1).

Our 8""Te/'**Te measurement uncertainty (Table 2.2) is somewhat greater than the
reported uncertainties of the most precise previously published methods (Fehr et al., 2018;
Fukami et al., 2018); this difference arises from the current amplifier configuration of our
instrument. A careful baseline analysis revealed no contributions from interferences other than
130X e, and because our Xe correction is both small and effective (see below), the added
uncertainty cannot be attributed to interferences. Rather, some of our reported uncertainty arises
from our use of a 10"’ Q resistor in the pre-amplifier for the collector used to measure *’Te.
Baseline (Johnson-Nyquist) noise measurements were 4 times higher on this collector than the

others, which have 10" Q resistors. The resulting increase in uncertainty can be determined by
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calculating baseline noise on this channel (taking into account the total time of integration),

multiplying by ¥% (% of the noise is excess noise cause by the use of the 10'° Q resistor), and

propagating this error through the isotope ratio measurement and double spike calculations.

When the effect of the excess noise is removed, reproducibility of the standards and natural

materials is about equal to that reported in Fehr et al., (2018). Accordingly, this method is

expected to afford £0.06%o precision (20) on 8"°°Te/'*°Te for instruments with standard 10" Q

resistors.

2.3.3 '*'Te-'**Te Double Spike

A spike to sample molar ratio of 0.98 was determined to be optimal for the inversion isotopes

1307e, 12Te, 1?*Te, and '*°Te. This was based on repeated measurements of standards spiked with
different proportions of spike, to minimize uncertainties in the final '*°Te/'**Te associated with
the spike composition. At this spike to sample composition, the precision observed is similar to
the model generated by the Double Spike Toolbox (Rudge et al., 2009) (Figure 2.2). The accuracy
of the spike composition was assessed by repeated measurements of lower (DS/natural ~ 0.60)
and higher (DS/natural ~ 2) spiked samples (Figure 2.2). No statistically significant offsets were
observed for "°°Te/'*°Te, §'**Te/'**Te, and §'*Te/'**Te (Table 2.2). The reproducibility of the
lower- and higher-spiked standards were +0.08%o and +0.09%., respectively, similar to the
precision of the normally spiked sample (Table 2.2). The optimal molar spike to sample ratio is
noticeably higher than that recommended by the Double Spike Toolbox (DS/natural~ 0.62)
(Rudge et al., 2009). However, the Double Spike Toolbox does not take into account effects of
interferences. We find that increasing the spike to sample ratio lessens the influence of '*’Sn- and
124Sn-related on the two spike isotopes leading to smaller errors on §'*°Te/'**Te, §'**Te/'*°Te, and

8'*Te/'*°Te and overall better precision.
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2.3.4 Effectiveness of Te purification methods, and blank results

Given the low abundance of Te compared to Sn (an isobaric interference) and Fe (a
suppressant of hydride formation) in many terrestrial samples, separation from these
interferences is challenging, yet important. To demonstrate effective Te separation from Sn- and
Fe-rich samples, we present elution curves of a Nod-P-1 digestion (Figure 2.3) focusing on
potential hydride-forming interferences and Fe. Arsenic, Se, and Fe are known suppressants of
Te hydride formation at moderate concentrations, while Sn and Sb are isobaric interferences
(Dedina, 1995). Yields for Te in Nod-P-1 (0.05 g digested) were high, and we achieve effective
separation of Te from interfering matrix elements (Table 2.1). Elution with 8 mL of 1 M HNO;
resulted in full recovery of Te (101.6%) similar to the results of the “HCI method” in Fehr et al.
(2004) and Wang and Becker (2014) using a 3 mL AG1-X8 anion exchange column. The 5 M
HF step eluted 69% of the total Fe while ~30% of the Fe was retained on the column (Figure
2.3A). Approximately 563 ng (<0.1%) of Fe were eluted with the Te fraction (1 M HNO3).
Selenium and other sample matrix elements were removed during the sample-loading step and
the rinse with 6 M HCI. Antimony was mostly (>91%) retained on the column, presumably as
SbClg’, which adsorbs strongly in acidic conditions on basic resin (Korkisch, 2017). In the | M
HNO:j elution, 124 ng of Sb was eluted (2.5% of the Sb in the digested sample) as SbClg".
Approximately 25% of Sn was eluted during the 5 M HF and 2 M HCI steps. Arsenic was also
strongly retained in the column, with the exception of the 6 M HCl rinse. In 6 M HCI, most Sn
loaded onto the anion-exchange resin is dissolved as SnCls™ or SnCl, (Korkisch, 2017) and was
retained during this rinse. In 2 M HCI, Sn(IV) elutes more readily as a neutrally charged species.
In 5 M HF, Sn(IV) is moderately adsorbed, which accounts for the partial elution of Sn during

this step. The rest was eluted with Te and was separated later (see below).
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In the second ion exchange step (cation resin) modified after Wang et al. (2017), the first
three milliliters of collected fluid contained all recoverable Te (Figure 2.3B). Sn(IV) hydrolyzes
in low molarity acids to form weakly positive ions (Clayton et al., 2002). Dissolved Sn(IV) in
low HCI molarity adsorbed on the acidic resin and, as expected, was not eluted in the collected
Te fraction (Korkisch, 2017). The residual Fe that was not removed by the anion exchange step
was adsorbed on the resin and not eluted with the Te fraction. Sb(V) was eluted with the
collected Te fraction. For samples with relatively high Sn/Te (> 38), Sn was not completely
separated. The reason behind this is unclear, but may be due to small amounts of dissolved
SnCls™ or SnClg remaining in the sample. Passing the 0.1 M HCl sample solution through a
column with 1 mL AGI1-X8 (100-200 mesh) resin removed the remaining Sn (Wang et al.,
2017). Dissolved Sn(IV) was only eluted at higher molarities of HC1 (Wang et al., 2017).

Digestion blanks (n=3) were less than 0.01 ng on average. Cumulative blanks for the first
two columns were 0.05 ng Te on average (n = 17) and for the third were 0.03 ng Te (n=4). Total
cumulative blanks from all three columns are 0.5% of the lowest samples measured using this
method. NIST SRM 3156 standards containing 100, 50, 15 ng Te processed through the columns
showed no offset relative to unprocessed solutions, indicating that isotopic fractionation either
did not occur during the process or was corrected for by the double spike (Table 2.2).

2.3.5 Interferences

Correction for Sn-based interferences is essential, as '*°Sn (32.58%) and '**Sn (5.79%)
are isobaric interferences on both Te spike isotopes, as we observed 30 to 100 mV of ''*Sn in the
blank during hydride generation measurements. This contribution of Sn is mostly subtracted
during on-peak zeros even when the NaHB, contains relatively high Sn (''*Sn > 80 mV).

However, on-peak zero subtraction cannot correct for errors arising from incomplete removal of
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Sn from samples during sample preparation. Doping experiments show that measuring ' '*Sn
(24.22%) and subtracting calculated '*°Sn and '**Sn results in an effective correction up to
12081/'*°Te~0.02, equivalent to a 19%o correction on 8'°°Te/'*°Te (Figure 2.4). This is a high
tolerance for Sn, equal to 5 ng mL™" Sn in a 2.5 ng mL™" Te sample with normal spike to sample
ratio. An example of high Sn/Te in a natural sample is the standard reference material MAG-1
(Sn/Te~ 54.5). For a required mass of 10 ng Te, approximately 99% of Sn would need to be
separated from the purified Te to meet the Sn correction threshold for our initial correction.
Given the efficacy of the column procedure in removing Sn, this requirement is not difficult to
achieve. Standards did not exceed a ''"*Sn intensity of 10 mV and did not require column
purification.

Above *°Sn/'**Te~0.02, we noted that increased Sn doping caused 8'°*°Te/'**Te to
decrease linearly (Figure 2.4). This error is most likely caused by fractionation of Sn isotopes in
the hydride generation system, which we expect is strong as Sn(I'V) undergoes reduction by
NaBH, and is incompletely released. Accordingly, our correction scheme, which assumes Sn of
“average natural” composition and the same mass bias as Te, becomes inaccurate. We do not
include a correction for SnH' signals, and thus contribution of ''’SnH" to ''*Sn or '"’SnH" to
'20Te may be another source of small errors at higher Sn/Te where the primary correction fails.
Based on our Sn doping experiments, we suggest a secondary linear correction may be helpful up
to '2°Sn/"**Te~0.3, the range of '*°Sn/'*"Te we examined (Figure 2.4). We also note that the
impact of Sn interferences can be reduced if the molarity of HCI in all samples is within +£ 0.1 M
of the 4 M HCI acid used for the blank. Discrepancies in HCI molarity in the blank and sample

can lead to post-correction excesses in the net Sn signal as the production of stannane during
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hydride generation is favorable at more basic conditions (Rahman et al., 2018). Therefore, the
HCI molarity of a small aliquot of each sample was checked via titration.

Residual Xe after subtraction of on-peak zeros was corrected successfully using **Xe
measurements. As an impurity in the Ar gas, **Xe typically varies between 5-15 mV before the
correction from one session to another and is stable over the measurement run. While Xe
isotopes impact *°Te (**Xe: 4.071%), '**Te (***Xe: 1.910%), '**Te (***Xe: 0.089%), and '**Te
("**Xe: 0.095%), this correction is at most + 0.1%o on 8"°°Te/'**Te and is even lower on the other

1 *%Xe is 10 V, as most of the Xe was corrected

impacted Te isotope ratios. On average, residua
in the on-peak zero subtraction. As such, it is not a challenging interference to correct for, but
could be if Xe concentrations were larger or fluctuated significantly during analyses. For
example, high impurities in Ar, as a result of the fractional distillation of air, could possibly
cause problematic intensities of isotopically fractionated Xe.

The impact of Te hydrides (‘**Te'H, '*Te'H) was also minimized due to our corrections.
Based on measurements of mass 131 while measuring a Te standard solution, we estimate the
TeH"/Te ~ 10™*. This magnitude of hydride formation is similar to that of SeH/Se in the hydride
generation system used here. This value is refined before every run and does not vary by more
than + 3 x10” between measurement sessions. It is imperative that the double spike is well
characterized before this correction is applied, as the TeH /Te is tuned using the results of
overspiked or underspiked standards at the beginning of each analytical session (see methods
section).

While Sb does not directly cause an interference on any isotopes of interest, '*Sb'H

124

could potentially affect “"Te. Figure 2.5 indicates that this is not consequential at even relatively

high Sb added into the standard. Assuming a similar hydride formation rate as TeH /Te of 10, a

40



'238b/*%Te ratio of 1.24 would cause a 0.12%o shift on §'°°Te/'**Te. This is not apparent in the
measurement results given in Figure 2.5, indicating Sb must have lower rates of hydride
formation than noted here for TeH'/Te. In addition, H3Sb generation is inefficient when Sb is
present in the oxidized Sb(V) form (Dedina, 1995), as expected for samples stored in contact
with air. As a result, Sb/Te for natural samples measured to date has always been less than that of
the maximum Sb doped standard in Figure 2.5. A 'XH'/'**Te correction of 0.00001,
nevertheless, is included in our routine in the event of higher Sb intensities.
2.3.6 Concentration measurements

Concentrations of Nod-P-1, SCO-1, MAG-1, and SGR-1 calculated by isotope dilution
overall agree with previously published data (Table 2.3) (Axelsson et al., 2002; Fehr et al., 2018;
Fukami et al., 2018; Schirmer et al., 2014; Wang and Becker, 2014). The average of multiple
digestions of Nod-P-1 is identical to all three previous reported results, within the uncertainties.
SCO-1 and MAG-1 agree within uncertainty with concentration values in Wang and Becker
(2014). Variability over multiple measurements could be the result of heterogeneity in the
powdered material or contribution of error from weighing errors inherent in measuring small
sample masses (e.g., 0.02 g) using the balance available in our laboratory. Our isotope dilution
results for USGS soils and mine tailings provide more precise concentration measurements than
previous measurements by single-collector ICP-MS digestions. While there are no previously
published concentrations of CLRD-3.0 and CLG-1, good reproducibility indicates nearly full
recovery of samples.
2.3.7 Isotope measurements of natural samples

The NIST SRM 3156 standard solution used to define the zero point on the delta scale

originates from the same batch (Lot: 140830) measured in Fukami et al. (2018), Therefore, we
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can compare directly our results to values of Nod-P-1 reported in this study. The NIST SRM
3156 measured by Fehr et al. (2018) is sourced from a different lot, which, in this case,
originates from separate materials and manufacturers and cannot be directly compared.
Nevertheless, a few of our values match well with those published in Fehr et al. (2018) and could
be indicative of similar isotopic compositions between lots. Our average Nod-P-1 agrees with
those of both Fehr et al. (2018) and Fukami et al. (2018) highlighting the relative uniformity in
this specific powdered material despite possible chemical heterogeneity in the original nodules
and in other samples (see below). The average of MAG-1 measured in our study overlaps within
analytical uncertainty to values in Fehr et al. (2018). However, our average 5'"°'Te/'**Te for
SGR-1 is significantly greater than the single measurement reported for the same reference
material in Fehr et al. (2018). This may be due to either differences in the 8'*°Te/'**Te NIST
SRM 3156 or heterogeneity in the sample bottle. Variability in selenium isotope ratios has been
noted before between different bottles of SGR-1, suggesting that this material may be
isotopically heterogeneous (Mitchell et al., 2016).

All samples measured were isotopically heavier than NIST SRM 3156; the heaviest and
lightest being the Vulcan Yellow Precipitate (1.29 £+ 0.08 %o) and C350500 (0.08 £ 0.06 %o),
respectively. This is the largest range in §'*°Te/'**Te, §'**Te/'**Te, and §'*Te/'**Te observed in
low-temperature environments yet, suggesting that Te stable isotopes fractionate during low-
temperature processes in marine and terrestrial weathering environments. Redox reactions may
contribute to the observed isotopic fractionation. For example, Fukami et al. (2018) suggested
that oxidation of Te(IV) to Te(VI) in ferromanganese crust may result in isotopically heavy
values. Reduction of Te oxyanions to elemental Te(0) in reducing soils may also drive the

residual Te isotopically heavier as well, as has been shown for various abiotic reductants
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(Baesman et al., 2007) Alternatively, the major fractionating pathway could be adsorption, as
both Te(VI) and Te(IV) adsorb strongly on iron oxides (Qin et al., 2017). As observed for W
adsorption on ferrihydrite, adsorption of metal oxyanions results in an isotopically lighter sorbent
relative to the original fluid due to differences in the coordination environment (Kashiwabara et
al., 2017). As the magnitude of adsorption increases, the solid sample could evolve to a heavier
Te isotopic composition. This is another interpretation for the correlation between the higher
Te/Se ratio and 8"°°Te/'*Te as noted in Fukami et al. (2018). It also may explain why certain
samples, that have undergone a greater extent of oxidation or contain greater Fe,03%, like the
Vulcan Yellow precipitate, seem to be isotopically heavier than less Fe,03% rich samples. For
example Nod-P-1 is 0.35%o heavier than the marine mud, MAG-1 and topsoil, C320293, is
0.25%o greater than the Horizon A soil, C350500.

Te isotope studies have not yet found evidence of mass-independent fractionation of Te
isotopes in terrestrial samples (Fehr et al., 2018; Fehr et al., 2005; Fornadel et al., 2017), despite
significant nuclear field shift effects on Te isotopes observed in a laboratory study (Moynier et
al., 2008). When comparing 8'**Te/'*°Te and 5'*Te/'**Te to §'°°Te/'**Te, we observe no
significant deviations from mass-dependent fractionation in the Alfa Aesar Te(VI) powder
standards (Figure 2.6). We also see no deviation within analytical uncertainty from an
exponential mass-dependent fractionation relationship in the natural samples either (Figure 2.6).
With additional replicate analyses leading to higher precision, mass-independent fractionation
may be resolved. Assuming an exponential mass-dependent kinetic isotope fractionation law, the

slope (P) of the relationships in Figure 2.6 is expressed as:

lnmIQG
My

mize
mi3o
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128 125

where X is either the mass of ““Te or “"Te. This observation does not preclude the possibility of
mass-independent fractionation in the future though. The fact that mass-dependent patterns were
always observed provide further evidence of the fidelity of the measurements despite several
interferences. In particular, the Sn correction is effective over a large range of Sn/Te in the
samples. Improper removal of Sn to produce a large Sn excess would not only artificially depress
the 8"*°Te/'**Te and 8'**Te/'**Te, and increase 8'*Te/'**Te, but also affect mass-independent

-+ .
24TeH" correction on > Te.

fractionation due to the
2.4 Conclusions
The methods detailed in this study provide a new approach to measure Te isotopes.

*  While we expected that the hydride generation method would allow for measurements on
lower masses of Te with better ionization efficiency, under the current conditions on our
instrument, we observe that the sensitivity of the hydride generation sample introduction
is similar to that achieved with a desolvating nebulizer (Aridus II; <8.75 ng Te per
measurement).

* Hydride generation avoids the introduction of certain interfering elements like Ba, which
can be complicated to correct for. Furthermore, many solutions containing low dissolved
Sn and Fe concentrations can be analyzed without any matrix separation. This enables a
large savings in time for some sample types with simple matrices, such as those
generated by laboratory experiments and possibly high-Te contaminated water.

* The attainable precision of this method using about 8 ng per measurement (26~ 0.09%o

for '°°Te/'**Te) is similar to that of previously published methods.
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* The large range in 3'*°Te/'**Te (1.21%o) of several natural samples presented here
indicates that isotopic fractionation of Te is prevalent in low-temperature marine and
terrestrial environments.

* Despite the potential for effects from interferences like Sb, Sn and Fe, the ion exchange
procedure we modified from previous methods effectively purifies Te from the sample
matrix. Future studies can apply this method to Te isotope measurements of natural
waters.

e We observed that the "°°Te/'**Te, §'**Te/'**Te, and §'*Te/'**Te results for reagent Te
and the natural samples follow mass-dependent fractionation as has been observed in all
studies to date.

Although laboratories using desolvating nebulization should be able to achieve high-quality

measurements with similar masses of Te, we suggest that future laboratory and field studies

can use this hydride generation approach advantageously due to its ability decrease or

eliminate interferences and matrix-related problems.
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2.5 Tables and Figures

Table 2.1. Detector setup showing associated Te isotopes and isobaric interferences.

L4 L3 L1 Ax Hl1 H2 H3 H4 HS5 Ho6
120 124
Te 123 Te 130
g, 1209 123;6) 124 1257, 12674 oy 1287, 130)'1‘(2 132y o
"SnH" 22pep BShH" PTeH'  Xe 128 e Bog., 13284
40 5 07 40 4 123 126 o[
124y
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Table 2.2. §'3Te/?°Te data of standards.

Number of 8130Te/*0Te

Standard Analyses %) 26
In-house standard
solution from Alfa
Aesar Te(VI) powder 39 0.84 0.09
(lot no. YO5A029)
In-house standard
solution from Alfa
Aesar Te(IV) powder 13 -0.06 0.14
(lot no. M27C052)
Processed NIST
SRM 3156 (100 ng)’ 1 0.00 0.06
Processed NIST
SRM 3156 (50 ng)* S 0.04 0.10
Processed NIST
SRM 3156 (15 ng) ! -0.06 n.d.
Processed NIST
SRM 3156 (15 ng) ! 0.00 n.d
NIST SRM 3156
(DS/sample ~0.6) 7 0.00 0.08
NIST SRM 3156
(DS/sample ~ 2) > -0.05 0.09

bracketing standards

* Processed NIST SRM 3156 standards represent an aliquot of standard run through all three
columns (Section 2.3).
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Table 2.3. Results of Te concentrations and Te isotope ratios of natural samples.”

Sample Te [pg g'l] 26 8130'{;{)1)26Te 26 6128{;}{)1)26Te 20 6125":“;){:)26Te 20 8130'{;)11)25Te 26
Nod-P-1
This study 47 0.5 0.2 -0.22 0.72
This study 5.44 0.4 0.25 -0.12 0.66
This study 4.59 0.59 0.33 -0.09 0.68
This study 4.58 0.51 0.22 -0.07 0.59
This study 5.08 0.45 0.27 -0.07 0.52
Average 4.88 0.75 0.5 0.12 0.25 0.1 -0.11 0.12 0.64 0.16
F‘zggftg)al n.d, 0.54 0.12
E;‘ké%lll;)t 5.14 031 0.66 0.05
e o
S:lh‘(rzrgﬂft 4.95 0.4
SCO-1
This study 0.08 0.12 0.06 0.02 0.09
This study 0.08 0.13 0.04 0.01 0.12
Average 0.08 0 0.13 0.02 0.05 0.03 0.01 0.01 0.1 0.03
nglzt)al. 0.07 0.02
Schirmer et 0.09 001

al. (2014)
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Table 2.3 (cont.)

Sample T;_E;lg ZG 6130’{(;]{:)26’1‘6 26 6128’{(;]{:)26’1‘6 26 6125’{(;]{:)26’1‘6 26 6130’{(;]{:)25’1‘6 26
SGR-1
This study ~ 0.25 0.32 0.29 20.13 0.46
This study ~ 0.25 0.29 0.17 20.01 0.3
Average 025 0 0.31 0.04 0.23 0.18 -0.07 0.16 0.31 0.23
Schirmer et
o 024 ool
Fe(’gg f;;‘l 02  nd 0.04 0.08
MAG-1
This study ~ 0.07 0.15 0.08 -0.04 0.2
This study ~ 0.06 0.17 0.24 20.18 0.33
This study ~ 0.07 0.05 0.12 20.09 0.29
This study ~ 0.06 0.23 0.28 20.16 0.45
Average  0.07  0.01 0.15 0.15 0.18 0.19 20.12 0.13 0.32 0.21
W?;glzt)al‘ 0.07 001
Ff(’gg f;;‘l 0.05  nd 0.01 0.1
320293
This study ~ 69.94 0.35 0.16 20.09 0.47
This study ~ 49.74 0.42 0.14 20.02 0.46
This study ~ 56.72 0.33 0.15 20.07 0.5
This study ~ 54.69 0.32 0.14 20.08 0.39
Average 5777 1725 0.36 0.09 0.15 0.02 20.07 0.06 0.46 0.09
USGS 505 nd.
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Table 2.3 (cont.)

Sample Te [llllg g re 61?;(»{‘;”/)1)261‘e rg 612&{‘;”/)1)26’1‘e rg 6125?‘;”/)1)261‘e rg 61?;(»{‘;”/)1)251‘e 26
C350500
This study 18.34 0.06 0 -0.1 0.2
This study 17.92 0.11 -0.04 -0.07 0.25
Average 18.13 0.59 0.08 0.06 -0.02 0.05 -0.08 0.05 0.23 0.07
USGS 9.6 n.d.
Masonic
surface
This study 1070.89 0.31 0.09 -0.16 0.49
This study 1810.83 0.39 0.18 -0.1 0.52
Average 1440.86 1046.43 0.35 0.11 0.13 0.12 -0.13 0.09 0.51 0.04
Vulcan
yellow
precipitate
This study 571.75 1.33 0.75 -0.36 1.64
This study 684.71 1.24 0.66 -0.39 1.5
This study 604.63 1.28 0.75 -0.3 1.57
This study 627.46 1.31 0.68 -0.23 1.55
Average 622.14 95.14 1.29 0.08 0.71 0.09 -0.32 0.14 1.57 0.12
Ute Ulay
surface
This study 19.92 0.47 0.21 -0.13 0.6
This study 17.03 0.46 0.22 -0.12 0.48
This study 18.03 0.54 0.33 -0.19 0.67
This study 16.93 0.42 0.34 -0.06 0.52
Average 17.98 2.77 0.47 0.09 0.27 0.14 -0.13 0.11 0.57 0.17
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Table 2.3 (cont.)

Sample Te [pg g'l] 20 6::{;]/:)26 20 6;2{;/:;6 20 6:2{;)/:)26 20 6;:{;)/:;5 20
Ute Ulay
deep
This study 1.66 0.36 0.22 -0.13 0.47
This study 1.04 0.4 0.24 -0.15 0.55
This study 1.32 0.4 0.25 -0.12 0.52
Average 1.34 0.63 0.38 0.05 0.23 0.03 -0.13 0.03 0.51 0.08
Delamar
big tails
surface
This study 233.67 0.31 0.2 -0.02 0.35
This study 337.01 0.41 0.2 -0.08 0.48
This study 3354 0.31 0.27 -0.1 0.41
Average 302.03 118.41 0.34 0.11 0.22 0.08 -0.07 0.08 0.41 0.14
CLRD-3.0
This study 0.037 0.32 0.09 -0.02 0.34
This study 0.041 0.4 0.21 -0.13 0.53
Average 0.039 0.007 0.36 0.11 0.15 0.16 -0.08 0.16 0.44 0.27
CLG-1
This study 0.02 0.14 0.08 0 0.14
This study 0.018 0.08 0.04 -0.11 0.19
Average 0.019 0.003 0.11 0.08 0.06 0.05 -0.05 0.15 0.17 0.07

*All values reported for this study represent samples digested, purified, and measured once. *Fehr et al. (2018) and Fukami et al.

(2018) values are compared to the average NIST SRM 3156 values reported in their respective studies. 8'*°Te/'* Te results are

: 120 124 125 130 . . :
calculated using “"Te, “"Te, ~Te, and ~ Te as the inversion isotopes.



0.8 . . : . . : . .
0.6 } -
£ 04} -
gﬁ 0.2} H |
: 0? i1 ii L Er
02h % |

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5
1307¢ Intensity (V)

Figure 2.1. Repeated analyses of 8'*°Te/'**Te (black circles), 8'**Te/'**Te (grey circles), or
8'*Te/'**Te (open circles) at varying intensities of the Alfa Aesar Te(VI) in-house standard with
optimal spike:sample ratio normalized to the average value of a 2.5 ppb solution of Alfa Aesar
Te(VI). The dashed band denotes the average envelope of uncertainty (2c) for 5'*°Te/'**Te. Error
bars represent twice the standard error of an individual analysis.
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Figure 2.2. Uncertainties of 8'*°Te/'**Te over various proportions of double spike in the double
spike-sample mixture. Black circles represent triplicate measurements of NIST SRM 3156 at
different proportion of double spike in the double spike-sample mixture (molar basis). The solid
line denotes the error propagation model by Rudge et al. (2009) using the double spike
composition from this study, where the optimal proportion of double spike in the double spike
mixture is 0.28.
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Load

Sample Rinse Rinse Rinse  Rinse Elute with
6 MHCI 6MHCI 5MHF 9MHCI 2MHCI 1 M HNO,
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O
Q
O 04
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Volume eluted (mL)
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Figure 2.3. (A) Elution curves for a digestion of 50 mg of SRM Nod-P-1 following a modified
anion exchange procedure from Fehr et al. (2004) and Wang and Becker (2014). (B) Elution
curves for the secondary column to separate Sn and Fe from Te using AG 50W-X8 cation-
exchange resin. C/Co is defined as the elemental mass eluted over the total elemental mass of

sample loaded into the column.
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Figure 2.4. 5"°°Te/'*°Te with increasing amounts of Sn doped into the standard Alfa Aesar
Te(VI) solution and normalized to the average Alfa Aesar Te(VI) value. Filled circles show
measured values that are corrected with the primary correction. Open circles have a secondary
correction based on a linear fit between 3'°°Te/'**Te and Sn/Te. These corrected values fall
within the average envelope of uncertainty (20) for repeated analyses of Alfa Aesar Te(VI)
denoted by the dashed lines. Error bars are twice the average standard error of the measurements.
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Figure 2.5. 8"°°Te/'**Te with increasing amounts of Sb added to the standard NIST SRM 3156,
as indicated by the ratio of '*Sb to *’Te on the x axis. No '>SbH" correction is applied to the
data shown. The impact of '*SbH" on measurement of '**Te is negligible for '>*Sb/"**Te < 1.4.
The dashed lines indicate the average envelope of uncertainty (2c) for repeated analyses of NIST
SRM 3156. Error bars are twice the standard error of each measurements.
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Figure 2.6. Comparison of 8'**Te/'**Te or §'*Te/'**Te by 5"*°Te/'*°Te. Open symbols reflect the
§139Te/"*%Te, §'**Te/'**Te correlation, while closed symbols show §139Te/"?%Te, §'*Te/'*Te. All
symbols fall within analytical uncertainty (2o, grey error bars) of the expected relationship
(8'Te/'**Te = 0.5022 x §"°Te/**Te and §'*Te/'*°Te = -0.2456 x 5'*°Te/'**Te), based on
exponential-law, mass-dependent kinetic fractionation. Blue symbols are multiple analyses of
NIST SRM 3156; purple symbols reflect natural samples; green symbols are multiple analyses of
the Alfa Aesar Te(VI) reagent.
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CHAPTER 3: ANTIMONY AND TELLURIUM ISOTOPIC FRACTIONATION
INDUCED BY ADSORPTION TO GOETHITE AND ILLITE
Abstract
The fate and transport of the metalloids antimony (Sb) and tellurium (Te) is largely

dictated by redox processes. However, in oxic environments, Te and Sb adsorb readily to mineral
surfaces, a process that can greatly reduce their mobility. Recently, there has been increasing
interest in developing the Sb and Te isotope ratios as tracers of redox reactions in modern or
ancient settings, similar to other redox-sensitive elements. However, isotopic fractionation
during adsorption, driven by differences in the energetics of the bonding environment between
the adsorbed and aqueous species, has the potential to complicate efforts to track redox-driven
geochemical changes using isotope ratios. Here, we examine the equilibrium isotopic shifts
produced during adsorption of Sb(IIl) and Sb(V) and Te(IV) and Te(VI) to goethite and illite at
pH 6 and 8. Adsorption of Sb(III) and Sb(V) produced differences in daqueous- Oadsorbed 0F 0.31%o0
to 0.39%o0 and 0.22%o to 0.28%o for adsorption to goethite and illite, respectively, which were
indistinguishable within analytical uncertainty. The isotopic fractionation during adsorption of
Te(IV) to goethite and illite at pH 6 and 8 was even more muted. Te(VI) adsorption induced a
significantly greater isotopic shift of ~0.65%o for goethite. Sb(V) adsorption to goethite took 1
week to equilibrate isotopically, a much longer period than the other experiments, which attained
isotopic equilibrium within hours. In addition, transient isotope effects prior to isotopic
equilibrium for Sb(V) adsorption showed an initial decrease in 3'*’Sb and subsequent rise to
isotopically heavy values. In total, these isotope effects are smaller than redox-driven isotope
effects by a factor of 3 and should be considered when using Sb or Te stable isotopes to track

redox processes.
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3.1 Introduction

Measurements of non-traditional stable isotope ratios have helped identify and quantify
important pathways that control biogeochemical cycling of metals and metalloids in terrestrial
and marine environments. The antimony (Sb) and tellurium (Te) stable isotope systems are
currently being explored as new proxies for Sb and Te redox transformations (Wasserman and
Johnson, 2020a). Sb and Te, while both trace elements, are considered economically valuable for
photovoltaics, nanotechnology, hardening agents in alloys, flame-retardants, and catalysts for
plastics (e.g. PET) (Filella et al., 2002; Westerhoff et al., 2008; Zweibel, 2010). In the last
century, instances of elevated Sb and Te in soils and waters around mines and processing sites
have increased, as demand and extraction of these elements has grown (Ashley et al., 2007;
Wang et al., 2011; Wiklund et al., 2018). Because both elements are toxic to animals and humans
at concentrations < 1 pg (Cooper and Harrison, 2009; Perez-D'Gregorio et al., 1988a), greater
examination of the Sb and Te biogeochemical cycles is essential.

Like other multivalent elements, distinctions in geochemical behavior exist between
oxidation states of Sb and Te. Sb(V) forms soluble oxyanions, while Sb(III) is significantly less
soluble, forming Sb oxide and sulfide minerals (Filella et al., 2009). The ratio of the two Sb
stable isotopes, '>°Sb/!*'Sb, varies due to isotopic fractionation during abiotic and biological
reduction and is a promising indicator of Sb biogeochemical processes (Rouxel et al., 2003).
Te(VI) and Te(IV) are the more soluble counterparts to the more reduced Te oxidation states,
Te(0) and Te(-1I) which form insoluble phases. Containing eight isotopes, Te isotopically
fractionates in laboratory reduction experiments and displays isotopic variation in natural
samples (Baesman et al., 2007; Fukami et al., 2018). These results illustrate the potential of Te

and Sb isotope systems as redox proxies, but overall little is known about the isotopic
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systematics of these two elements. In order to develop these tools, the potential for non-redox
processes, such as adsorption, to also cause isotope ratios shifts must be examined.

Isotopic fractionation during adsorption occurs due to differences in metal(loid)-oxygen
bond strength between the adsorbed and aqueous coordination spheres. For some redox-sensitive
elements, isotope shifts due to adsorption are significant enough in magnitude to complicate
redox-driven isotopic fractionation. For example, the largest isotopic fractionation of
molybdenum (Mo) occurs during adsorption of MoO4*” to Mn oxides, during which the aqueous
complex transforms from a tetrahedral to an octahedral species when adsorbed (Barling and
Anbar, 2004; Wasylenki et al., 2011). Recently, significant Se isotopic fractionation was
measured during Se(IV) adsorption to hematite and f-MnO, (Aaqueous_adsorbedgzSe/76Se ~0.67 to
1.24%0) (Xu et al., 2020). Consideration of Se isotopic fractionation during adsorption could alter
interpretations of marine paleoredox condition based on the Se isotope record (Mitchell et al.,
2012; Stiiecken et al., 2015).

Adsorption can also mute redox-induced isotopic shifts if the fractionation factor is much
smaller than isotopic fractionation produced by redox processes. Brown et al. (2018) showed that
when complexed as Ca-COs-U, U(VI) reduction produced a fractionation factor of £**U/*>U~
0.23 to 0.83%o. Previous studies had observed no significant or minimal isotopic fractionation
during the reaction of dissolved U(VI) and FeS due to fast sorption of U (Stylo et al., 2015).
Uranium isotopes are used extensively to monitor U mobility in contaminated sites (Jemison et
al., 2020; Shiel et al., 2016) and as a marine paleoredox proxy (Briiske et al., 2020; Chen et al.,
2017), and this result had major implications on interpretations of U isotope fractionation. This
example highlights that, when not taken into account using a rigorous mass balance, adsorption

can skew interpretation of isotopic fractionation factors or the extent of reaction progress.
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As both Sb and Te isotopes have the potential to serve as redox proxies in modern and
ancient environments, isotopic fractionation during adsorption could either complicate or
enhance the use of these elements as redox proxies. This is especially important as both elements
adsorb strongly to Fe (oxy)hydroxides and clay minerals (Hein et al., 2003a; Ilgen and Trainor,
2012; Leuz et al., 2006; Qin et al., 2017). Sb adsorption behavior is variable depending on
oxidation state. Sb(III) adsorbs to goethite strongly over a full range of pH, but is easily oxidized
on the timescale of a day (Leuz et al., 2006). Meanwhile, Sb(V) adsorption to Fe-
(oxy)hydroxides and kaolinite is pH-dependent, decreasing with increasing pH (Essington et al.,
2017). The mobility of both Te oxidized species, Te(IV) and Te(VI), is influenced by adsorption
in oxic systems. As an irregularly coordinated pyramid, Te(IV) species are quickly scavenged in
aqueous systems (Lee and Edmond, 1985). Te(VI) adsorbs strongly, but less than Te(IV), to
goethite, ferrihydrite, and illite (Qin et al., 2017). Like other oxyanions (e.g. SeOs>), inner-
sphere complexation of Te could induce isotopic fractionation on goethite surfaces.

The relative influence of adsorption on both isotopic systems depends on the magnitude
of the shifts accompanying redox-induced isotopic fractionation. Existing data of Sb isotopic
fractionation shows significant shifts during abiotic and biological reduction. This is expressed
as £'*Sb, which, to a very close approximation, is equal to Syeactant - Oproduct, the 1sotopic
difference between the reactant pool and the product flux. Sb isotopic fractionation has been
measured during abiotic reduction by potassium iodide (¢'*Sb = -0.90%o) and sulfide (¢'**Sb = -
1.42%o) in an HCI matrix (Mackinney, 2016; Rouxel et al., 2003). In addition, reduction by
various bacterial cultures also produced a significant isotopic shift: Two anaerobic bacterial
cultures amended with lactate and tryptone produced a product §'’Sb ~ 0.7%o less than the

reactant during the reduction of Sb(OH)s to Sb(OH); (Wasserman, 2018). In addition, natural
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isotopic variation of 8'**Sb displayed a range of 2.0%o in a suite of hydrothermal sulfides
(Rouxel et al., 2003) and ~1.0%o in mine-affected river waters (Resongles et al., 2015),
indicating that fractionating processes are ubiquitous in terrestrial and marine environments.

While few studies have examined Te isotopic fractionation in laboratory studies, results
so far exhibit significant isotopic fractionation for abiotic and biological reduction. Baesman et
al. (2007) showed that the reduction of Te(IV) and Te(VI) to Te nanorods produced &' 0125 e ~ -
4%o and -5%o for the two bacterial cultures, Bacillus selenitireducens and Sulfurospirillum
barnesii, respectively. Abiotic isotopic fractionation has been similar in size for Te. Smithers and
Krouse (1968) reported &' V125Te of -4.4%o during Te(IV) reduction with sulfite, while reduction
of Te(IV) with cysteine produced " **'*Te of -2.4%o. A range of 8"**'*Te ~ 1.21%o has been
observed in various terrestrial sediments and similarly for chondritic meteorite samples (Fehr et
al., 2018; Fukami et al., 2018; Wasserman and Johnson, 2020a).

Here, we present results of an experimental study to examine the isotope effects during
adsorption to goethite (FeO(OH)) and illite ((K,H)Alx(S1,Al)40,0(OH),-nH,0). Illite and goethite
provide an interesting comparison in this regard, due to their varying surface charge, structure,
and active binding sites. The point of zero charge (pzc), or the pH at which the mineral surface is
neutral, can influence the mode of adsorption. The pzc of goethite is 7.0 to 9.0 while that of illite
is approximately 2.5 (Hussain et al., 1996; Venema et al., 1998). Within the range of pH
examined here, illite is negatively charged while goethite is mostly positively charged.
Therefore, negatively charged oxyanions of both Te and Sb will be electrostatically attracted to
goethite and then undergo inner-sphere complexation. Adsorption to illite, meanwhile, must be
primarily through inner-sphere complexation as both surface and ion are negative. Given the

moderate magnitude of Sb and Te isotopic fractionation due to reduction, isotopic shifts as a
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result of adsorption need to be explored. We (1) present methods to measure 3'>’Sb of Sb(III)
and Sb(V), (2) report isotopic fractionation prior to and after isotopic equilibrium is reached, and
(3) discuss likely mechanisms for isotopic fractionation and implications for applications of the
Sb and Te isotope systems.

3.2 Methods

3.2.1 Experimental materials and stock solutions

The sorbent material used in this study was Bayferrox Yellow 910 synthetic goethite and
illite obtained from Gavi Island, Italy (Ylagan et al., 2000). All substrates were powdered and
sieved so that the grain diameter was between 0.15 mm and 0.25 mm. The synthetic matrix for
every adsorption experiment had an ionic strength of 0.08 M (NH4Cl, KCI, and NaCl) and was
buffered by 3 g L' PIPES.

Sb stock solutions were prepared by dissolving Sb,Os powder (Acros Organics, CAS
1309-64-4, lot AO312974) in a solution containing 2.0 M distilled HCI and 0.02% (m/v)
ascorbate for the Sb(III) adsorption experiments and SbCls (Sigma-Aldrich) in 2 M HCI for the
Sb(V) experiments. All solutions containing Sb(III) were kept in amber glass vials or wrapped in
aluminum foil to reduce the possibility of Sb(III) photo-oxidation. In order to ensure that Sb(III)
was reduced, a 0.05% (m/v) KI and ascorbate solution was allowed to react with an aliquot of the
dissolved Sb,O3, standard for 3 hours. Te stock solutions consisted of National Institute of
Standards and Technology (NIST) 3156 Te concentration standard (lot no. 140830) in 2 M HCI
and Alfa Aesar H,TeO4*2H,0 powder reagent (99% metals basis, low no. Y05A029) dissolved
in 18.2 MQ Milli-Q H,O. The Te(IV) reagent was reacted in 5 M HCl on a hot plate at 90°C for

2 hours to ensure any Te(VI) present was reduced, while an aliquot of Alfa Aesar Te(VI) reagent
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was oxidized in 0.1 M HCI with 0.02 M K,S,0s for 1.5 hours to ensure any Te(IV) was oxidized
to Te(VI).
3.2.2 Experimental setup

The pH of the synthetic matrix was adjusted in each reactor with HCl or NaOH prior to
the addition of Te or Sb and measured periodically throughout the experiment. The pH of each
experiment was adjusted to either 6 or 8 to span much of the range of environmentally relevant
waters such as groundwater or seawater. In addition, Sb(V) adsorption is pH-dependent in this
range and thought to form outer-sphere complexes at pH> 7. The behavior of Sb adsorption to
illite over a wide range of pH has not been thoroughly investigated (Leuz et al., 2006). Several
reactors from pH 3 to 10 were set up to examine the general adsorption affinity of Sb(IIT) and
Sb(V) to illite over a wide pH range.

Reactors containing Sb(III) were purged with O-free Ny, for 3 hours and crimp-sealed
to prevent oxidation by dissolved O,. Over the pH range examined here, the kinetics of oxidation
are slow (significant reaction requiring weeks in contact with air) (Leuz and Johnson, 2005).
However, there is evidence of fast oxidation of Sb(III) during adsorption onto Fe-
(oxy)hydroxides in the presence of O, (Leuz et al., 2006). The reactors were also wrapped in
aluminum foil to prevent photo-oxidation of Sb(III) (Kong et al., 2016). After the addition of Sb
or Te, all reactors were allowed to equilibrate for 3 hours prior to the addition of solid. In order
to maintain homogeneous conditions in each experiment, the reactors were agitated on a shaker
table at 100 rpm. All experiments contained 1 pg L™ Te or 1.5 ug L' Sb initially. Enough
goethite or illite was added so that more than 50% of dissolved Te, and at least 20% of dissolved

Sb was adsorbed after each sorbent addition (Table 3.1).
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The reactors were sampled with a needle and syringe in 1-2 mL aliquots of the
suspension, which were immediately filtered with a 0.22 um nylon syringe filter. Sb(III) samples
were taken in a low-light environment and immediately preserved with ascorbic acid, acidified
with HCI to pH 2, and refrigerated. Approximately, 4 mL of Ny was injected into the Sb(III)
reactors after sampling to maintain positive pressure. Sb(V) and Te samples were acidified with
HCl to pH 2.0 and refrigerated.

Initially, batch reactor experiments were set up to identify how long each experimental
condition needed for isotopic equilibrium to be achieved, and to examine any transient,
kinetically driven isotope effects. For each condition tested, 2 mL of the illite or goethite
experiment was sampled at several timepoints over 72 hours to 1 week and measured for Te,
Sb(V), and Sb(III) concentrations and isotopes in the filtrate. Experiments for Sb(V) were
sampled over a longer time period of 2.5 weeks, due to the long isotope equilibration time period
for Sb(V) adsorption.

A second set of experiments was conducted with the aim of more precisely determining
fractionation factors after isotopic equilibrium was achieved. This was carried out in a series of
batch reactor experiments, where dissolved Sb or Te was subjected to multiple stages of isotopic
equilibration after addition of adsorbent, followed by removal of adsorbent. Experiments
containing Te(IV) and Te(VI) were allowed to react for 48 hours before sampling, in order for
isotopic equilibrium to be reached. Sb(V) experiments were allowed to react for 1 week, while
reactors containing Sb(IIl) were sampled after 12 hours. After each reactor was sampled, the
entire suspension was filtered with a 0.22 um PTFE syringe filter and transferred to a clean

reactor. Subsequently, fresh sorbent was added to the reactor with 1 to 2 mL of matrix solution to
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initiate the next stage of adsorption. Each experiment was subject to three stages of sorbent
addition. Each experiment was repeated at least twice.
3.2.3 Anion exchange procedures
3.2.3.1 Sb purification

A modified anion exchange procedure from (Lukaszczyk and Zyrnicki, 2010) was used
to separate Sb from matrix interferences and separate Sb(III) from Sb(V). Approximately 1.5 mL
of cleaned BioRad AG1-X8 resin (100-200 mesh, BioRad Laboratories) was loaded into 10 mL
acid-cleaned polypropylene columns. All Sb samples were acidified to 1.5 M HCI at least 1 hr
prior to column purification. Initially, the resin was cleaned with 30 mL of Milli-Q H,O followed
by 10 mL of 1.5 M HCIL. Less than 1 mL of sample containing no more than 10 pug of Sb was
loaded in a matrix of 0.02% (m/v) ascorbic acid and 1.5 M HCI. The Sb(V) fraction was eluted
with 10 mL of 1.5 M HCl into a 25 mL borosilicate glass vial with Teflon-lined cap, and was
later reduced by KI to Sb(III) for additional separation from Te, Sn, and the matrix. The Sb(III)
fraction was collected via addition of 10 mL of 18.2 MQ Milli-Q water. Both fractions were
acidified with distilled concentrated HCI to 2 M HCI and reduced with 0.05% (m/v) KI prior to
measurement by Hydride Generation Multi-collector Inductively Coupled Plasma Mass
Spectrometry (HG MCICPMS).
3.2.3.2 Te purification

Unlike Sb, which only has two isotopes, there are eight Te isotopes, which allows for the
development of a Te double spike. Any isotopic fractionation due to sample preparation or
variations in instrumental mass bias can be corrected by the use of the double spike. After

concentration measurements (see below), enough '**Te-'**Te double spike was added so that the
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molar spike to sample ratio was ~1. The sample-spike mixture was allowed to equilibrate for at
least 24 hours prior to sample purification.

Purification of Te extracted from digestions of the solids followed the “Fe-column”
procedure as described in (Wasserman and Johnson, 2020a). Two anion exchange columns were
used to purify aqueous Te samples from isobaric (Sn) and matrix interferences. The first column
contained 1 mL BioRad AG1-X8 resin (100-200 mesh, BioRad Laboratories) and removed most
of the sample matrix. Briefly, Te(VI) was reduced to Te(IV) by heating at 110°C in 5 M HCI for
2 hours and Te(IV) samples were acidified to 5 M HCI. The sample was loaded onto the column
in 2 mL 5 M HCI followed by a rinse of 10 mL of 6 M HCI, 5 mL of 9 M HCI and elution of
Te(IV) by 4 mL of 0.4 M HCI. The collected sample was dried down and dissolved in a solution
of I mL 0.1 M HCI and 0.02 M K,S,0s. Conversion from Te(IV) to Te(VI) was complete after
heating this solution on the hot plate at 110°C for 90 minutes. The second column separated Sn,
an isobaric interference, from Te. The oxidized sample was loaded onto a 1 mL column (AG1-
X8 resin, 100-200 mesh) that had been pre-conditioned with 5 mL 0.4 M HCI. The Te(VI)
fraction was immediately collected with 4 mL of 0.4 M HCI, while Sn(IV) was retained by the
column.

3.2.4 Analytical methods
3.2.4.1 Sb and Te concentration measurements

All initial concentration measurements to monitor reaction progress and to calculate the

addition of spike were made on an iCAP Q ICP-MS (Thermo Scientific Instruments). The

125

isotopes '*Te and '*'Sb were measured along with °’Fe and ''"*Sn. Te and Sb calibration

standards and samples were diluted in 2% (v/v) HNOs. An online internal standard containing 10

1115

ng mL™ " “In was used to correct for instrumental drift and matrix effects. The limits of detection
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were 0.02 and 0.03 ng mL™" and the limits of quantification were 0.3 and 0.4 ng mL™" for Te and
Sb, respectively.
The more precise Te concentrations reported below were obtained using isotope dilution.

As for other isotope systems, this method takes advantage of the '**Te-'**

Te double spike
addition to allow for calculation of the spike to sample ratio. The mass of spike added is known,
and the concentration of the sample can be determined from the measured 124Tespike/ 126Tesample
ratio.

In order to detect any Sb(III) oxidation over the course of an experiment, Sb(III) and
Sb(V) were separated using anion-exchange procedures described above and measured on the
iCAP ICP-MS. Both species were monitored over the course of each experiment.
3.2.4.2 Sb and Te isotope measurements and calculations
3.2.4.2.1 Te and Sb isotopic notation

Te and Sb isotopic ratios are expressed using delta notation, following conventions used

in Rouxel et al. (2003) and (Wasserman and Johnson, 2020a):

1235’b/121 Sb
123 _ sample
oeh= [1235b/1215bsmndard B 1] * 1000 3.1)
130T€/126T6
130 _ sample
> Te = [130T€/126T63tanda7’d — 1] * 1000 52)

The sample ratio is reported as a per mil deviation from the average ratio of the two bracketing
standards. In the case of Sb, this is the in-house Sb,O; standard AOA14, while that for Te is
NIST SRM 3156.

Assuming closed system behavior, the isotopic fractionation due to adsorption at isotopic
equilibrium (A) can be calculated in the following manner.

Aaqueous—aclsorbecl = 6aqueous - 6adsorbed (33)
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Extraction of the adsorbed 8'**Sb, however, had the potential to induce isotopic
fractionation, as no Sb double spike exists to correct for isotopic fractionation during sample
preparation. In addition, no method has been developed yet to separate Sb from potential matrix
and isobaric interferences, like Fe, Te, Sn. Therefore, solid phase measurements were foregone
in favor of solution-phase measurements that have the added advantage of enabling multi-stage
experiments that yield higher precision determination of Aagucous-adsorbed.

Assuming the experiment displays closed system behavior, the fractionation at isotopic
equilibrium (A,queous-adsorbed) €an be obtained via a mass balance model using only the aqueous
data. Effectively, the Aaqueous-adsorbed describes the change in the dissolved Sb isotopic
composition (6123Sbaq) from the initial isotopic composition (8123Sb0) for a given fraction of Sb
adsorbed (fags). This is expressed mathematically as,

5123Sbaq _ 51235130 = A1235b * fads (34)

Here, f.4s1s equivalent to 1 - f,q, where f,q is the fraction of Sb remaining in solution after a
single stage of adsorption. Both f,4s and f,q be calculated using the aqueous concentration data.
Over multiple steps (j) of repeated adsorption, the cumulative amount of adsorption can be
expressed as
J
Sfads = Y fadsorbed,
i=1 (3.5)

The total change in 8123Sbaq from 8'**Sb, will increase linearly with the cumulative adsorption
fraction (Xf,4s), with the slope equal to A123Sb(aqueous-adsorbed):

68y, — 0'%8b, = A Sb % S f s (3.6)
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The addition of more stages increases Xf,4s and allows for a more precise determination of
A123Sb(aqueous-adsorbed), as the greater range in Xf,4s provides greater “leverage” in constraining the
slope.

All A'Sb and A”"Te values were calculated using this method. Solid samples from four
different Te adsorption experiments were digested and measured to provide an additional check
on the validity of this model. The A'*Sb or A"**Te and associated standard uncertainties of these
factors were calculated using a standard least squares linear regression method,
3.2.4.2.2 Hydride generation

Sb and Te isotope measurements were made using Hydride Generation (HG) MCICPMS
(Nu Plasma, North Wales, UK) at the University of Illinois at Urbana-Champaign. Hydride
generation converts Sb and Te to gaseous hydrides (H3;Sb and H,Te). These species are delivered
efficiently to the plasma, although recent work showed that the sensitivity of hydride generation
for Te is roughly equivalent to that of desolvating nebulization methods (Wasserman and
Johnson, 2020a). However, there are significant advantages to hydride generation, including the
avoidance of non-hydride forming interferences like *’Ba on '*’Te.

The methods for hydride generation of H,Te(,) have been discussed at length in previous
studies (Brennecka et al., 2017). Briefly, Te(VI) cannot be reduced to form H,Te(y), so all Te in
the sample was reduced by heating in 5 M HCI for 2 hours at 110°C prior to analysis.
Subsequently, all standard, sample, and blank solutions were adjusted to 4.0 M HCl for
introduction into the HG system.

Formation of H3Sb(,) is more favorable for Sb(III) and Sb(V), so pre-reduction of Sb is

crucial. KI acts as an effective reductant in acidic solutions, and ascorbate acts as a preservative
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(Rouxel et al., 2003). All sample and standard matrices were adjusted to 2.0 M HCI with 0.05%
(m/v) KI and ascorbic acid. Complete reduction took place over 3 hours.

The sample or standard solutions for both Te and Sb were reacted via on-line continuous
mixing with a reducing solution of 0.2% NaHB,4 and 0.2% NaOH. Uptake rates of the sample
and reductant in both systems were 0.9 mL min" and 0.5 mL min™' respectively. H3Sb, and
H,Te(,) were transferred into the plasma with an Ar carrier gas at 1.15 L min-'.
3.2.4.2.3 Sb mass spectrometry

The two isotopes of Sb, '*'Sb (57.21%) and '**Sb (42.79%), were measured using the
Axial and L2 Faraday collectors connected to amplifiers with standard 10'" Q resistors. There is
one potential major isobaric interference, '>Te, which can be corrected for up to [Te]:[Sb] ~ 1 by

126Te on the H3 collector. Other smaller interferences, like '**TeH"

monitoring the intensity of
and '**SnH", are expected to be inconsequential and are not corrected for. Sn is a common trace
metal in NaBH, and typically ''’Sn, which is monitored on the L4 collector cup is 20-25 mV.
Given a similar hydride formation rate as Te (TeH"/Te of 10* as observed from previous studies
(Wasserman and Johnson, 2020a)), '**SnH" would contribute + 0.0004%o of the typical '**Sb

2TeH" is likely to be even less, considering the rarity of '**Te and

intensity. Contribution of
anion-exchange procedures to get rid of Te. Still, both '**Te and '*’Sn are monitored to detect
any significant interferences.

As there is no double spike for Sb isotope measurements to correct for drift in
instrumental mass bias or matrix effects, rigorous quality checks are required. All samples are
bracketed by the in-house standard (AOA14) from the stock of Sb,Os. Every 4 samples, a
secondary fractionated standard, “FUCA15b” was measured (-0.78 % 0.08 %o). The '*Sb/'*'Sb of

the bracketing standard was used to monitor drift in the instrumental mass bias over the run. If
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the bracketing standard varied by more than = 0.10%o (20) from the average AOA14 '**Sb/'*'Sb,
the instrument was retuned. Duplicates analyses were measured for all samples and triplicates
were measured for 80% of the samples in this study. Replicate analyses were not measured
sequentially to ensure that the isotopic ratio was independent of the mass spectrometer
conditions. Processed standards and experimental controls with the same matrix as the
experiment were measured alongside samples to evaluate matrix effects on 8'>*Sb. The §'*Sb of
controls were on average -0.01 = 0.08 %o (n=12). Eight reactors containing blank solutions
contained, on average, 0.03 ng mL™' Sb.

Baseline noise was measured over an integration time of 10 seconds as the ion beam was
deflected by the electrostatic analyzer, and subsequently corrected for. Approximately 0.75 to 1.5
ng mL"' Sb was introduced to produce an intensity of 3.0 V — 5.0 V on '**Sb for good counting
statistics. Prior to each measurement session, a 1 ng mL™' AOA 14 standard spiked with 0.25 ng
mL™"' Te was analyzed to check the Te correction. Measurements averaged three blocks of 10
measurements, each integrating over 3 seconds and peak centering on '*'Sb prior to each block.
A complete washout of Sb memory was achieved by rinsing with 2.0 M HCI for 4 minutes after
each analysis. The long-term precision of this method was 0.06%o (20) (n = 82) based on
multiple measurements of processed FUCAT1S5 standards. On average, triplicate measurements
over an analytical session had an average precision of 0.05%o (20) (n = 19).
3.2.4.2.4 Te mass spectrometry

Te isotope measurements were set up following procedures in Wasserman and Johnson
(2020). Briefly, 120me 1283T¢ 124Te 12°Te 126Te and **Te were measured using Faraday cups L3,
L1, Ax, H1, H2, and H4, which were connected to amplifiers with standard resistors. H5, which

was used to measure >°Te, has a 10'° Q resistor, which had been installed to perform U isotope
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analyses with high **U intensities. Approximately 2.5 ng mL™" Te produced 1.5 V on *’Te,

which allowed for good counting statistics and lower impact of baseline noise on less abundant

126Te). Sn, Xe, and hydride isobaric interferences were present on masses 120 (Sn),

isotopes (e.g.
124 (Sn), 126 (Sn and Xe), 128 (Xe), and 130 (Xe) and were mostly corrected for by on-peak
zeroes prior to measurement. These interferences were corrected by measuring the intensities of
"8Sn on L4 and **Xe on H6, and calculating the residual intensities of 12OSn, 124Sn, 126Sn, 126Xe,
128X e, and *"Xe assuming the natural isotopic composition of Sn and Xe and using the
instrumental mass bias obtained in the Te data reduction. Hydrides were assumed to form at a
constant rate (TeH'/Te~10"") determined at the beginning on the run. All of these corrections
were incorporated into the iterative routine for the double spike reduction.

The bracketing standard, NIST SRM 3156, was measured every four samples. A

secondary standard, Alfa Aesar Te(VI) (0.84 £ 0.09%o (20)), was measured every 10 samples

123 124

over the course of the run. ' Te'H" impacts the '**Te spike isotope, therefore, lower and higher
spiked samples can differ isotopically if this interference was not corrected for. Prior to each run,
low and high spiked standards were measured to obtain the TeH /Te correction, which was then
used to correct for '*Te'H and '**Te'H. Care was taken to limit the precipitation of Te(0) in the
hydride generation system, which can cause depression of signal and persistent memory
(Brennecka et al., 2017). To accomplish this, solutions greater than 5 ng mL™' Te were avoided
and the sample probe was rinsed with 0.5 M HCl initially prior to a three-minute rinse with 2 M
HCI. Seven experimental controls were on average 0.02 & 0.11%o (20) and reactors with only the

matrix present contributed 0.05 ng Te (n=8). Based on 6 pairs of duplicates, the average

uncertainty 8'°°Te was 0.12%o (20).
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3.3 Results
3.3.1 Sb ion exchange separations and Sb(III) preservation

Antimony elution curves show the separation of Sb(V) and Sb(III) species using anion
exchange chromatography (Figure 3.1). Sb(V) and Sb(III) in aqueous sample were separated
completely from each other and from the rest of the matrix. Briefly, when the eluent was HCI
with concentration between 1.0 M and 2.0 M, Sb(III) was retained on the resin, while Sb(V) was
eluted with the matrix. Isobaric interferences, like Te(IV),Te(VI), and Sn(IV), eluted with the
Sb(V) matrix, which could then be separated in the second purification step.

Fast oxidation of Sb(III) occurred during acidification with HCI in the absence of an
oxidation inhibitor, possibly due to trace oxidants in the matrix like iodate in the stock HCI
(Quentel et al., 2006). When ascorbic acid was not added as a preservative prior to acidification,
Sb(III) was oxidized within a matter of minutes resulting in low recovery (<2%) of Sb(III).
3.3.2 Adsorption of Te and Sb to illite and goethite

Our results show that Sb(V) adsorption was greater for goethite rather than illite. Like
previously observed behavior with other oxyanions (Balistrieri and Chao, 1987; Dixit and
Hering, 2003), equilibrium Sb(V) adsorption to illite shows strong pH-dependence, decreasing in
adsorption affinity above pH 6 (Figure 3.2). This is similar to the pH-dependence of Sb(V) to
goethite reported by Leuz et al. (2006) A higher fraction of adsorbed Sb(V) on goethite was
observed for pH 6 compared to pH 8 conditions in our experiments as well (Figure 3.3).
Sb(I1I)adsorption, meanwhile, did not vary with increasing pH, possibly indicating similar
adsorption mechanisms across the range of pH. Sb(III) also showed a higher affinity than Sb(V)
for illite over the range of pH (Figure 3.2). There was no difference for Sb(III) adsorption

between the two sorbents. Te(IV) and Te(VI) at pH 6, meanwhile, adsorbed to goethite and illite
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in similar magnitudes, with a greater amount of Te adsorbed to goethite relative to illite. This is
consistent with the adsorption affinity for these two minerals in Qin et al. (2017).

Tellurium and antimony adsorption to both sorbents reached steady state on the order of
hours (Figures 3.3 and 3.4). Within 1 hr, dissolved Sb concentrations reached equilibrium in all
reactors (Figure 3.3). The loss of Sb(III) from solution after 24 hours is related to oxidation as
indicated by the appearance of Sb(V) after this timepoint (Figure 3.3). Meanwhile, Te
concentrations reach steady state after 3 hours in all conditions (Figure 3.4). No difference was
observed between the Te(VI) and Te(IV) in terms of the kinetics of adsorption. Tellurium
adsorption to illite achieved chemical equilibrium slightly more quickly than adsorption to
goethite.

3.3.3 Sb and Te isotopic fractionation prior to isotopic equilibrium

Sb(III) adsorption to goethite and illite and Sb(V) adsorption to illite appeared to reach
isotopic equilibrium within 10 hours (Figure 3.3). For Sb(IIl) adsorption to goethite, the increase
in 6123Sbaq at 24 hours at pH 8 correlated with the onset of Sb(III) oxidation as shown in Figure
3.3. During adsorption of Sb(V) to goethite, §'* Sb,q reached isotopic equilibrium after ~1 week
(Figure 3.5), a rather long time compared to other conditions.

Sb (V) adsorption to goethite and illite resulted in a non-linear evolution of §'* Sbyq prior
to the attainment of isotopic equilibrium. Sb(V) reached isotopic equilibrium during adsorption
on illite at 3 hours after an initial decrease in §'*Sb,, of -0.25 to -0.29%o within the first hour and
subsequent rise of 0.30 and 0.40%o (Figure 3.5). Within the first 24 hours of Sb(V) adsorption on
goethite, 8'*Sb decreased to ~0.5%o isotopically lighter than the starting solution. No such
transient decrease was observed in the first part of the Sb(III) experiment to illite or goethite

(Figure 3.5).
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During adsorption to illite, both Te(IV) and Te(VI) reached isotopic equilibrium at 3
hours (Figures 3.6A, 3.6C). Te(IV) and Te(VI) adsorption to goethite showed similar rapid
isotopic equilibration (Figures 3.6B, 3.6D). Prior to isotopic equilibrium being reached, the

evolution of §'*°

Te did not display the distinct, early isotopic depletion observed with Sb(V).
3.3.4 Sb and Te equilibrium isotopic fractionation

The aqueous data from the Te and Sb equilibrium adsorption experiments fit well to
predicted linear evolution (Equation 3.6) of aqueous 8'**Sb in multi-stage experiments (Figures
3.7 and 3.8). In addition, the 3'*°Te of the solid falls on the predicted isotopic fractionation for
adsorbed Te in the 4 cases where the solid was measured. In addition, no oxidation of Sb(III)
occurred, as aqueous Sb(V) remained at undetectable levels (< 0.4 ng mL™") during the isotopic
equilibrium experiments with Sb(III).

The adsorption of Sb produces a positive equilibrium A'**Sb for all conditions (Figure
3.7). The equilibrium A'*’Sb of Sb(III) with goethite (pH 6: 0.31, pH 8: 0.32) and Sb(V) with
goethite (pH 6: 0.39, pH 8: 0.34) is the same within analytical uncertainty (Table 3.2). Sb
adsorption to goethite resulted in equilibrium A'*Sb values identical to those observed with
adsorption to illite. Unpaired Student t-tests comparing Sb adsorption with illite and goethite
showed no statistical difference between the means of the two groups (p > 0.05).

Tellurium adsorption to illite and goethite results in enrichment of '**Te in the adsorbed
fraction at equilibrium (Figure 3.8). In experiments with both illite and goethite, Te(VI) isotopic
fractionation was larger than Te(IV). Indeed, equilibrium A"*°Te was relatively small for Te(IV)
adsorption to both minerals, ranging from A*Te of 0.12 to 0.25% (Table 3.2). Adsorption to
goethite by Te(VI) produced the largest A"*°Te in this study of 0.68%o at pH 6 and 0.64%o at pH

8.
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For both Te and Sb, very little pH-dependence of isotopic fractionation was observed.
Even for Sb(V) adsorption to goethite and illite, which shows different sorption affinity between
pH 6 and 8 (Figure 3.2), no difference in isotopic fractionation was observed between the two
conditions (Table 3.2). Unsurprisingly, no significant isotopic difference was observed between
the two pH conditions for Te during adsorption to goethite and illite (Table 3.2).

3.4 Discussion
3.4.1 Antimony column chemistry and mass spectrometry

The complete separation of Sb(V) and Sb(III) in Figure 3.1 reflects the formation of Sb
chloride species. In 1.5 M HCl, Sb(V) formed a neutrally charged chloride species, Sb(OH)Cls.
X)O, and was immediately eluted from the column. Sb(IIl) formed negatively charged chloride
species, SbCls” and SbCly, which were retained on the resin during the 1.5 M HCI elution step
(Lukaszczyk and Zyrnicki, 2010). Very quickly after the chloride concentration decreases
following the addition of H,O, Sb(III) is eluted as a soluble Sb(OH);" species.

While full recovery occurred for Sb(V) and Sb(III) in dilute solutions, the addition of
more complex matrices may affect the separation and isotopically fractionate the collected
fractions. For example, low-molecular organic species can complex with Sb(III) and could
potentially overwhelm the anion adsorption capacity of the resin (Tella and Pokrovski, 2009). In
addition, sulfide-bearing waters cannot be processed, as Sb(III) precipitates readily as
metastibnite in acidic conditions. Purging volatiles from samples with N, could effectively drive
off H,Ss) and preserve speciation in these samples.

3.4.2 Te and Sb adsorption behavior
Both Te and Sb species show a high affinity for adsorption to illite and goethite. This is a

result of the creation of bonds between the Te and Sb atoms and mineral surfaces through inner-
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sphere coordination mechanisms well documented in EXAFS studies (e.g. Kashiwabara et al.
(2014a); Xi and Zhang (2017)). Guo et al. (2014) and showed that there are two Sb-Fe shells
when Sb is adsorbed to goethite and similar results have been reported for Sb adsorption to
kaolinite (Ilgen and Trainor, 2012). Qin et al. (2017) reported that at least one Te-Fe shell is
present during adsorption of Te to goethite surfaces.

The adsorption affinity of a mineral surface can vary greatly depending on pH, due to
changing aqueous speciation, mineral surface charge, and mineral structure. With increasing pH,
fewer protonated sites exist on illite and goethite for Sb(V), as Sb(OH)s to bind to. This
decreases the adsorption capacity as observed in Figure 3.2. Te does not show similar pH
dependence, as both Te(IV) and Te(V]) are stronger Lewis bases than Sb(V). The average pKa
for the first two deprotonation reactions of H,TeO3; and HeTeOg are ~7.5 and 9, respectively (Qin
et al., 2017). Sb(OH); has an even higher pKa of 11.9. Meanwhile, the pKa of the first
deprotonation reaction of Sb(OH) ¢ is 2.8 (Qi and Pichler, 2017). Therefore, surface hydroxyl
groups can serve a Lewis acids for Te(IV), Te(VI), and Sb(III) at higher pH than Sb(V), and Te
adsorption is less-pH dependent

Previous studies have reported long periods required to reach steady-state concentrations
during inner-sphere complexation as metalloid-oxygen bonds must be severed and reattached to
the mineral surface (Leuz et al., 2006; Xu et al., 2020; Zhang et al., 2010). All Te and Sb
aqueous concentrations reached chemical equilibrium within several hours at pH 6. Interestingly,
there was no measurable difference between Sb(IIl) and Sb(V) concentrations in terms of time to
reach steady state, despite differences in isotopic equilibration time and kinetic isotope effects
between the two oxidation states. This result suggests that the relationship between the

attainment of isotopic equilibrium and that of chemical equilibration is complex.

83



3.4.3 Behavior of Te and Sb isotopic fractionation during adsorption

The coordination geometries of the adsorbed oxyanions differ from those in the fluid; this
drives isotopic fractionation. Metal and metalloid oxyanions can bond to surfaces as two
different types of complexes, inner-sphere and outer-sphere. Inner-sphere complexes are direct
linkages between the metal(loid) center and the mineral surface, while outer-sphere
complexation involves electrostatic interaction between the hydration spheres on the oxyanion
and water molecules on the mineral surface (Dzombak, 1990). Minimal isotopic fractionation
occurs during outer-sphere complexation, as the reaction does not involve bonding to the
metal(loid) and the first coordination shell remains undisturbed (Jemison et al., 2016). As
described in Schauble (2004), at equilibrium, heavy isotopes partition preferentially into shorter,
stiffer bonds to maximize the difference in vibrational energies for the reactant and product.
Structural distortion of the oxyanion (e.g. Xu et al. (2020)) or transformation to different
coordination geometry (Nielsen et al., 2013; Wasylenki et al., 2011) during adsorption can result
in significant differences in the bond length and stiffness between the metal(loid) and oxygen.
EXAFS studies confirm that no change in coordination number occurs for Te and Sb during
adsorption to Fe oxides and clay minerals (Guo et al., 2014; Ilgen and Trainor, 2012; Qin et al.,
2017). Therefore, the isotopic fractionation observed here must be due to distortion of the Te-O
or Sb-O first coordination shells of the adsorbed species. Here, distortion refers to the
lengthening of some or all Te-O and Sb-O bonds as the result of a loss of symmetry for the Te or
Sb oxyanions when adsorbed. Similar mechanisms for isotopic fractionation have been proposed
for tungstate adsorption to MnO,, germanium (Ge) adsorption to goethite, and other instances of

isotopic fractionation during adsorption (Brennecka et al., 2011; Kashiwabara et al., 2017;
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Pokrovsky et al., 2014). The resulting magnitude and direction of isotopic fractionation depends
on these molecular changes between surface and adsorbed species.

For all conditions, A'**Sb and A"*°Te was positive, suggesting that distortion of the
metal(loid)-oxygen bonds caused heavy isotopes to partition into the stiffer bonds of the aqueous
phase. Modes of Te and Sb complexation to Fe oxides and clay minerals can give some insight
into the mechanism of isotopic fractionation. For example, a higher number of bonds between
the Sb or Te and the surface can lead to a greater distortion of the remaining Sb-O or Te-O
(Brennecka et al., 2011). In addition, for bidentate linkages, or where the metalloid is bonded to
two atoms on the mineral surface, distortion and isotopic fractionation can vary depending on if
the two bonds are corner-sharing (mononuclear) or edge-sharing (binuclear) (Kashiwabara et al.,
2017).

Sb(IIT) and Sb(V) isotopic fractionations during adsorption to illite and goethite are equal
within analytical uncertainty. While Sb(OH); is a trigonal pyramidal complex and Sb(OH)s" is
octahedral, both form similar corner- or edge-sharing bidentate-binuclear complexes without any
coordination number change (Burton et al., 2020; Guo et al., 2014; Ilgen and Trainor, 2012;
Mitsunobu et al., 2010). Reported average Sb-O bond length (Sb(IIT): 1.96 and Sb(V): 1.98) is
also similar between species, suggesting no inherent difference in bond stiffness between the
aqueous species (Ilgen and Trainor, 2012). This may contribute to the similarity in the magnitude
of isotopic fractionation between Sb(III) and Sb(V).

Te(VI) adsorption produced a larger isotopic shift than Te(IV) adsorption. Te(IV) and
Te(VI) oxyanions have pyramidal and irregularly coordinated octahedral geometry, respectively.
EXAFS spectra indicate that Te(IV) forms monodentate linkages on goethite and ferrihydrite,

while bidentate complexes bind Te(VI) oxyanions (Kashiwabara et al., 2014a). The presence of
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two linkages between Te(VI) and the surface may lead to distortion of the remaining Te-O bonds
and loss of symmetry for the adsorbed species. Meanwhile, Te(IV)-O distortion, and thus
isotopic fractionation, could be more muted given the reported monodentate linkage.

3.4.4 Mechanisms of isotopic fractionation prior to isotopic equilibrium

Isotopic equilibrium often lags significantly behind chemical equilibrium, as kinetic
isotope effects that occur prior to chemical equilibrium being reached must be overprinted by
ongoing isotopic exchange after concentrations have approached equilibrium (Bryan et al., 2015;
Fernandez et al., 2019; Xu et al., 2020). This is the case for 3 of the 4 Sb experiments, where
isotopic equilibrium was approached in between 3 and 10 hours, whereas concentrations reached
steady state within 3 hours. In the 4™ experiment, Sb(V) adsorption to goethite, concentrations
approached a steady state within hours, where isotopic equilibration took ~1 week. In this 4™
experiment, the long equilibration time may reflect recrystallization of goethite over time.
Recently, Burton et al. (2020) showed that Sb(V) can be incorporated into the goethite matrix
during the process of Fe(Il),q)-catalyzed recrystallization over a period of hours. While Fe(II)
concentrations were likely very low and were not monitored over the course of our experiment,
some type of recrystallization of the sorbent may have influenced the long duration of isotopic
change. Such a mechanism for Te incorporation has been proposed for co-precipitation of
ferrihydrite, but not for goethite (Kashiwabara et al., 2014a).

Decreases in 3'>°Sb during the early stages of adsorption of Sb(V) to goethite and illite
indicate that complex transient isotope effects occur during surface complexation. The decrease
of aqueous 5'’Sb within the first hours for the illite and goethite Sb(V) experiments suggest that
the mechanism of Sb(V) adsorption includes some unusual aspect, as no similar trend is

observed for Sb(III), Te(IV), or Te(VI). Different modes of complexation can produce variable
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isotopic fractionation as examined by Kashiwabara et al. (2017) for tungstate. For example,
lower affinity, bidentate-binuclear complexes may form first relative to bidentate-mononuclear
complexes resulting in variable isotopic fractionation over time. However, the difference in
distortion between bidentate-binuclear and bidentate-mononuclear complexes is expected to be
small (Kashiwabara et al., 2017), whereas the negative excursions we observed are significant (~
0.2%o0) and suggest a substantial distortion. Another explanation could arise from the presence of
aqueous Sb chloride complexes. Lukaszczyk and Zyrnicki (2010) reported that Sb(V) formed
Sb(OH),Cl(sx) (aq) Species in dilute solutions of HCI. This Sb chloride complex may be enriched
in '*'Sb relative to Sb(OH)s™ due to the weaker bonding environment. These aqueous species
could possibly adsorb less readily than Sb(OH)s™ due to weaker electrostatic attraction of the
neutrally charged species, Sb(OH)XCI(s-X)O(aq). The complexation of isotopically heavy Sb(OH)s’
would drive the aqueous 5'’Sb to lighter values initially and then increase once Sb(OH),Cls.

© (aq adsorbs. Unfortunately, few studies exist that examine Sb(V) chloride species and we
cannot confirm if Sb-Cl complexes are significant in our matrix. Accordingly, this scenario is
speculative at present, but in general we note that aqueous speciation effects like the proposed
one may lead to complex kinetic isotope effects.

Unlike the results for Sb(V) adsorption, aqueous 8'*°Te increases monotonically until
isotopic equilibrium is reached. For both Te(IV) and Te(VI), isotopic equilibrium is achieved
only a few hours after chemical equilibrium. EXAFS spectra verify that no change in
coordination geometry readily take place during Te adsorption to illite or goethite at
circumneutral pH (Qin et al., 2017). Therefore, the lack of kinetic isotope effects prior to isotopic

equilibrium is not surprising.
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3.4.5 Effects of adsorbent and pH

As shown in previous studies with other elements, isotopic fractionation can be variable
depending on the mineral adsorbent (Goldberg et al., 2009; Jemison et al., 2016; Xu et al., 2020).
With the exception of Te(VI), there were no major sorbent-dependent differences in the observed
A'Sb or A" Te. Therefore, it appears that isotopic fractionation is dominantly influenced by the
formation of inner-sphere complexes and not by electrostatic attraction.

Evidence for inner-sphere complexation of Te and Sb to clay minerals has been observed
in field settings and experiments at circumneutral pH and the results of these studies can suggest
possible mechanisms of isotopic fractionation. Octahedrally-coordinated aluminum oxides or
various Fe or Al hydroxide coatings are sites where inner-sphere complexation has been
suggested to take place for other oxyanions, selenite and arsenate (Mohapatra et al., 2007; Peak
et al., 2006). EXAFS spectra of Sb(V) and Sb(III) adsorption on kaolinite show both forming
bidentate-binuclear corner-sharing and monodendate complexes on aluminum oxides at pH 5
(Ilgen and Trainor, 2012). While the chemical mechanism of adsorption has not been explored
for Te, adsorption envelopes show very little variation in Te adsorption affinity from pH 3
through 10 indicating the prevalence of inner-sphere complexation (Qin et al., 2017). Indeed,
Se(IV), which is somewhat chemically analogous to Te(IV), forms exclusively bidentate-
binuclear complexes on montmorillonite, another 2:1 clay mineral (Peak et al., 2006). Therefore,
like Sb, monodentate or bidentate adsorbed Te species are likely present. This does not preclude
the existence of outer-sphere complexes though.

Adsorption behavior of Te and Sb to goethite is better studied. Te(IV), Te(VI), and
Sb(III) are known to adsorb to goethite and other Fe-(oxy)hydroxides as inner-sphere complexes

over a wide range of pH (Guo et al., 2014; Hein et al., 2003b; Leuz et al., 2006; Qin et al., 2017).
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Sb(V) unequivocally forms predominantly inner-sphere complexes at pH <7, but both inner-
sphere and outer-sphere complexes have been reported at higher pH (Leuz et al., 2006). During
inner-sphere adsorption, both Sb(III) and Sb(V) form bidentate binuclear corner and edge-
sharing complexes (Burton et al., 2020; Scheinost et al., 2006). The slightly smaller A'**Sb
measured for illite could be due to the propensity of Sb species to form only corner-sharing
bidentate complexes (Ilgen and Trainor, 2012). As the bond distances between the Fe-O and Sb-
O octahedra are shorter for edge-sharing complexes, a greater degree of symmetry loss would be
expected during the formation of these complexes, resulting in a larger A'**Sb for goethite.

Our results show very little difference isotopically between the two pH conditions
examined here. Despite the adsorption affinity being very different for Sb(V) at pH 6 and 8 for
illite and goethite, the fractionation factors did not vary within analytical uncertainty. A similar
lack of pH dependence for isotopic fractionation has been noted for Se(IV) adsorption to Fe and
Al oxides despite a larger range of pH being investigated (Xu et al., 2020). The isotopic
fractionation of Ge, another oxyanion, also shows no variation with pH (Pokrovsky et al., 2014).
As these studies suggest, the degree of surface protonation does not affect the isotopic
fractionation produced. Instead, the physicochemical factors that influence ligand formation to
the mineral surface matter.

As goethite and illite did not change structurally in the pH range examined here, Te and
Sb modes of complexation were presumably similar at pH 6 and 8. While it has been proposed
that outer-sphere complexes dominate at pH > 7 for Sb(V) adsorption to Al- and Fe-
(oxy)hydroxides (Leuz et al., 2006), inner-sphere complexes must dominate at higher pH 8§, as
the presence of large amounts of outer-sphere complexes should mute any isotopic fractionation

induced by inner-sphere coordination. Higher pH conditions than those examined in this study
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may show decreased A'**Sb as the proportion of outer-sphere complexes increase. In addition, in
a more acidic pH range, A"*°Te may be muted by increased electrostatic attraction and outer-
sphere complexation between the positively charged H,TeOs" and negatively charged illite
(Brookins, 1988). Such explorations are outside of the scope of this study and should be
considered in future work.

3.4.6 Implications of Sb and Te isotopic fractionation

Elucidating Sb and Te biogeochemical transformations is central to understanding the
fate and transport of these metalloids, as emerging contaminants and as economically valuable
elements. Because adsorption to common minerals is a major immobilizing pathway, the
magnitude of isotopic fractionation associated with this process has profound influence on global
and local Te and Sb isotopic budgets. Like other non-traditional stable isotope systems (W, Mo,
Se), adsorption produces a positive Agaqueous-adsorbed) fOr Te and Sb (Kashiwabara et al., 2017,
Mitchell et al., 2013; Wasylenki et al., 2011; Xu et al., 2020). Transport of Te and Sb in oxic
surficial environments is dominantly controlled by adsorption to Fe-(oxy)hydroxides and clays
(Hayes and Ramos, 2019; Ilgen and Trainor, 2012; Qin et al., 2017; Scheinost et al., 2006).
Given our results, dissolved Sb and Te in rivers and other waterways should be isotopically
heavier than sediments or soils containing these mineral sorbents and this, in turn, would
influence the Te or Sb isotopic composition of the oceans.

Adsorption and incorporation of Te into ferromanganese crusts has been proposed to be
the largest sink of dissolved Te in the ocean. Kashiwabara et al. (2014a) determined that Te in
crusts was dominantly incorporated as Te(VI) into ferrihydrite through co-precipitation. While
we did not measure adsorption on ferrihydrite directly, the A"*’Te of adsorption to goethite

suggests that oxic ocean waters may be driven toward isotopically heavy compositions as a result
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of (1) adsorption and co-precipitation of Te(VI) on ferromanganese crusts, (2) particulate
scavenging in the water column (Lee and Edmond, 1985), and (3) input of isotopically heavy
rivers. The second and third processes may drive 8'°°Te in sediments to isotopically heavy values

5"3%Te of a Pacific Ocean

as well. Indeed, (Wasserman and Johnson, 2020a) reported that the
diagenetic ferromanganese nodule, Nod-P-1, was +0.50%o.. To fully characterize Te isotope
fractionating processes in this archive, further research is needed to measure Te isotopic
fractionation during adsorption to Mn oxides and oxidation of Te(IV).

The 8'**Sb of modern seawater is likely influenced by similar processes, but on longer
timescales as Sb is a quasi-conservative element. Rouxel et al. (2003) observed that North
Atlantic seawater was approximately 0.20%o heavier than pelagic clays, a range similar to the
A'*Sb for adsorption to illite and goethite. Given this observation, the export of Sb to pelagic
sediments via adsorption may control the modern marine Sb isotope budget. It is unclear how
past seawater 8'’Sb varied under marine anoxia. Prior to the appearance of Fe oxides, seawater
Sb isotopic variation could have been controlled by adsorption of Sb(OH); to clays. However,
the formation of Sb(III) sulfide species under Proterozoic euxinic conditions may also contribute
to possible variations in Precambrian seawater 8'*Sb (Reinhard et al., 2013). Future
examinations of 8'**Sb in modern and geologic records of seawater should focus on adsorption
as an important sink of marine Sb.

In most systems, the fractionation factor measured at isotopic equilibrium can effectively
be applied to interpret the Te and Sb isotopic budget. However, at shorter time-scales, Sb(V)
adsorption to goethite may be influenced by the kinetic isotope effects observed in this study.
Kinetic isotopic fractionation of Sb would be impactful in regimes where Fe-oxide dissolution

and reprecipitation occurs on in less than a week, for example, at a fluctuating water table
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(Yabusaki et al., 2017), In such a setting, the isotopic effects adsorption would be difficult to
untangle from other reactions that produce kinetic isotope effects, like reduction. In addition,
isotope effects of incorporation of Sb(V) into goethite due to Fe(Il)-remineralization should be
further examined, as this process is thought to be a major sink of Sb (Burton et al., 2020).

Given the known range of Te and Sb isotopic fractionation during reduction (¢"*°Te ~-
1.9 to -4.0%o; £'**Sb ~-0.9 to -1.4%o0) (Baesman et al., 2007; Mackinney, 2016; Smithers and
Krouse, 1968), isotopic fractionation during adsorption of Te(VI) and Sb to common minerals
should be taken into account and explored in further detail. The A'*Sb values obtained in this
study are 20 to 40% of the magnitude of isotopic fractionation due to reduction (Mackinney,
2016; Rouxel et al., 2003). Te(VI) isotopic fractionation during adsorption is 20 to 35% of the
magnitude of that produced during reduction (Baesman et al., 2007; Smithers and Krouse, 1968).
Hayes and Ramos (2019) and others have noted that Te(VI) is the most abundant species in mine
tailings and related sediments due to its thermodynamic stability in oxic environments. In
surficial weathering environments, isotopic fractionation due to adsorption of Te(VI) onto
goethite will drive waters and weathering products heavier as these elements undergo multiple
cycles of adsorption. However, in systems with fluctuating redox conditions, where Sb or Te
oxyanions may be partially adsorbed or reduced, contributions from both fractionating processes
may be present. In this case, adsorption can lead to an overestimation of the extent of Sb(V) or
Te(VI) reduction. In addition, the impact of adsorption would be most apparent at lower
magnitudes of reduction when less isotopic fractionation has occurred. Disentangling redox and

adsorption processes is less problematic at larger extents of reduction.
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3.5 Conclusions

This study reports the first evidence of isotopic fractionation for adsorption of Te and Sb
onto mineral surfaces. Inner-sphere complexation causes light isotopes to partition into the
adsorbed species on goethite or illite. This is due to the distortion of the Te-O or Sb-O bonds in
the adsorbed species, relative to aqueous species. No differences were observed between
A'"*Sb(I1I) and A'?Sb(V), likely due to similar mechanisms of complexation. However,
compared to Sb(IIT), Sb(V) isotopic exchange during adsorption of goethite was very slow,
possibly due to recrystallization of the sorbent. A'*°Te measured during adsorption of Te(VI) to
goethite produced the largest isotopic fractionation for all conditions examined, possibly due to
the bidentate mode of complexation of Te(VI) to goethite.

The isotopic fractionation during adsorption of Te(VI) or Sb most likely contributes
significantly to natural isotopic variation observed in oxic environments. Care must be taken,
though, to disentangle adsorption from competing processes, like reduction, as both processes
fractionate the isotopes in a similar manner and magnitude. As attenuation of Te and Sb in oxic
environments is primarily controlled by the presence of Fe-(oxy)hydroxides, these results have
major implications for the global Te and Sb isotope budget and the applications of these isotope

systems to trace elemental mobility on a local scale.
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3.6 Tables and Figures

Table 3.1. Initial solid to liquid ratio for each condition tested.

Ratio of goethite mass to liquid volume (g L)

Te(IV) Te(VI) Sh(III) Sb(V)

pH 6 pHS8 pH 6 pH 8 pH 6 pHS8 pH 6 pH8

0.2 0.2 0.5 0.5 0.2 0.2 0.2 0.5

Ratio of illite mass to liquid volume (g L™)

Te(IV) Te(VI) Sh(III) Sb(V)

pH 6 pHS8 pH 6 pH 8 pH 6 pHS8 pH 6 pHS8
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Table 3.2. Magnitude of isotopic equilibrium fractionation for the multi-stage, high precision

experiments.

Aaq_ads (%0, 26)

lite

Goethite

pH

6.0

8.0

6.0

8.0

Sbh(I1I)
Sb(V)
Te(IV)

Te(VI)

0.22 £0.07

0.25+0.12

0.25+£0.08

0.32+£0.05

0.23+£0.13

0.28 £0.03

0.24 £0.05

0.30 £0.08

95

0.31+0.11

0.39£0.08

0.20 = 0.07

0.68 £0.09

0.32+£0.09

0.34+£0.08

0.12+£0.03

0.64 +0.12
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Figure 3.1. Elution of Sb(V) (first peak) and Sb(III) (second peak) species with a sample load of
1.0 pg Sb(V) and 1.0 pg Sb(IlI). Brackets above the plot indicate the volume of 1.5 M HCl and
Milli-Q H,O in the procedure.
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Figure 3.2. Adsorption of Sb(V) and Sb(III) to illite over a range of pH. Log(Kd) is the log of the
ratio of the concentration of Sb in solution (ng L™) to the mass of Sb adsorbed per kg of illite (ug
kg™) at equilibrium.
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Figure 3.4. Fraction of total Te adsorbed over time after addition of goethite or illite as shown in
Te(V]) to illite, Te(VI) to goethite, Te(IV) to illite, and Te(IV) to illite. The solution matrix was
adjusted to pH 6.
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CHAPTER 4: SELENIUM ISOTOPE SHIFTS DURING THE OXIDATION OF
SELENIDE-BEARING MINERALS
Abstract

Mobilization of the toxic contaminant, selenium (Se), from rock and soil is largely driven
by oxidation, where selenides, elemental Se, and organically-bound Se are more insoluble than
Se(IV) and Se(VI) oxyanions. In Se-impacted ecosystems, isotopic fractionation of Se
(**Se/"®Se) can be used to track attenuating processes, like abiotic and biological reduction of
Se(IV) and Se(VI). Isotope effects associated with oxidative dissolution of Se-bearing minerals
have not been studied, but could be significant during incongruent dissolution.

We examined the isotopic evolution of dissolved Se(IV) and Se(VI) during the oxidation
of ferroselite (FeSe,) and berzelianite (Cu,Se) with H,O, and O,. In all experiments, Se(VI)
produced by oxidation was isotopically heavy relative to the starting mineral composition. This
isotopic shift arises from oxidation of Se(IV), reduction of oxidized Se by mineral phases, and/or
isotopic exchange between Se(IV) and Se(VI). At lower concentrations of H,O,, isotopic
fractionation associated with reduction of Se(IV) to Se(0) on ferroselite is apparent. At higher
concentrations of H,O,, this effect is diluted by a higher flux of Se(IV) created by more rapid
mineral oxidation and/or diminished reduction rate. As Se(VI) is more mobile than Se(IV) in
oxygenated environments, the results of this study suggest that isotopically heavy Se(VI)
observed in previous studies is to be expected in most environments when oxidative dissolution

of Se-bearing minerals occurs.
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4.1 Introduction

Selenium (Se) is a metalloid incorporated into seleno-proteins, which help maintain redox
homeostasis and thyroid hormone metabolism in humans and animals (Arthur et al., 1992; Cox et
al., 2016; Labunskyy et al., 2014). Ingestion of higher dosages of Se by humans can lead to
selenosis, a condition with neurological, dermal, and cardiovascular complications (Lenz and
Lens, 2009). Therefore, the US EPA drinking water maximum contaminant level is 50 ng mL™
(EPA, 2018). Bioaccumulation of Se on an ecological level is a more prevalent issue. High levels
of replacement of cysteine and methionine by selenocysteine and selenomethionine can disrupt
protein function and result in lethal concentrations in organisms at higher trophic levels (fish,
waterfowls, amphibians) (Luoma and Presser, 2009; Ohlendorf, 1989; Ohlendorf et al., 1990). In
2016, the EPA established that in lotic and lentic waters average Se must not exceed 1.5 and 3 ng
mL™, respectively (EPA, 2018).

In Western North America, seleniferous marine shales (e.g. Mancos Shale, Colorado) are
the source of elevated Se in watersheds (Kulp and Pratt, 2004; Presser et al., 2004; Presser and
Swain, 1990; Presser et al., 1994; Trelease, 1950). Oxidative weathering of these formations
occurs naturally, but can be exacerbated by irrigation or excavation during mining (Lemly, 2004;
Stillings, 2010). In these systems, Se mobility is primarily controlled by oxidation state, where
Se(VI) and Se(IV) form soluble, mobile oxyanions (SeO,>, HSeOs", Se0;”) in oxygenated
waters. The more reduced forms, Se(0) and Se(-11), meanwhile, exist as insoluble phases in low-
temperature environments, or as organically-complexed Se. Abiotic and biological reduction of
Se(IV) and Se(V]) in surface and groundwaters draining these formations are important

processes controlling Se bioavailability and environmental impact. It is, therefore, necessary to
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quantify Se oxyanion microbial or abiotic reduction in order to assess the long-term impact of
this contaminant on the local ecosystems.

Selenium stable isotopic fractionation (**Se/"°Se) can be used to track reduction and other
biogeochemical transformations of Se (Johnson, 2004). Isotopic fractionation factors, or the
difference between the reactant and instantaneous product (€*7%Se) varies for Se(VI) and Se(IV)
abiotic or biological reduction. Microbial or abiotic reduction of Se(VI) to Se(IV) produces
£?76Se 0f -3.90 to -11.04%o while £¥*7°Se of Se(IV) reduction to Se(0) ranged from -8.25 to -
12.60%o (Ellis et al., 2003; Herbel et al., 2000; Johnson and Bullen, 2003; Johnson et al., 1999).
Methylation and volatilization of Se results in a similar magnitude £**7°Se ~ -4.5%o (Schilling et
al., 2011). Non-redox processes, like adsorption to Fe-oxides and Mn-oxides, can induce small
isotopic shifts between the adsorbed and aqueous Se species of up to 1.0%o and 1.24%o,
respectively (Johnson et al., 1999; Mitchell et al., 2013; Xu et al., 2020). Numerous studies have
used this framework to elucidate Se fate and transport in natural systems (Basu et al., 2016;
Clark and Johnson, 2010; Schilling et al., 2015).

Isotopic fractionation during oxidative dissolution of Se has been observed to be minimal
in a very small number of experiments. Two laboratory studies reported £**°Se < 1.0%o during
the oxic incubation of a soil slurry and oxidation of Se(IV) by a very basic solution with 30%
H,0, (Johnson, 2004; Johnson et al., 1999). However, isotopic fractionation in the first
experiment may have been muted by competing adsorption and reduction reactions, and the
conditions in the second experiment are not naturally relevant. If significant isotope shifts occur
during the release of Se oxyanions from rocks and soils, variations in 8*7°Se of waters may not

exclusively indicate reduction or adsorption. No research has addressed potential isotope effects
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during oxidative dissolution of selenide-bearing minerals using environmentally relevant
conditions.

Here, we present results of experiments that measured Se isotopic fractionation during
the oxidative dissolution of two selenide-bearing minerals, berzelianite (Cu,Se) and ferroselite
(FeSe,) by H,0; and, in one experiment with ferroselite, by O, Hydrogen peroxide is an
environmentally relevant oxidant of iron sulfides and presumably, iron selenides (Lefticariu et
al., 2006; Schoonen et al., 2010). Indeed, H>O, production can be self-catalyzed by pyrite and O,
or water through surface-catalyzed reactions with Fe*" and Fe’* (Borda et al., 2001; Descostes et
al., 2004; Gil-Lozano et al., 2017; Lowson, 1982). In O,-free solutions, the oxidation of surface
bound Fe(I) will impose a redox gradient from the reduced disulfide to the oxidized surface,
causing bound H,O or O, to disassociate into hydroxyl radicals (Ma and Lin, 2013). Subsequent
recombination with other radicals or reactions with Fe** will form H,O,. In oxygenated waters,
H,0, is an intermediate in the electron transfer from pyrite to dissolved O, and increases the
kinetics of pyrite oxidation (Schoonen et al., 2010). The experiments conducted in this study
represent naturally relevant reactions occurring during the oxidative weathering of shales and the
results presented here can inform future Se isotope studies in such environments.

4.2 Materials and Methods

Berzelianite (Harz, Germany) and ferroselite (Temple Mountain, USA) mineral
specimens were obtained from the University of Utrecht (Netherlands). The berzelianite was
pulverized and homogenized with a mortar and pestle, and sieved to a grain size of 150 to 250
um. The ferroselite grain dimensions were measured using a Nikon SMZ18 stereoscopic
microscope ranging in diameter from ~0.6 to 1.6 mm. The chemical composition of the grains

was inspected before and after reaction using SEM/EDS analysis in environmental mode (Tescan
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Vega 3). All minerals were weighed and stored in N>-purged 15 mL amber borosilicate vials
with butyl rubber stoppers. In order to remove particles or ferric hydroxide rinds, all minerals
were rinsed with N,-purged 18.2 MQ Milli-Q and ethanol and subsequently dried under a N,
atmosphere (Schoonen et al., 2010).

All batch reactors contained a synthetic groundwater matrix with an ionic strength of 0.08
M, at pH 7 to 7.25. For the experiments with berzelianite, the solution was buffered with PIPES
(3 g L") and held at a pH of 7.0. In the other experiments, NaHCOs was added to the matrix for a
final concentration of 0.5 mM HCOs5". The formation of Fe(Il)-(oxy)hydroxide rinds can
passivate the surface of iron sulfides and terminate the oxidation reaction of Fe(Il) at neutral pH
(Caldeira et al., 2010). The presence of carbonate species increases the kinetics of oxidation,
primarily by the facilitating oxidation of dissolved Fe(II) through formation of Fe(IlI)-carbonate
inner-sphere complexes on mineral surfaces (Evangelou et al., 1998). These complexes act as an
electron conduit from reduced sulfide or selenide phases to O»q). Both of the aqueous solutions
used in the ferroselite and berzelianite experiments were purged with O,-free N, prior to addition
and allowed to equilibrate with the mineral for at least seven hours. Average blank contribution
from 4 reactors was 0.05 ng Se.

The addition of H,0,, as the oxidant, initiated each experiment, except for one ferroselite
experiment that was open to air. Multiple vials for each experimental condition were created, so
that one vial could be sacrificed at each time point. Enough 30% H,O; was added to each set of
vials to attain a final concentration of 0.40 mM (“Berz-Low”) or 1.0 mM H,O, (“Berz-High) for
the berzelianite oxidation experiments (Table 4.1). These concentrations were chosen to reflect
waters fully saturated and less saturated with respect to O,. Similar amounts of H,O, were

planned to the “F2” (0.40 mM) and F3 (1.0 mM) of the ferroselite experiments. However, the
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observed reaction rates indicate that the H,O, stock solution was degraded and far less oxidant
was added than expected (see Results and Discussion section). An additional third experiment of
ferroselite was conducted with 0.1 mM H,O, (“F17) (Table 4.1). Vials in one ferroselite
experiment were left open to the air (“FA”), under an inverted beaker, to prevent contamination,
evaporation and to allow equilibration with air. Agitation with Teflon-coated stir bars allowed
homogeneous reaction conditions over the course of the each experiment. Experiments were
conducted in parallel, rather than via repeated sampling of vials over time. Vials were sacrificed
at various timepoints by withdrawing the liquid with a 5 mL syringe and filtering with a 0.22 pm
syringe filter. All samples were acidified with HCI to pH 2 and refrigerated. All time points were
measured for 8**7°Se in the ferroselite experiments, while 8**7°Se was obtained for samples
taken prior to 72 hours. To obtain the starting 8*7°Se of the each solid, 0.02 g each of ferroselite
and berzelianite was digested in concentrated HCI at 110°C for 24 hours. An aliquot of the
digested sample was diluted to 0.01 M HCI and stored for analysis.

Concentrations of digested minerals, total dissolved Se, Se(IV) (see Se(VI)-Se(IV)
separation procedure below), Cu, and Fe of the aqueous samples were measured by iCAP ICP-
MS (Thermo-Finnegan). All sample matrices were adjusted to 2% (v/v) HNOjs prior to
measurement. Calibration curves for each element were calculated based on measurements of the
Agilent Multi-Element Calibration Standard 2A, and validated with measurements of a trace
metal standard, NIST SRM 1643F. *Ge and '"°In, were used as internal standards to monitor
instrumental drift and correct for matrix effects. Average limits of quantification for Se, Cu, and
Fe was 0.1, 0.04 and 0.1 ng mL"', respectively.

Separation of Se(VI) from Se(IV), and separation of Se from matrix and isobaric

interferences is accomplished by an established anion-exchange chromatographic procedure as
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described in previous studies (Clark and Johnson, 2010; Ellis et al., 2003; Tan et al., 2020).
Briefly, 1 mL of cleaned AG1-X8 (100-200 mesh, Bio-Rad Laboratories), was conditioned with
10 mL H,O in a 10 mL Bio-Rad polyprep column. Approximately 50 or 100 ng of Se in the
acidified sample was loaded onto the column and rinsed with 5 mL of H,O. Se(IV) was then
eluted in 5 mL 0.1 M HCI and Se(VI) was eluted in 5 M HCI. The average 887Se of 7
processed SRM-3149 standards for this procedure was 0.08 £+ 0.12%o (25). Both fractions were
collected in 25 mL borosilicate glass vials with Teflon-lined caps. The molarity of the Se(VI)
samples was adjusted to 5.0 = 0.1 M HCI and Se(VI) was reduced to Se(IV) by heating at 90°C
for 2 hours. The matrix for both fractions was subsequently adjusted to 2.0 = 0.1 M HCI. All
samples were purged with N to remove interfering Br species and left uncapped for 10 hours in
a hood to equilibrate with atmospheric Kr.

As Se has seven stable isotopes (74Se, ®Se, ""Se, *Se, ’Se, Se, 828e), correction for
isotopic fractionation during preparation and drifts in instrumental mass bias can be
accomplished by a double spike approach. This is a well-established technique (Schilling et al.,
2015; Schilling et al., 2014), where a known mass of "7Se-"*Se double spike solution is added
prior to sample preparation. Enough double spike was added so that the ratio of ’Se/”*Se was ~2.

Selenium isotope ratios were measured by Hydride Generation Multi-Collector
Inductively Coupled Mass Spectrometry (HG MC-ICPMS) at the University of Illinois at
Urbana-Champaign. This was accomplished using a Nu Plasma MC-ICPMS (Nu Instruments
Ltd.) with a standard Faraday cup and ion counter configuration and an in-house hydride
generation system following methods as described in previous studies (Clark and Johnson, 2010;
Mitchell et al., 2013; Schilling et al., 2015; Schilling et al., 2014; Schilling et al., 2011). Hydride

generation converts Se(IV) to H,Se(,) by online continuous reaction of NaBH4 with Se(IV) in an
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HCI matrix. We used a solution of 0.4% (m/v) NaBH4 and 0.2% (m/V) NaOH combined with a
flow rate of 1 mL min™' and 0.5 mL min™ for the sample and reductant, respectively.

All Se isotopes were measured by Faraday collectors, with *Se on the Axial collector.
Some of the interferences, C°Ar*Ar, **Ar*Ar, ¥Kr), were corrected almost completely by on-
peak zeroes using a 2.0 M HCl blank solution. Residual ArAr was further subtracted by
measurements of *’Ar*’Ar on H5 and calculation of intensities of **Ar*’Ar and **Ar*’Ar using
assumed natural isotopic composition of Ar and the instrumental mass bias determined from the
Se isotopes. The isobaric interferences, "Ge, H°As, H”Br, and H*'Br, were corrected by
monitoring Ge, " As, and 79Br on the ICO ion counter, and the L4 and H2 Faraday collectors,
respectively. An iterative routine was employed to correct for these interferences and calculate
82Ge/®Se. The double spike concentration was calibrated such that **Se/"°Se measurements of the
sample-spike mixture were converted to precise concentrations of Se were obtained by isotope
dilution. The Se concentration values reported in Table 4.2 were determined this way.

Each sample’s **Se/’®Se ratio is reported relative to the standard NIST SRM 3149 (Lot
no. 992106) are expressed using the following delta notation (%o):

82 76
Se/ "Sesmpte_ 1), 1000

82/76 _
§82/765e = [8256/76563mndard @0

The NIST SRM 3149 solution was analyzed before and after blocks of five samples, and in-
house standard MH495 was measured every 10 samples to ensure consistent offset of ~3.50%o
between MH495 and NIST SRM 3149. At least 15% of the samples measured over the analytical
session were duplicates. The working measurement uncertainty, based on results of 10 pairs of

duplicate samples, was 0.14%o (20).

114



4.3 Results and Discussion
4.3.1 Concentration results and patterns of reaction

Concentration data from all experiments is given in Table 4.2 and Figure 4.1. For
experiments F2 and F3, total aqueous Se concentrations reached steady state after 24 hours
(Figure 4.1A). The extent of oxidation was limited and a lower mass of Se was released
compared to F1 (Table 4.2, Figure 4.1). Therefore, we infer that the H,O, concentrations were
much lower than the intended concentrations, possibly due to degradation of the stock solution.
For experiments F1 and FA, Se concentrations continued to increase after 1.5 weeks (Table 4.2).
Fe aqueous concentrations were mostly below the limit of quantification (1.8 nM) over the
course of the experiment.

In the berzelianite experiments, Cu and Se concentrations increased in a 3:1 ratio over the
course of the experiments (Figure 4.1B). This is somewhat greater than the 2:1 stoichiometry of
the mineral. Selenium concentrations reached steady state at 72 hours for Berz-High, while Se
concentrations in Berz-Low increased over the entire experiment (1.5 weeks).

The addition of H,O, increased the kinetics of Se oxidation initially, as seen in Berz-Low
and Berz-High (Figure 4.1B). Hydrogen peroxide can serve as an electron acceptor on fresh
pyrite surfaces before desorbing and forming hydroxyl radicals through the Fenton reaction
(Gil-Lozano et al., 2017). During this reaction, H,O, oxidizes Fe*" and reduce Fe’" to produce
water and the reactive oxygen species, OH', HO,", and O,”. The OH" and O, species can break
down to form H,O and O,, while the combination of two OH" can generate H,O, (Gil-Lozano et
al., 2017). Schoonen et al. (2010) reported a 40% increase in pyrite oxidation rate with the
addition of H,O; relative to a pyrite oxidation experiment with O, and catalase to decompose

H,0,.
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Only a small fraction (<1.8%) of the Se present in each mineral was released over the
course of each experiment (Table 4.1). Accordingly, ferroselite and berzelianite oxidation must
have been limited by the availability of oxidant. Decomposition of H,O,, known to occur on
Fe(II)-(oxy)hydroxide patches on pyrite, produces O,, which is a less effective oxidant than
H,0, (Schoonen et al., 2010). For acid-washed pyrite, this reaction occurs over a timescale of
hours, similar to the timescale of oxidation in our experiments. Experiment FA, which was well
mixed with air over the course of the experiment, displayed the highest final concentration of
dissolved Se (Table 4.2). In this experiment, electron transfer to adsorbed O (,q) from non-
oxidized ferroselite surfaces could have produced low levels of H,O,, which would act as an
oxidant as described previously (Schoonen et al., 2010). Constant agitation of the mineral grains
could have caused exposure of new unoxidized surfaces as the grains fractured. Therefore, slow,
continuous production of H,O, throughout the experiment may account for the continuous slow
oxidation observed in FA (Figure 4.1A).

4.3.2 Lack of isotopic fractionation in total dissolved Se for most experiments

In most of the experiments (FA, F1, Berz-Low, and Berz-High) the §%%76Se values of
total dissolved Se are generally close to that of the bulk mineral composition, (Figure 4.2).
Differences are less than 0.5%o in all cases except the 24 hr. time points for both berzelianite
experiments. Given that the differences are very small (<0.5%o) at all other times (Figure 4.2),
and by examining patterns in the Se(VI) and Se(IV) isotopic composition time trends (see
below), we infer, speculatively, that the Berz-Low Se(IV) and Berz-High Se(VI) samples were
interchanged during preparation or analysis. If this apparent error is corrected, the 5**7°Se

values of total dissolved Se match the minerals values within 0.5%o in all cases. Regardless of
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the actual source of error, we disregard the results from these two samples in favor of the strong
pattern observed with the other 17 data points from these four experiments.

The observed lack of isotopic contrast between the minerals and total dissolved Se in
these four experiments is consistent with a simple model for dissolution of solid phases. Isotopic
effects that occur as the surface of a dissolving solid are expected to be muted by a simple mass
balance principle that is known as the “rind effect”(Wang et al., 2015). Kinetic isotopic
fractionation could occur during the dissolution of an individual monolayer, but as dissolution
proceeds, each monolayer must be completely removed before deeper layers can be accessed.
The quantitative conversion of each monolayer to dissolved species negates any kinetic effects
occurring as atoms are removed from the surface. For any kinetic isotope effect, the surface
becomes increasingly fractionated relative to the bulk solid, until the point where the dissolution
flux matches the bulk solid isotopically. This must occur by the time several monolayers have
been removed. In our experiments, Se concentrations at the first time points show that many
atomic monolayers (~100°s) were dissolved, and thus, transient kinetic effects from simple
dissolution of the solids are not expected to affect the results. Therefore, a change in the total
dissolved isotopic composition would indicate a loss of Se(IV) or Se(VI) mass from solution,
due to processes like adsorption or reduction. Any isotopic fractionation of Se(IV) and Se(VI) in
these experiments most likely occurs due to interactions between Se(IV) and Se(VI).

There are exceptions to this rule. Isotopic fractionation during dissolution of solid phases
has been observed for reductive dissolution of Fe(Ill)-oxyhydroxides (Brantley et al., 2004;
Wiederhold et al., 2006; Wu et al., 2011), proton promoted dissolution of zinc in biotite (Weiss
et al., 2014), and for silicon isotopes during basalt weathering (Ziegler et al., 2005). Wu et al.

(2011) reported that dissolved Fe(IT) produced was 3.0%o lighter than the solid, which was
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attributed to very rapid attainment of isotopic equilibrium between the surface Fe(Il) and the
aqueous Fe(II). This rapid equilibration is unusual, and arises from the fact that only one electron
transfer is need to complete Fe(II)-Fe(IlI) isotopic exchange. The oxidative dissolution of Se-
bearing solids in our experiments would not be expected to produce similar isotope effects:
multiple electron transfers would need to take place between the reduced Se solid and Se(IV),
and major coordination changes are also needed to enable isotopic exchange.

4.3.3 Generation of high 5**7°Se-Se(VI)

In all experiments, with the exception of Berz-High, 5**°Se-Se(VI) is greater than
8%7°Se-Se(IV) and the mineral over the course of the experiment. Dissolved Se(VI) quickly
evolves to be isotopically much heavier than Se(IV) in the FA, F1, and Berz-Low experiments
(Figure 4.3). These isotope effects coincide with increasing production of Se(IV) relative to
Se(VI) prior to H,0, being completely consumed (Figures 4.1 and 4.4). The 8**7°Se of Se(VI)
increased 3.0%o within the first hour for Berz-Low and 6.0%o in 40 minutes for FA and F1
(Figure 4.3). Similar increases in the §**7°Se of the Se(IV) fraction are not observed. In the
Berz-Low experiment, Se(IV) remained 1%o isotopically light relative to the bulk mineral
composition. Meanwhile, in FA and F1 §*¥7°Se of Se(IV) remained unchanged relative to the
mineral (Figure 4.3A). These observations show that different processes are controlling the
isotopic evolution of Se(VI) and Se(IV) for these experiments.

The data clearly require some process that drives Se(VI) toward greater 8**"°Se values.
Kinetic isotope effects during Se(IV) oxidation could drive Se(V]) isotopically heavier. As
shown by Schauble (2004), if the transition state and products of a reaction contain stronger
metal(loid)-oxygen bonds, the fractionation due to electron transfer should be positive (product

is heavy). While there are no studies that have shown electron transfer occurs through an Se(V)
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intermediate species, the Se(VI)-O bond length, 1.66-1.68 A, is known to be shorter than Se(IV)-
O bond length, 1.72-1.74 A (Foster et al., 2003; Li and Liu, 2011; Peak, 2006). The shorter
bonds are stiffer and drive the isotopic fractionation. This pathway is a plausible explanation for
the isotopic fractionation observed within the first hours in Experiments FA, F1, and Berz—Low
(Figure 4.3).

As a result of this reaction, Se(IV) would be driven isotopically lighter. This is observed
within the first few timepoints for Berz-Low, Berz-High, and slightly in F1 (Table 4.3, Figure
4.3). There is no observable decreased in 5**°Se-Se(IV) for FA. In both FA and F1, only a very
small fraction of the Se(IV) pool is oxidized to Se(VI) (Figure 4.4). Therefore, the expected
isotopic shift is very small for those experiments.

Isotopic exchange between dissolved Se(VI) and Se(IV) could also produce isotopically
heavy Se(VI) and light Se(IV). However, recent work by Tan et al. (2020) shows that measurable
isotopic exchange occurs very slowly (on the order of 10° years to reach equilibrium). If this
process occurs rapidly enough, though, the offset between Se(IV) and Se(VI) would tend to
increase over the course of the experiment as the reaction moves toward isotopic equilibrium.
This is observed in experiments FA and F1 (Figure 4.3A). Previous studies have theoretically
calculated equilibrium isotope fractionation factors for Se(IV) and Se(VI) of 13.78 to 13.28%o
(Li and Liu, 2011); a substantial evolution toward isotopic equilibrium could thus contribute to
the observed offsets of up to ~14%.. However, unless the mineral surface or some other catalyst
in our experiments greatly increased the rate of isotopic exchange, the process is likely far too
slow to drive the observed isotopic shifts.

Reduction of Se(VI) to Se(IV), and Se(IV) to Se(0), by sulfide or selenide minerals could

drive the Se(VI) and Se(IV) in solution toward isotopically heavy compositions as well. EDS
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analysis with SEM indicated the presence of trace sulfide phases in the ferroselite specimen but
not in the berzelianite. Mitchell et al. (2013) reported that partial Se(VI) reduction to Se(IV) and
Se(0) occurred by reaction with pyrite and mackinawite, while Se(IV) reduction by iron sulfides
occurred more rapidly, reaching completion in a few hours. Abiotic reduction of Se(VI) by green
rust has been shown to induce a fractionation of ~ £**Se/®Se~ -11%o (Johnson and Bullen, 2003),
while reduction of Se(IV) and Se(VI) by reaction with mackinawite resulted in £**Se/"*Se~ -10%o
and £**Se/"*Se~ -3.0%o, respectively (Mitchell et al., 2013). The isotopic offsets observed in
Figure 4.3 agree with this range of fractionation.

Se(VI) or Se(IV) reduction could be coupled to selenide oxidation to Se(0). This would
occur as follows for Se(VI) reduction by ferroselite and berzelianite:

FeSe, + HSeO4 + 2H™ = 2Se(0) + Fe*™ + HSeO5” + H,0
AG,° = -88.307 kJ mol! (Dean, 1979; Hatten, 1977)
Cu,Se + HSeO4 + 2H" = Se(0) + 2Cu” + HSeO;5™ + H,0
AG,° = -59.646 kJ mol (Dean, 1979; Krivovichev, 2017)

While reduction of Se(VI) by sulfide and selenide is overall thermodynamically favorable, in our
conditions, the reduction rate would be limited by available mineral surface sites. The unreacted
mineral surface area is small (1.5 to 9 mm?). Nevertheless, if reduction by sulfide of Se(VI) or
Se(IV) is possible as observed in previous studies, selenide is a more likely reductant because it
is present in greater amounts. Consequently, the non-stoichiometric increase in Cu:Se observed
in Figure 4.1 could be a result of this process, where partial reduction of Se(IV) to insoluble
Se(0) would increase the ratio of Cu to total dissolved Se above that of the mineral.

If reduction of Se oxyanions occurred in our experiments, we would expect the rate

constant for Se(IV) to be greater than that of Se(VI), due to the kinetic favorability of the former
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reaction and the higher adsorption affinity of Se(IV). However, large increases in 8**7°Se of
Se(IV) were not present in F1 or Berz-Low (Figure 4.3A). This indicates that significant amounts
of Se(0) are not being precipitated and was confirmed by a lack of Se(0) observed on the reacted
mineral by SEM analysis. Continuous addition by unfractionated Se(IV) may dilute and mute
any increase in 8**7°Se for the Se(IV) due to its reduction in experiment FA. As shown in Figure
4.4A, the rate of Se(IV) production is higher than Se(VI) production. Therefore, small amounts
of reduction may have occurred simultaneously with high production of Se(IV).
4.3.4 Total dissolved 6°*7%Se is isotopically heavy relative to ferroselite in F2 and F3

Unlike the four experiments discussed above, FA, F1, Berz-Low, and Berz-High, where
§%276Se of total dissolved Se matched that of the oxidized mineral, total dissolved 8%*7°Se in F2
and F3 is 5.0 to 6.0%o isotopically heavier than the starting ferroselite composition (Figure 4.2;
Table 4.3). Both Se(IV) and Se(VI) fractions increased to 6.0%o0 within the first few hours
(Figure 4.3A). After 24 hours, both fractions decreased slightly over the remainder of the
experiment. This timing coincides with decrease in the rate of mineral oxidation (Figure 4.1A).

In these experiments, much less oxidant was added than in FA and F1, as indicated by the
low amount of dissolved Se released and the early plateau of aqueous Se concentrations (Table
4.1). The less oxidizing conditions in the F2 and F3 experiments may have allowed significant
reduction of Se(IV) on the less-oxidized mineral surface, while at the same time decreasing the
influx of new Se(IV) that would tend to dilute the effects of reduction-related 8**7°Se increases.
The sharp increase in §**7°Se of Se(IV) seems to be indicative of isotopic fractionation during
reduction of Se(IV) and lesser impact of fractionation due to oxidation of Se(IV) to Se(VI),

which would drive 8**7°Se lower. In addition, the smaller Se(IV):Se(VI) ratio in these
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experiments relative to that in FA and F1 was likely driven by greater amounts of Se(IV)
removal via reduction (Figure 4.4A).

Adsorption of Se(IV) can also contribute to heavy 5°%7°Se. High attenuation of Se(IV)
from seleniferous soils has been ascribed to adsorption of Se(IV) to Fe-(oxy)hydroxide (Dowdle
and Oremland, 1998; Zawislanski and Zavarin, 1996). Inner-sphere adsorption of Se(IV) to
mineral surface can induce isotopic fractionation of Se(IV). This occurs as a result of differences
between the vibrational energies of the Se-O bonds for the adsorbed and aqueous species. Xu et
al. (2020) found that A% 76Seaqueous_soﬁd was 0.67 to 0.87%o at equilibrium isotopic fractionation
between Se(IV) adsorbed onto Fe,Os at pH 7-8 and dissolved Se(IV), while isotopic
fractionation induced by Se(VI) adsorption was <0.2%eo. If significant Se adsorption were to
occur, 8**"°Se of aqueous Se(IV) would become isotopically heavy over the course of the
experiment, while 8%7°Se of Se(VI) would show a smaller offset. However, the increase in
8%76Se in the experiment is much larger than the range of fractionation for adsorption. In
addition, given the small surface area of the ferroselite grains used in these experiments (1.5 -9
mm®), a small proportion of Se(IV) would be adsorbed by oxidized Fe(III) patches. While
adsorption of may be occurring, other processes like reduction of Se(IV) to Se(0) are much more
likely to be driving 8**7°Se isotopically heavier.

4.3.5 Muted isotopic fractionation with higher H,O; concentrations in Berz-High

8%7%Se values of Se(VI) in the Berz-High experiment are significantly less elevated
relative to those of Berz-Low. In Berz-High, an initial 1.2%o increase in 8%7°Se of Se(VI) and
corresponding 1.0%o decrease of Se(IV) could reflect early isotope effects associated with
oxidation (Figure 4.3B). However, 5°%7°Se of Se(VI), with the exception of the timepoint at 24

hours, returned to relatively unfractionated values afterward. Based on these results, the addition
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of higher amounts of H,O, produces a smaller increase of 8**7°Se-Se(VI). A recently published
framework relating Marcus Theory to isotopic fractionation could explain this. As dictated by
Marcus theory, which connects the kinetics of outer-sphere electron transfer to the
thermodynamics of the reaction, the magnitude of kinetic isotopic fractionation for the oxidation
of Se(IV) is related to the AG;°, or the standard free energy of a reaction (Joe-Wong and Mabher,
2020; Marcus, 1997). As AG;° becomes more negative, and the reaction becomes more
favorable, isotopic fractionation due to differences in vibrational energies of the heavy and light
isotopes decreases.

In this experiment, higher H,O, concentrations could increase the logK of the oxidation
reaction and drive AG,° more negative, decreasing £*°Se/”°Se of Se(IV) oxidation (Joe-Wong and
Maher, 2020). This could explain why a 1.0%. difference is observed between 5*%7°Se of the
Se(IV) and Se(V]) fraction, as opposed to the 5.0%o difference observed between Se(IV) and
Se(VI) in Berz-Low (Figure 4.3B). Similarly, the only previously published oxidation
experiment of Se(IV), which reported no isotopic fractionation, used 3% H,0O, and was
conducted in a strongly basic solution with a fast oxidation rate (Johnson, 2004). Based on these
results and the general predictions of Marcus theory, we suggest that the weak isotopic
fractionation apparent in the Berz-High experiment was a consequence of the higher
concentration of oxidant.

4.3.6 Summary of the processes observed in these experiments

The experiments presented here show a complex interplay of processes affecting the
dissolved 8**7°Se of Se(IV) and Se(VI). With the exception of the later stages of one experiment
(Berz-High), the dissolved Se(VI) is isotopically heavier than the mineral and the Se(IV)

fraction. Four processes could be responsible for driving Se(VI) isotopically heavier: (1) kinetic
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isotope fractionation during the oxidation of Se(IV) to Se(VI), (2) abiotic reduction of Se(VI)
and Se(IV) by selenide and/or sulfide minerals, (3) isotopic exchange between Se(IV) and Se(VI)
progressing toward isotopic equilibrium, and (4) to a lesser extent, adsorption of Se(IV) to Fe-
(oxy)hydroxides. The relative impacts of these reactions on **7°Se and production of Se(IV)
and Se(VI) are dependent on the oxidant concentration. At low oxidant concentrations (F2 and
F3), reduction and/or adsorption drive 85%7°Se-Se(IV) the total dissolved 5**7°Se to more
positive values. With the addition of more oxidant, the rate of mineral oxidation exceeds
reduction/adsorption of Se(IV) and thus the isotopic effects of those processes are muted. In
addition, possible kinetic isotope effects during oxidation of Se(IV) to Se(VI) could be
responsible for Se(IV) and Se(VI) isotopic shifts in the first time steps of BH, BL, FA, and F1.
Overall, future experiments are necessary to parse these reactions.
4.4 Environmental Implications

Understanding Se isotopic systematics contributes to ongoing efforts to understand the
biogeochemical cycle in modern and ancient environments (Basu et al., 2016; Clark and
Johnson, 2010; Mitchell et al., 2012; Schilling et al., 2015; Zhu et al., 2014). Until this point,
isotopic fractionation during oxidative dissolution was usually assumed to be minimal and
therefore was not taken into account when quantifying Se transformations. Our results show that
significant isotopic offsets between dissolved Se(VI) and Se(IV) can occur within hours of H,O,
or Oy(aq) oxidation of selenide-bearing minerals, driven by isotopic fractionation caused by
oxidation, isotopic exchange, and/or reduction. Although our experiments only address one set
of reactions out of many taking place during oxidative weathering environments, these simple

experiments reveal a strong tendency for the released Se(VI) to be isotopically heavy by up to
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several per mil. We suggest that similar processes should operate in natural environments and
produce similar isotopic shifts.

A second insight arises from our observation that the Se(VI) isotopic fractionation is
more pronounced for lower H,O, conditions more similar to environmentally relevant conditions
(<1 uM) (Yuan et al., 2017). In the subsurface, “dark” H,O, production is highest in transitional
redox environments, where production of isotopically heavy Se(VI) is likely to take place (Yuan
et al., 2017). Therefore, Se isotopic fractionation due to oxidative dissolution could be more
pronounced in variable redox-settings such as a fluctuating water table.

The tendency for Se(VI) to be isotopically heavy relative to the oxidizing minerals under
almost all conditions has implications for the use of Se isotopes to better understand modern
environmental processes and ancient earth system evolution. At low rates of mineral oxidation
(i.e. less oxidizing conditions), reduction of oxidized Se(IV) can drive this fraction isotopically
heavy relative to its source rock. However, Se(VI) is more soluble than Se(IV), due to its lower
adsorption affinity, and is typically more mobile in weathering environments (Clark and
Johnson, 2010). Therefore, waters draining seleniferous shales should contain Se(VI) that is
significantly isotopically heavier than more reduced species or host rock. This would drive the
overall flux of Se from these environments isotopically heavy as Se(VI) is more mobile than
Se(IV).

Indeed, there is evidence for this offset in dissolved Se(VI) and Se(IV) isotope values
reported in previous studies. Clark and Johnson (2010) observed Se(VI) isotope values in
waterways and groundwater draining the Mancos Shale that were 2.3 to 3.0%o heavier than
Se(IV) and two digests of the Mancos Shale. Zhu et al. (2014) reported that 8%%7°Se of Se-

bearing gypsum and seep waters draining Yutangba Plateau (China) shales were 2.5 to 2.7%o
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isotopically heavier than moderately weathered shales. The consistent differences between
8%%7%Se of Se(VI) and more reduced pools suggest similar fractionating mechanisms at these two
sites where weathering of shales is occurring and may be indicative of oxidative dissolution
processes occurring at the mineral grain scale.

Extrapolation of our results to quantify Se fluxes in the environment requires
consideration of field rates of oxidative dissolution and other sources of Se. The kinetics of
chemical reactions in natural settings are often orders of magnitude lower than those obtained
from laboratory experiments (Jung and Navarre-Sitchler, 2018; White and Brantley, 2003). The
isotopic evolution of Se(VI) at lower rates of reaction, similar to experiments F2 and F3, will
depend on the reductants or adsorbants present. In addition, while selenide phases are important
hosts of Se in marine sediments, elemental and organically-bound Se composes the majority of
the refractory fraction in lightly weathered shales and Se-impacted soils (Stillings, 2010;
Zawislanski and Zavarin, 1996). The fractionating mechanisms discussed here can inform future
examinations of isotopic fractionation during Se(0) and organically-bound Se oxidation, and will
help constrain the Se isotope effects during oxidative dissolution of seleniferous shales.

4.5 Conclusions

We present the first evidence of significant isotopic fractionation during oxidative
dissolution of selenide-bearing minerals. The isotopic shift is most evident for the dissolved
Se(VI) fraction; all experiments resulted in 8**7°Se-Se(VI) increasing to values that in some
cases reached as high as 14%o. Several processes could be responsible for this evolution,
oxidation of Se(IV), including reduction by sulfide/selenide, or isotopic exchange between the
two dissolved species. The isotopic fractionation of dissolved Se(IV) was more muted except

when very low levels of oxidant were present. This observation suggests that Se(IV) reduction is
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coupled to mineral oxidation, but may be overprinted by high fluxes of unfractionated Se(I'V)
when mineral oxidation rates are high. Given these results, the weathering flux of Se from Se-
bearing rocks and soils, overall, should be dominated by isotopically heavy Se(VI), as this
species is more soluble and mobile than Se(IV). This conclusion has implications for the usage

of Se isotopes to track immobilizing reactions in modern and ancient settings.
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4.6 Tables and Figures

Table 4.1. Conditions of mineral dissolution experiments.

Ferroselite (FeSe,)

Berzelianite (Cu,Se)

FA F1 F2 F3 Berz -Low | Berz-High
Mass (g)/ 0.0001 0.0001 0.00004 | 0.00004 0.003 0.003
Volume (mL)
H,0,, (mM) 0 0.1 0.4* 1% 0.4 1
pH 7.5 7.25 7.15 7.15 7.00 7.00
% of Se in
mineral 1.81 1.60 0.80 0.40 0.80 1.51
released
682/7ﬁse
36+ 0.22%0 (26, n= -3.85 + 0.18%0 (26, n=4
Mineral 0.36 = 0.22%0 (25, n=3) 3.85 + 0.18%o0 (25, n=4)

*Intended concentrations. Actual concentrations must have been much lower (see text).
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Table 4.2. Concentrations of dissolved Se, Se(IV), Se(VI), and Cu. All concentration units are in
micromolar. Fe concentrations were below the limit of detection in the ferroselite experiments.
All concentrations were obtained by isotope dilution, with the exception of Cu, Berz-Low and
Berz-High samples at 72 hr, 98 hr, and 252 hr, which were measured by iCAP Q ICP-MS.

Ferroselite
Time FA F1
Hr Se(IV) Se(VI) Total Se Se(IV):Se(VI)] Se(IV) Se(VI) Total Se Se(IV):Se(VI)
0.67 0.42 0.06 048 6.95 0.72 0.21 0.93 341
4 0.81 0.11 0.93 7.09 2.20 034 254 6.47
21 4.60 0.14 4.74 33.20 8.53 0.26 8.78 33.34
46 13.31 0.38 13.70 34.86 13.31 0.31 13.62 43.19
168 67.84 1.63  69.47 41.51 35.18 1.06 36.24 33.12
Time F2 F3
Hr Se(IV) Se(VI) Total Se Se(IV):Se(VI)] Se(IV) Se(VI) Total Se Se(IV):Se(VI)
0.08 0.07 0.14  0.21 0.51 0.12 0.18 0.29 0.66
0.50 0.15 0.24  0.38 0.61 0.07 0.18 0.26 0.41
1.00 0.31 0.26  0.58 1.20 0.19 022 041 0.88
6 0.56 0.46 1.02 1.21 0.28 024  0.52 1.14
24 0.80 0.47 1.26 1.69 0.25 0.38  0.63 0.66
72 1.21 0.68 1.89 1.78 0.48 0.53 1.00 0.90
144 1.23 0.60 1.83 2.05 0.32 047 0.78 0.69
Berzelianite
Time Berz -Low Berz-High
Hr |Se(IV) Se(VI) Total Se Se(IV):Se(VI) Cu |Se(IV) Se(VI) Total Se Se(IV)/Se(VI) Cu
0.17] 0.08 0.03 0.11 2.18 BLD| 0.04 0.09 0.13 0.41 0.03
1 0.10  0.11 0.21 0.91 0.01] 0.16  0.31 0.47 0.53 0.04
451 036 0.17 0.53 2.13 0.12] 034 031 0.64 1.10 1.04
11.5] 037 0.14 0.51 2.70 0.18] 045 0.25 0.70 1.75 1.12
241 072 0.12 0.84 5.76 0.23] 1.34  0.80 2.13 1.68 1.37
48 1.10  0.27 1.37 4.00 1.05] 1.68 0.82 2.50 2.04 4.68
72 ND ND 1.85 ND 3.36] ND ND 3.14 ND 7.27
98 ND ND 1.98 ND 3.74] ND ND 2.97 ND 7.24
252 ND ND 3.20 ND 7271 ND ND 2.82 ND 7.91

ND is not determined
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Table 4.3. Se isotope values (8%7°Se) of Se(1V), Se(VI), and total dissolved Se with associated
uncertainties for all samples.

Ferroselite
Time FA F1
37 Se - 3%"Se - 3"Se -[577Se - 3%Se - 3""Se -
Hr  1geav) 2% Sevi) 2° Total | Sev) 2° Se(vi) 2°  Total
0.67 ND - 592 015 ND | -423 0.4 583 0.2 -195
4 041 015 ND - ND | -1.19 0.12 621 0.12 -0.20
21 0.68 012 807 014 -046 | -1.07 012 790 0.12 -0.81
46 025 012 957 014 -0.15 | -087 0.2 887 012 -0.65
168 0.15 012 1416 015 018 | -0.67 0.12 1056 0.13 -0.34
Time F2 F3
37" Se - 3""Se - 37Se -|5° *Se - 3"Se - 37" Se -
Hour f'gv) 2% sevi) 2°  Total | Setv) 2° se(vD) 2°  Total
0.08 556 016 329 016 476 | ND - 291 016 ND
0.50 ND - 344 0.3 ND ND - 454 013 ND
1.00 ND - 455 0.3 ND ND - 380 0.3 ND
6 ND - 607 013 ND | 543 016 549 0.13 546
24 449 013 520 0.3 494 | 525 0.16 638 0.3 5.70
72 298 0.3 499 0.3 427 | ND - 562 015 ND
144 232 016 465 013 38 | ND - 523 015 ND
Berzelianite
Time Berz -Low Berz-High
37" Se - 3" Se - 3""Se -| 5" Se - 37 Se - 3" *Se -
He o Fseav) 2 sev) 2° Total | Sev) 2° se(vi) 2°  Total
0.17 | -494 013 -2.66 0.3 -422 | -467 013 -327 0.3 -3.67
1 520 013 -147 013 -325 | -480 0.13 -2.60 0.13 -3.36
45 455 013 ND 013 ND | -3.93 013 -375 013 -3.84
1.5 | 461 013 -078 0.3 -357 | 411 013 -3.57 0.3 -3.91
24 326 013 -001 013 -2.85 | 476 0.17 -552 0.17 -5.02
48 481 015 -033 013 -3.87 | 432 015 -449 0.15 -4.37

ND: not determined
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Figure 4.1. Evolution of total dissolved Se and Cu concentrations during the oxidation of
ferroselite and berzelianite. Uncertainties (26) in concentrations are smaller than the symbols.
(A) Selenium concentrations for FA and F1 are denoted by diamonds and triangles. In the inset,
F2 and F3 are represented by (+) and (x), respectively. (B) White circles and squares indicate Se
concentrations for Berz-Low and Berz-High, respectively, while black symbols denote Cu
concentrations in Berz-Low and Berz-High.
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Figure 4.2. 5*¥7°Se values of total dissolved Se for (A) ferroselite experiments and (B)
berzelianite experiments over time. Red stars represent the mineral isotopic compositions. (A)
Uncertainties (26) are smaller than the symbols. Diamonds, triangles, +, and x indicate FA, F1,
F2, and F3 respectively. (B) Squares and circles refer to 8**7°Se of Berz-High and Berz-Low,
respectively.
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Figure 4.3. Isotopic evolution of dissolved Se(IV) and Se(VI) during the oxidative dissolution of
(A) ferroselite and (B) berzelianite. Symbols assignments are the same as in earlier figures.
Black symbols represent Se(VI) and grey symbols represent Se(IV). Error bars (20) are smaller
than the symbols.
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Figure 4.4. Fraction of dissolved Se(IV) relative to total dissolved Se during the oxidation of (A)
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CHAPTER 5: TELLURIUM CONCENTRATIONS AND ISOTOPIC FRACTIONATION
AS INDICATORS OF THE RISE OF ATMOSPHERIC O,

Abstract

The expansion of multi-cellular life is thought to have been triggered by the increased
environmental availability of O, during the Neoproterozoic Oxidation Event after low levels of
O, during the mid-Proterozoic. This is supported by the isotopic fractionation of redox-sensitive
elements in near shore sediments and paleosols. For the Cr and U isotope systems, isotopic
fractionation in the geologic record deviates from average crustal values after levels of O, were
high enough to initiate redox cycling induce redox-driven isotopic fractionation. This oxidative
threshold, or when insoluble Cr(III) or U(IV) were oxidized to their more soluble forms, is
dependent on the thermodynamic behavior of each element. Based on known Te thermodynamic
data, tellurium (Te) stable isotopes could be sensitive to lower levels of O, than Cr and higher
concentrations of O, than the U paleoredox proxy. We examined Te enrichments and isotopic
fractionation in a suite of paleosols and ironstone formations. Tellurium loss from the paleosols
is apparent after the Great Oxidation Event, in addition to Te isotopic fractionation in paleosols
and ironstone formations deviating from average unweathered crustal isotope values after the
initiation of the Great Oxidation Event. While this dataset is limited, the results of this study are

promising for the use of Te isotopes as a proxy of oxidative weathering and atmospheric oxygen.
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5.1 Introduction

Advances in understanding the evolution of life have been bolstered in the last two
decades by new approaches to studying past redox conditions. The energetic conditions for the
development of multicellular life theoretically require an environment with at least 1% of present
atmospheric levels (PAL) of O, (Payne et al., 2011). Possibly not coincidentally, the emergence
of complex multicellular life correlates with the rise in atmospheric pO, concentrations close to
modern levels. However, the timing of this rise is debated along with the influence of
atmospheric O, on the oxygenation of the marine environment, which is where multicellular life
is thought to originate. A complete assessment of O, levels in both the marine system and the
atmosphere is necessary in order to understand what triggered the emergence of metazoans.

Quantification of atmospheric pO, prior to the appearance of animals in the
Neoproterozoic fossil record reflects a step-wise increase in O, from the Archean through the
Phanerozoic (Lyons et al., 2014). The presence of mass-independent fractionation of sulfur
isotopes in sediments prior to 2.45 Ga is interpreted as pOs less than 10 PAL (Farquhar and
Wing, 2003). The disappearance of this signal, in addition to the loss of pyrite and redox-
sensitive metals in paleosols, and appearance of Fe(Il)-rich sandstones mark a phase of
increasing O, known as the Great Oxidation Event (Canfield, 2004; Holland, 2002, 2006). This
period is coincident with numerous large igneous provinces (Ciborowski and Kerr, 2016; Marty
et al., 2019) and large-scale glaciations (Gumsley et al., 2017; Zakharov et al., 2017). Oxygen
levels during this period are thought to have increased up to 0.1 PAL (Lyons et al., 2014). At
2.06 Ga, a global carbon isotope excursion, known as the Lomagundi isotope excursion, marked
high rates of organic carbon burial, and a subsequent precipitous drop to low pO, over most of

the Proterozoic (Hodgskiss et al., 2019; Schidlowski et al., 1976). Planavsky et al. (2014)
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established an upper limit of 0.01 PAL over the Mesoproterozoic based on the Cr isotope record
of paleosols and near-shore sediments. This estimate is based on the pO, required to oxidize
Mn®" given a standard fluid-soil residence time, as manganese oxides are considered the only
environmentally relevant abiotic oxidants of Cr(III). Prior to 0.8 Ga, or the initiation of
Neoproterozoic Oxidation Event, the Cr isotope record did not deviate from average crustal
values, indicating minimal redox cycling and isotopic fractionation. Non-crustal Cr isotope
values at the Neoproterozoic Oxidation Event point to O, rising to levels above 0.01 PAL
(Planavsky et al., 2014), closely followed by the appearance of Ediacaran biota (Droser and
Gehling, 2015).

Recent studies show that this secular increase in pO, is not without complications. There
are several lines of evidence for transient increases in O, a half billion years prior to the Great
Oxidation Event (Anbar et al., 2007; Crowe et al., 2013; Duan et al., 2010). These studies are
based on observations of Cr, Mo, and U isotopic fractionation deviating from crustal values in
paleosols or shales. As Lalonde and Konhauser (2015) argue though, some of these signals in
paleosols may reflect local O, production from microbial mats.

The Cr isotope evidence for low Mesoproterozoic pO, has been interrogated more
extensively. In 1.4 Ga near-shore sediments, Zhang et al. (2016) recorded trace metal enrichment
and the presence of biomarkers that were interpreted to reflect eukaryotic diversification. Other
explorations of individual formations in shallow marine settings show small episodes of
oxygenation at 1.4 Ga and 1.1 Ga (Canfield et al., 2018; Diamond and Lyons, 2018; Gilleaudeau
et al., 2016; Kendall et al., 2009). To complicate the Cr isotope proxy further, non-redox
processes, such as ligand-promoted dissolution, have been recognized as potentially important

isotope fractionating processes of Cr isotopes (Saad et al., 2017). In the wake of these new
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studies, more in-depth examinations of the Cr isotope record in shales and paleosols have been
published (Cole et al., 2018; Cole et al., 2016; Colwyn et al., 2019). These studies still indicate
that pO; levels were low prior to the Neoproterozoic Oxidation Event at 0.8 Ga.

Improving the constraints on the atmospheric O, record requires the development of more
proxies sensitive to different levels of O, in diverse environmental settings. In particular,
concentrations and isotope measurements of a range of redox-sensitive elements in paleosols and
near-shore sediments could improve interpretations of redox conditions in individual formations.
Here, we examined the novel tellurium (Te) stable isotope system as a candidate for such a
paleoredox proxy. Prior to the increase of appreciable pO,, Te should be present as Te(0), trace
tellurides in sulfide phases, or telluride minerals (Wang and Becker, 2013; Yierpan et al., 2018).
Like Cr or U isotopes, isotopic fractionation would be initiated when the oxidation of reduced,
insoluble phases occurred, and Te(IV) and Te(VI) could undergo reduction and adsorption. This
“oxidative threshold” occurs at conditions more reducing that the transition of Cr(IIl) to Cr(VI)
(Figure 5.1). Therefore, Te isotopes should be more sensitive to the appearance of oxidizing
conditions than Cr and may provide new constraints on Precambrian pO,. Te isotopes may also
be less sensitive than other paleoredox proxies, like U isotopes, which track whiffs of O, prior to
the GOE. Here, we examine this premise using Te concentration and isotope data in paleosols
and ironstone formations ranging from 3.0 to 0.016 Ga.

Tellurium is a metalloid with 4 oxidation states, -II, 0, IV, and VI. As a reduced species,
Te(0) is extremely insoluble relative to Te(IV) and Te(VI), which form soluble oxyanions,
H,TeOs, HTeOs", HyTeO,, and HTeO4 (McPhail, 1995). Tellurium isotopes (5" 026Te) have been
shown to fractionate in a variety of laboratory studies. Biological and abiotic reduction of Te(IV)

and Te(VI) results in a difference between the instantaneous reduced product and reactant of up
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to 4%o (Baesman et al., 2007; Smithers and Krouse, 1968). Adsorption to goethite and illite at
circumneutral pH produces an equilibrium isotope effect of ~0.20%o for Te(IV) to illite and
goethite, ~0.30%o for Te(VI) to illite and 0.65%o for Te(VI) to goethite (Wasserman, in prep).
5.2 Methods and Materials

5.2.1 Samples

All samples were obtained from the Department of Earth and Planetary Sciences at Yale
University (New Haven, CT) and are characterized in the references provided in Table 5.1.
Tellurium, Fe, and Ti concentrations were measured in twelve paleosols. Due to low Te
concentrations and limited sample mass, Te isotopes were measured in samples from eight of
these paleosols. These paleosols are all derived from igneous rocks, except for the Olive Hill
formation, which is developed on shale (Table 5.1) (Smyth, 1984). None of the paleosols are
subject to significant grades of metamorphism (Colwyn et al., 2019). Therefore, non-fractionated
Te isotope values should reflect crustal 8" 0126T¢ (see Results).

Six ironstone formations were measured for Te concentrations and isotopes. Ironstones,
as described by Planavsky et al. (2014), are near-shore sandy or sility, iron-rich sedimentary
units. They are unlike banded iron formations, which do not occur in the Phanerozoic, and are
found in shallower marine environments. The ironstones are made up of cemented Fe-rich oolitic
grains, that consist of usually concentric hematite coatings around a sand or silt matrix. As Te is
quickly scavenged in the marine water column (Lee and Edmond, 1985), the ironstone
formations would be an important sink of continental fluxes of Te. In addition, these deposits are
not located close to hydrothermal activity (Planavsky et al., 2014), so little contribution from

hydrothermal sources of Te would be present.
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5.2.2 Sample preparation and mass spectrometry

Digestion and measurement procedures of samples followed methods described in
Wasserman and Johnson (2020b). For concentration measurements, powdered samples were
weighed and digested using in 4 or 8 mL of reverse aqua regia for 24 hours. A small aliquot of
the sample was dried down and re-dissolved in 5% (v/v) HNOj; for measurement by a Thermo
iCAP Q ICP-MS. Sample preparation for Te isotope measurements involved the addition of
120Te-"**Te double spike to correct for isotopic fractionation during sample preparation and drifts
in instrumental mass bias. Matrix and isobaric interferences (Fe, Sn, Sb) were separated from Te
using previously described anion-exchange procedures (Wasserman and Johnson, 2020b).
Briefly, Te in the sample was reduced to Te(IV) in 6 M HCI and loaded on a 3 mL anion
exchange column. Iron, antimony, and the majority of the matrix were removed using an HCI-
HF mixture and Te was eluted in 1 M HNOj. Tellurium was purified from Sn, an isobaric
interference, using a second anion exchange column. After oxidation of the sample using 0.02 M
K;,S,0s, the sample was loaded onto a column with 1 mL AG1-X8 (100-200 mesh) resin. In low
molarity HCI, Te(VI) was eluted while Sn remained on the column. Samples were then dried
down and re-dissolved in 5 M HCI, after which the sample was reduced to Te(IV) and diluted to
2 M HCI with Milli-Q H,O. Concentrations were measured on the iCAP Q ICP-MS. During

115 3 .
In and *Ge were used as internal standards to

concentration measurements, online addition of
correct for matrix effects on signal suppression or enhancement. The limit of quantification for
Te, Fe, and Tiis 0.2, 0.4. and 0.2 ng g'l.

Tellurium stable isotope measurements were made on a Nu Plasma (Nu Instruments, UK)

Multi-Collector Inductively Coupled Plasma Mass Spectrometer (MC-ICP-MS) at the University

of Illinois at Urbana-Champaign. An in-house hydride generation system was used for a sample
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introduction system coupled to the MC-ICP-MS. Through on-line addition, the sample in 4 M
HCI was reacted with a solution of 0.2% (w/v) NaBH4 and 0.2% (w/v) NaOH, converting Te(IV)
to H,Te() which was carried in an Ar stream into the plasma. All Te isotopes were monitored
using Faraday cups including masses 118 and 132. A “blank” 4 M HCI solution was measured
prior to the sample for on-peak background subtraction. Additional subtractions of Sn, Xe,

'2SbH", and TeH" interferences were accomplished by monitoring ''*Sn, '*

Xe, and assuming a
constant ratio of hydride formation. An iterative routine of data reduction allowed for the
correction of interferences and extraction of the natural isotope ratio from the spike-sample

. . . 130 126 . . . .
mixture. We report isotope values using "~ Te and “Te, following discussion in Wasserman and

Johnson (2020). This is expressed using delta notation (%o) or:

130T6/126T€3ample 1] * 1000
130T€/126T€standa7'd (51)

§130Te = |
Sample Te isotope ratios were subtracted from the ratio of NIST SRM 3156 (lot no.
140830), which bracketed every 4 samples. A secondary standard of dissolved Alfa Aesar
Te(VI) powder (lot no. YO5A029) was measured every ten samples to ensure a consistent offset
of 0.84%o relative to NIST SRM 3156. Duplicates of six paleosol and five ironstone samples
showed average uncertainties of 0.15%o and 0.17%o (20) respectively, using a root-mean-square
method based off Hyslop and White (2009).
5.3 Results
5.3.1 Concentrations and enrichment or depletion during weathering
Tables 5.3 and 5.4 show the range of concentrations of Te, Fe, and Ti and ratios of Te
and Fe relative to, the immobile elements, Ti in paleosols and ironstone formations. For paleosol

samples, Te concentrations range from below limit of detection (0.05 ng g') to 200 ng g™' in

CLRD-0.75. The average concentrations of Te are variable among the paleosol formations. For
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example, the Lauzon Bay paleosol and the Cooper Lake paleosol were deposited at the same
time (2.45 Ga), but Te concentrations are ten times greater in the Cooper Lake paleosol.
Ironstone formations contain on average higher concentrations of Te than the paleosols and show
no variation with time (Table 5.4).

Normalization to the conservative element, Ti, can give some indication of elemental
enrichment or depletion in paleosols (Cole et al., 2017). As Ti is considered to be relatively
immobile, high Te/Ti or Fe/Ti ratios, relative to the unweathered parent rock, point to processes
that concentrate Te in the solid (i.e. reduction or adsorption processes). Conversely, relatively
low ratios suggest mobilization and removal of Te or Fe. In the paleosols, elemental enrichment
or loss during weathering can also be examined relative to the parent material using a chemical
mass balance model assuming no bulk density changes in the profile (Brimhall and Dietrich,

1987). We calculated the unitless elemental mass balance coefficient, 1, for Te and Fe as follows:

Ci,pCj,w 1
CiwCip (5.2)

Tij =
In this equation, C represents concentration, where subscripts i and j denote the immobile
and mobile elements, respectively, and subscripts p and w denote the parent rock and the
weathered host rock, respectively. Here, we use Ti as the immobile element and Te is the
potentially mobile element of interest. Samples representative of the unweathered parent rock are
indicated in Table 5.3 for the calculation of tr. 1i. Values close to zero signify no loss nor gain of
Te from the parent rock, while negative and positive values show loss and gain respectively
(Brimhall and Dietrich, 1987). 1ij were calculated for seven of the twelve paleosols examined in
this study. For the remainder of the paleosols, no parent rock sample was available. Although the

data are sparse, average depth-weighted tr. 1i appear to decrease over time, from the Archean to

the Phanerozoic (Table 5.3). The pre-GOE samples from the Nsuze, Carletonville, and Black
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Reef paleosols show a range of t;; indicating Te enrichment to slight loss. At the GOE, the
Lauzon Bay and Cooper Lake paleosols display gains of Te. The Phanerozoic Verde River and
Olive Hill paleosols both show, on average, negative Tre ri.

Given the strong adsorption affinity of Te(IV) and Te(VI) to Fe-(oxy)hydroxides (Hayes
and Ramos, 2019; Kashiwabara et al., 2014a; Qin et al., 2017), the comparison of Te/Ti and
Fe/Ti should give some indication if the Fe weathering cycle is correlated to Te mobility (Tables
5.3, Figure 5.2). Pre-GOE paleosols tend to have higher Fe/Te and lower Te/Ti on average than
GOE and Phanerozoic samples. However, overall, there is little correlation between Te and Fe
retention in paleosols (Figure 5.2).

5.3.2 Te isotopic fractionation

We estimate the range in average crustal 8°”'**Te to be 0.06 to 0.26%o. This range is
based on the range in 8'*”'?°Te the carbonaceous chondrite Orgueil, which showed little
evidence of metamorphism compared to other chondrites (Fehr et al., 2018). Isotopic
measurements of USGS standard BCR-1 and BHVO-2 fall within this range (0.25 £ 0.18%o and
0.15 £ 0.18%0), suggesting that the contribution from mantle sources to the average crustal
8312 overlaps with chondritic values. Other studies (Toth, 2019) have reported that the bulk
silicate earth isotopic composition agrees with Te isotope measurements of carbonaceous

chondrites from Fehr et al. (2018). However, further investigations of crustal 130126

e
variability should be done to confirm the validity of this range.

The 8"*”'**Te of the measured paleosols and ironstones ranges from -0.42 to 1.52%o
(Tables 5.5 and 5.6, Figure 5.3). Prior to the GOE (>2.45 Ga), "*”'?°Te of paleosols falls within

the range of crustal values. Samples deposited after the GOE are isotopically similar to, or

slightly heavier than, the crustal range. Mesoproterozoic ironstones show a ~1%o spread, where

148



most samples plot at crustal values or lower. The largest range in 8"*'**Te occurs in the
Phanerozoic paleosols and ironstones, where the paleosols are all isotopically heavier than
average crust and the ironstones are all at the upper end of the crustal range.
5.4 Discussion
5.4.1 Paleosols

Examination of tr i in paleosols (Table 5.3) shows no weathering loss of Te during the
Archean, but significant loss in Phanerozoic samples. We attribute this to increased oxidative
weathering and export of Te(IV) and Te(VI) oxyanions after the Great Oxidation Event.
Meanwhile, the net enrichment of Te in the paleosols deposited prior to and at the onset of the
GOE could be the product of limited oxidative weathering, where Te is remobilized, then
concentrated via reduction or adsorption at certain points within the weathering profile. Indeed,
others have noted an enrichment of U from the Cooper Lake paleosol suggesting that oxidation
and subsequent reduction must have occurred (Babechuk et al., 2019; Colwyn et al., 2019).

Environmental Te mobility is related to the Fe redox cycle, in addition to the redox state
of the Te itself. In mine tailings and modern soils, the majority of oxidized Te is associated with
Fe-(oxy)hydroxides and to a lesser extent, clay minerals (Hayes and Ramos, 2019). Results of
EXAFS spectra indicate that Te(VI) can also co-precipitate on ferrihydrite providing a long—term
sink of the oxyanion (Kashiwabara et al., 2014a). Therefore, the formation of oxidized Fe
phases, or higher Fe/Ti, could limit the flux of Te from the continents even when conditions are
oxidizing enough to convert most Te to Te(VI) during weathering.

The relationship between Te and Fe in the paleosols is not straightforward. Paleosols
deposited prior to the GOE and during the GOE show conservative or slightly enriched behavior.

In Phanerozoic paleosols, tre i is negative for the Verde River and Olive Hill paleosols showing
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overall loss (Table 5.3). However, Fe/Ti values are lower in the Phanerozoic paleosols than in
the pre-GOE paleosols, which is the opposite trend than expected for Te adsorption by Fe-
(oxy)hydroxides. While it appears that Fe does not entirely control Te mobility, adsorption to Fe-
(oxy)hydroxides and clay minerals could be a sink for most of the Te oxidized in these paleosols,
as has been observed in modern studies (Qin et al., 2017). This is supported by the fact that Ty i
values do not show complete loss of Te from the Phanerozoic paleosols suggesting that oxidized
Te may not be as mobile as other redox-sensitive elements.

Tellurium isotopes in paleosols indicate that oxidative mobilization occurred during the
Great Oxygenation Event. The Cooper Lake paleosol (2.45 Ga) and Karelia paleosols (2.35 - 2.2
Ga) are slightly heavier than the crustal range (Table 5.5, Figure 5.3). These deviations from the
crustal range are small but significant and may reflect limited mobilization and concentration, via
reduction, of Te within the paleosol. Isotopic fractionation due to oxidative weathering and
adsorption or redox cycling is clearly visible in the Phanerozoic samples. In samples younger
than 2.35 Ga, all of these excursions outside the range of unaltered crust are isotopically heavy

130/126 .
5139126 ¢ increased at

(Figure 5.3). In addition, in the Cooper Lake and St. Francois paleosols,
shallower depths (Table 5.5).

While it is difficult to identify the fractionating processes simply based on the available
data, multiple cycles of reduction and re-oxidation, or adsorption and desorption of Te could
drive 8"°”'?°Te either higher and lower values. In the case of reduction, as oxidized Te- bearing
groundwater enters more reducing parts of the paleosol, isotopically light Te(0) will be
precipitated. As the groundwater is reduced further, continuous reduction will drive the

remaining Te(IV) and Te(VI) isotopically heavier. The reduced product will also become

isotopically heavier as the water moves further into the reducing zone. This is identical to the
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processes responsible for the ~25%o range observed in outcrops of the Yutangba Plateau for Se
isotopes (Zhu et al., 2014). A similar process could be expected for adsorption, where continuous
adsorption would drive the remaining groundwater isotopically heavy, leaving the adsorbed pool
would be isotopically light. Given this behavior, a reservoir of isotopically light Te should be
present within the outcrop. However, the measurements in this study, given our limited sample
size, have not captured this pool so far.
5.4.2 Ironstones

Higher Te concentrations in the ironstone samples compared to paleosols provide
evidence for the increased weathering flux of soluble Te oxyanions to the shallow ocean during
the Proterozoic. To address whether isotopic fractionation in the ironstone samples is of an
authigenic or detrital origin, we examined the patterns of Te in the ironstones relative to
paleosols (Figure 5.4A). In this archive, decreases and increases in Te/Ti represent the variations
in the detrital and authigenic contributions of Te due to oxidative weathering. Higher Te/Ti
positively correlates with total Te in the ironstones (Figure 5.4A). The enrichment of Te,
therefore, represents a higher authigenic incorporation of soluble Te.

Tellurium is most likely associated with the hematitic ooids as opposed to the cements in
these formations, as a there is a strong correlation between elevated Te/Ti and Fe/Ti (Table 5.4).
The ironstones examined here show evidence of minimal post-depositional alteration and
recrystallization (Planavsky et al., 2014). Therefore, Te concentrations and isotopic fractionation
should be reflective of processes at the time of deposition. Other studies have also noticed
enrichments of Te in Proterozoic marine sediments. Parnell et al. (2018) reported up to 32 ppm
of Te in reduction spheroids of the red beds in the Mesoproterozoic Belt Supergroup. Similarly,

in black shales, higher Te concentrations are observed in sedimentary pyrite during the
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Mesoproterozoic and Neoproterozoic relative to crustal Te concentrations (Armstrong et al.,
2018; Large et al., 2015). Given these observations, Te enrichment in mid-Proterozoic marine
sediments may be indicative of active Te oxidative weathering.

Tellurium isotopic fractionation in samples from Proterozoic and Phanerozoic ironstone
formations represents a combination of authigenic processes (i.e., adsorption and reduction) and

130/126
o

the changing Te of waters draining the continents (Figure 5.3). The comparison of

§'39126Te and Te/Ti can give some indication if detrital input or authigenic processes are
controlling Te isotopic fractionation (Figure 5.4B). As there is no difference in trends between
the suite of Phanerozoic samples versus Proterozoic samples, it is plausible that similar processes
must be controlling the Te isotope values in oxic Phanerozoic samples as in the mid-Proterozoic
ironstones.

If atmospheric O, was not sufficiently high to oxidize Te(0), reduced detrital phases
would not deviate from crustal 8'°”'?°Te values. When oxidative weathering is active, the
riverine flux of Te to the oceans should be isotopically heavy, as adsorption and reduction both
result in enrichment of the lighter isotopes into the immobilized product. However, adsorption of
Te oxyanions on the precursor Fe(III)-oxyhydroxides can also induce isotopic fractionation. At
isotopic equilibrium, Te(VI) adsorption to goethite can result in a ~0.65%o enrichment in the
aqueous phase relative to the adsorbed phase (Wasserman, in prep). This could drive the
§'3Y12°Te of adsorbed Te to lighter values as observed in closed systems, or to heavier values if
open system behavior allowed for continuous partial adsorption along a reaction path. Therefore,

high 8"”'?*Te could be reflective of isotopically heavy detrital input and open-system adsorption

behavior, while sub-crustal §'*”'?Te points to closed-system adsorption processes.
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5.5 Implications and future directions

Taken together, tr.1i and isotopic data in paleosols and ironstone formations provide
evidence for an active post-GOE Te redox cycle. This study adds to increasing evidence that
large scale changes in atmospheric pO, controlled the mobility of redox-sensitive elements and
isotopic fractionation in the geologic record (Briiske et al., 2020; Greaney et al., 2020) The
§'3Y12°T¢ of paleosols and ironstone formations suggest that, as shown in Figure 5.1, Te
oxidation is more sensitive to pO, than Cr and possibly similarly or less sensitive than U.
However, this is based on simple thermodynamic data, which does not take into account strong
complexation of U and Te in natural waters. The precise redox threshold of Te relative to U
should be examined more in depth in future studies of the Te paleoredox proxy (Missen et al.,
2020).

Mesoproterozoic ironstone formations show evidence of Te enrichments and isotopic
fractionation, which we interpret to be a result of oxidative weathering. Although pO, during the
Mesoproterozoic (<0.001-0.01 PAL) is thought to be lower than levels at the GOE (Planavsky et
al., 2014), environmental O, must have been high enough for redox cycling of Te to continue. In
sedimentary pyrite in marine black shales, Large et al. (2015) noted that Te is elevated prior to
the GOE and then decreases from the Paleoproterozoic through the Mesoproterozoic. The
authors note that low concentrations of this metalloid seem to correlate with the deposition of
banded iron and ironstone formations. This suggests ironstones are an important archive of Te in
marine settings, and that Te enrichments in these formations during the Mesoproterozoic could
be indicative of oxidative weathering.

While the results of this limited dataset show that the Te isotope system tracks variations

in environmental redox conditions, the addition of more samples representative of various
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depositional environments could elucidate the sensitivity of this proxy. In particular, in order to
confirm that the Te data in ironstones reflects oxidative weathering, additional records of Te
weathering should be examined from the mid-Proterozoic. Tellurium isotope measurements of
detrital pyrite in Precambrian marine shales could help identify a detrital sediment endmember,
which could identify the authigenic contribution during ironstone formation. In addition, the
inclusion of mid-Proterozoic paleosols in this dataset would help validate the interpretation of
our results.
5.6 Conclusions

The results of this study show the first use of Te isotopes to examine low-temperature Te
mobility as a function of rising pO, over the Precambrian and Phanerozoic. Similar to Cr and U
isotopes, the Te isotope paleoredox proxy shows binary behavior in paleosols and ironstone
formations. Prior to the rise of oxygen at 2.45 Ga, Te isotope values lie within the range of
average crustal §13Y12Te After this period, the shift of §'3Y12%T¢ to outside the range inferred for
average earth crust shows the initiation of active Te redox cycling. Future investigations of Te(0)
oxidation kinetics can determine the relative sensitivity of the Te paleoredox proxy to pO,.
While this study does not establish new constraints on atmospheric O, over time, it does add to
existing evidence for the presence of (1) appreciable levels of O, during the GOE, (2) sufficient
Mesoproterozoic O, to maintain Te oxidative weathering, and (3) very active Te redox cycling

under Phanerozoic pOs,.
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5.7. Tables and Figures

Table 5.1. Age and description of the paleosols measured in this study.

Time Upper and Lower
Formation (Ga) Parent Material = Age Constraint References
(Ga)
Grandstaff et al.
(1986), Kimberley
Ba;ailggsrloglola 3 Archean felsic  3.105 £0.003; 2.98  and Grandstaff
(SA)* gneiss +0.01 (1986), Mukasa et
al. (2013), Wilson
and Zeh (2018)
Crowe et al.
Nsuse Paleosol 297 Nsuze group 2.968 £ 0.006; (20 ?gﬁ‘ggig and
(SA)* ’ basaltic andesite 2.954 + 0.009 ) ’
Delvigne et al.
(2016)
Carletonville 29 Crown 2.914 £ 0.004; Robb and Meyer
Paleosol (SA)* ' Formation Lava 2.714 £0.008 (1990, 1995)
Mt. Roe
Palcosol 276 Mt Roe Basalt 2.78;2.76 Rye and Holland
(AUS) (2000)
B(g"ll‘rfef)’f ,,  Hydothermally 27850002  Maynard etal
Pale(fsolazss A) ' altered granite 2.550 (1995)
Various Marmo (1992),
. substrates: .
Karelia Archaean Hanski and
Paleolols ~ 2.2-2.7 e 27,22 Melezhik (2013);
(FIN)* gralr)lrloct)ércs;zo(;zve Strand and Laajoki
glacial rock (1993)
Babechuk et al.
(2019); Ketchum et
al. (2013);
. Rasmussen et al.
Cooper Lake Quartzite 2475,24525+  (2013); Rye and
Paleosols 2.4-2.45 intruded by i
) 0.0062 Holland (1998);
(CAN)* mafic dike
Sutton and
Maynard (1993);
Utsunomiya et al.
(2003)
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Table 5.1 (cont.)

Upper and Lower

Formation Time Parent Material = Age Constraint References
(Ga)
(Ga)
Sutton and
Maynard (1992),
Lauzon Bay Alooman Maynard et al.
Paleosol 2.4 Gfani o 2.5,2.475 (2013); Rasmussen
(CAN) et al. (2013),
Babechuk et al.
(2019)
Verde River Payson Ophiolite  1.729 +/- 0.006; Colwyn et al.
Paleosol 0.52 basalts Early Cambrian (2019)
(USA)* Y
St. Francois . Colwyn et al.
Mts Paleosol 0.5 Granite l‘é;;?{)}iite (2019); Sutton et
(USA)* al. (1996);
Upper
Olive Hill I\glesrfrllsi;lptlz;rim Carboniferous
Paleosol 0.323 gton, -4roor] Smyth (1984)
Borden, and biostratigraphy
(USA)* N
ewman
Formation shale
Lago Posadas C
Palcosol 0.016 ngg;gﬁz o 0.0022;0.0014 Bhs(nzl(‘)l(ljs‘;t al.
(ARG)* .

. 130/126
*Formations measured for 8">¥'*%Te
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Table 5.2. Age and references for ironstone formations examined in this study.

Formation Time (Ga) Upper and L(?wer Age References
Constraints
Chuanliggou Ironstone 1731 +/- 0.004; 1.673+/-  Lengetal (2012),
(CHN) 1.70 0.01 Planavsky et al.
' (2014)
Holm et al. (1998),
Freedom Ironstone (USA) 1.65 1.71; 1.63 Medaris et al.
(2003)
) Jackson et al.
Sherwin Ironstone (AUS) 1.45 1.492:+/-0.004; 1.429+/- (1988); Kralik
0.031;
(1982)
\ Planavsky et al.
Cap de la %IEX;’ Ironstone 0.46 0.465+/-.001 (2014); Robardet et
al. (1994)
Red Mountain Ironstone 0.44 Rhuaddanian (0.4438 +/- Chowns et al.
(USA) ’ 0.0015; 0.4408 +/- 0.0012) (2015)
Planavsky et al.
Rashby Ironstone (ENG) 0.18 ND (2014)

157



Table 5.3. Concentrations of Te, Fe, and Ti and t(r. 1i) for paleosols. Depth-weighted average
T(te,i) are bolded and italicized.

. i Te Fe Ti . . .
Formation Time Sample 1 Te/Ti Fe/Ti T (Te, Ti)
(Ga) ID (ngg) (wt.%) (wt. %)
Basal
Pongola 3 92.6(1) 11.1 4.66 0.16 7.08E-06 29.6
Paleosol
aleoso 92.8(1) BLD 5.43 0.14  2.08E08 377
WM 08 4.3 0.21 0.45 9.62E-07 0.5 -0.63
WMI1 7.5 5.04 0.15 5.10E-06 34.4 0.98
Nsuze . WM 12 0.1 6 0.1 4.89E-08 58.6 -0.98
Paleosol ' WMI3 4.8 6.28 0.11 4.23E-06 54.9 0.64
WM14 0.1 591 0.1 2.99E-08 58.9 20.96
WMI5 0.1 4.42 0.08 3.73E-08 55 0.95
WMI16* 1.8 5.51 0.07 2.58E-06 79.9 -0.30
DN6
11.83.9/118  13.8 275 031 4.51E-06 9 1.02
4W.C
Carletonville
Paleosol 29 1?268 9.52 4.19 0.29 3.24E-06 143 0.45
DN6
11862 9.11 6.12 0.38 2.40E-06 16.1 0.08
DN6
1188 3% 4.59 2.37 0.21 2.23E-06 115 0.51
Mt. Roe 276  Pil0214 0.4 3.48 0.27 1.35E-07 13
Paleosol ’
Pi10204 0.8 1.15 031 2.49E-07 3.7
BH155 20.24 3.54 0.2 1.01E-05 17.7 1.55
BI(—)111555- 13.44 0.62 0.23 5.84E-06 2.7 0.47
BHI55- 13.39 1.2 0.4 3.35E-06 3 016
Black Reef 0.75
2.7 0.93
Paleosol BHIS5-3.3 307 2.06 0.4 7.66E-06 5.2 '
BHISS- 5.3 2.03 0.32 1.66E-06 6.3 0.58
9.95
B;I;f' 26.63 4.73 0.67 3.97E-06 5.15 0.63
2.7 10401a 7 3.91 ND ND ND
Karelia 10401b 9 3.51 ND ND ND
Paleolols 10401e 1 0.79 028  394E06 28
2.35 6105a 5.5 1.62 0.34 1.60E-06 13.4
22 205¢ 10.2 1.58 0.12 8.71E-06 4.8
CLRD-0.75  202.2 1.38 0.42 4.79E-05 3.3 0.49
CLRD-3.0 419 3.1 0.48 8.72E-06 6.4 -0.73
Cooper Lake 24
Paleosols : CLRD-3.5% 723 5.08 0.23 3.21E-05 225 0.11
CLW-2.5 12.8 1.07 0.02 7.77E-05 6.5 1.90
CLW-3.5 5.7 0.1 0.02 2.63E-05 4.7 -0.02
CLW-4.5% 9.5 0.08 0.04 2.68E-05 23 0.43
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Table 5.3 (cont.)

Time

Formation (Ga) Sample ID Te Fe Ti Te/Ti Fe/Ti 1 (Te, Ti)
L4 3.2 0.11 0.01 3.17E-05 11 0.26
L5 1.3 0.34 0.06 2.20E-06 5.7 -0.91
Lauzon Bay o L7 1.3 0.25 0.02 6.55E-06 12.5 -0.74
Paleosol L8 15.4 0.23 0.02 7.68E-05 115 2.05
L1l 4.1 0.3 0.03 1.38E-05 10 -0.45
L12* 7.6 0.36 0.03 2.52E-05 12 0.32
VRIEO 413 0.97 0.59 6.99E-06 1.6 -0.37
VRIES 1.8 0.97 0.58 3.11E-07 1.7 -0.97
Verde River 052 VRIES0 6.2 1.24 0.37 1.67E-06 3.4 -0.85
Paleosol ' VR100C 81.3 1.68 7.88 1.03E-06 0.2 -0.91
VR1600 15.9 0.68 0.32 4.98E-06 2.1 -0.55
VR1 2800% 30.9 0.63 0.28 1.11E-05 23 -0.44
SF589 9 0.49 0.09 9.84E-06 5.4
ﬁttSFlf:E;"S‘; 0.5 SF590 9 0.59 0.09 9.90E-06 6.5
SF598 4 0.36 0.05 9.45E-06 7.5
OHC-0.01 63 7.19 1.89 3.33E-06 3.8 -0.93
OHC-0.2 150.2 1.41 1.52 9.88E-06 0.9 0.8
Olive Hill 0323 OHC-1.0 1243 75 0.91 1.37E-05 8.2 -0.72
Paleosol OHC-2.2 120.8 6.41 1.14 1.06E-05 5.6 -0.78
OHC-8.5 51.1 127 0.36 1.42E-05 35 -0.71
OHC-10.0* 1945 0.89 0.4 4.86E-05 2.2 -0.77
Lago Posadas 14P40 44 ND ND ND 34.4
Paleosol 14P1 415 ND ND ND 58.6

*Sample representative of parent material. The Cooper Lake paleosol has two protoliths.
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Table 5.4. Concentrations of Te, Fe, and Ti for ironstone samples.

Time Sample Fe Ti

. -1
Formation (Ga) D Te(ngg) WL %) (Wt %)

Chuanliggou 1.7 CLG-6-1 16.7 48.20 0.01
Ironstone

CLG2'6'3' 322 ND 0.01

Freedom Ironstone 1.65 H-28-B 65.0 27.00 0.12

H-22-2 171.3 30.40 0.04

Sherwin Ironstone 1.45 RRO1-1 199.6 51.00 0.01

RRO5-1 126.0 49.30 0.01

S8 232.7 50.20 0.03

S-13 230.8 49.90 0.05

Sherwin

3-10 225.7 55.20 0.01

S-8-2 161.3 50.20 0.06

CapdelaChe'vre /o piRg) 6.9 42.90 0.17
Ironstone

Red Mountain, USA 44 ppcpa 1054  27.60 0.10
Ironstone

BF-RM-1 480.0 42.60 0.09

BF-RM-7 67.3 15.20 0.06

BF'I%M' 15070 426 0.09

Rashby Ironstone 0.18 RI-1 241.0 10.30 0.40
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Table 5.5. 5"*'?Te of selected samples from paleosol formations.

Paleosol Formation r{(l;l::)e Sample 6132(;‘2)?6 20
Basal Pongola, Nsuze 3 92.6(1) 0.15 0.15
Paleosol
DN6
Carletonville Paleosol 2.9 11.83.9/1184 0.14 0.15
w.C
Karelia Paleolols 2.7 10401e -0.07 0.15
2.35 6105a 0.29 0.15
22 205e 0.46 0.15
Cooper Lake Paleosols 24 CLRD-0.75 0.37 0.15
CLRD-3.0 0.43 0.13
CLRD-3.5 0.28 0.13
CLW-3.5 -0.01 0.15
CLW-4.5 0.12 0.15
Verde River Paleosol 0.52 VRI1EO 0.52 0.15
VR100C 1.09 0.15
St. Francois Mts Paleosol 0.5 SF589 1.52 0.15
SF590 1.11 0.15
SF598 0.48 0.15
Olive Hill Paleosol 0.323 OHC-0.01 0.78 0.11
OHC-2.2 0.64 0.13
Lago Posadas Paleosol 0.016 14P40 0.82 0.16
14P1 0.60 0.16
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Table 5.6. 5"*'*Te of selected samples from ironstone formations.

. Time 1307126

Ironstone Formation (Ga) Sample (%0) 20

Chuanliggou, China 1.7 CLG-6-1 L0.16 0.15
Ironstone

Freedom, USA Ironstone 1.65 H-28-B -0.41 0.16

H-22-2 -0.42 0.12

Sherwin, AUS Ironstone 1.45 RRO1-1 0.24 0.12

RRO05-1 0.03 0.08

S8 0.50 0.10

S-13 0.10 0.10

Sherwin S- ;¢ 0.09

10

S-8-2 -0.16 0.09

Cap de la Che'vre 046  FIRS-2 20.01 0.20
Ironstone

Red Mountain, USA 044  BF-CP-4 024 0.10
Ironstone

BF-RM-1 0.33 0.11

BF-RM-7 0.21 0.08

BF-RM-12 0.23 0.09

Rashby Ironstone 0.18 RI-1 0.30 0.20
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h [Te] = 10-"
Cr(lll) = Cr(VI) |
boundary
U(Iv) — U(Vl)
boundary

Figure 5.1. Eh-pH diagram for Te species at 25 C for [Te] =10""". Thermodynamic data is from
McPhail (1995) and diagram was constructed using Geochemist’s Workbench. Light blue and
orange colors indicate aqueous and solid phases, respectively. The Cr(IIT)-Cr(VI) transition is
denoted by the blue line, while that of the U(IV)-U(VI) transition is represented by the red line.
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Figure 5.2. Log(Fe/Ti) over log(Te/Ti). Black, grey, and white circles denote paleosols deposited
prior to the GOE, during the GOE, and after the GOE, respectively.
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Figure 5.3. 8"*”'?%Te of paleosols and ironstone formations over time. Uncertainties represent 26
of three pairs of duplicate samples for each analytical session. Lighter grey circles show isotope
values for ironstone formations, while darker grey circles represent 5'°"'**Te of paleosols.
Dashed lines indicate the range of crustal Te isotope values (Fehr et al., 2018; Toth, 2019).

The Great Oxidation Event is denoted by the grey band.
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Figure 5.4. A. Enrichments of Te versus total Te concentration. Grey circles denote paleosols,
while white diamonds show data from ironstone formations. Increasing Te enrichments are
correlated with higher Te concentrations in ironstone formations. B. §"°”'**Te over Te
enrichment in paleosols and ironstones. Grey circles represent paleosols, white and black
diamonds show data for Proterozoic and Phanerozoic ironstones, respectively.
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