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Abstract

Research in selenium isotopes has been gaining interest as new
contaminated sites are identified around the world. Selenium is an emerging
contaminant, as it is increasingly being released through anthropogenic activities. It
is an element with a very narrow range between nutrient requirement and toxic
concentrations. Increased concentrations in the environment are a cause for
concern. Selenium can be made less toxic in a system through reduction.

Currently, investigations into fractionation caused by the reduction of Se by
Fe and Fe minerals are limited. This thesis describes a batch study conducted using
granular iron to treat Se(VI) in CaCOs3 saturated water, under anaerobic conditions.
The amount of Se(VI) in solution decreased to 14.5% of the initial concentration
within three days. No quantifiable Se(IV) was found in solution. Analysis of the solid
phase showed Se(IV), ferric selenite, FeSe, and Se(0) on the GI. The mass of Se® on
the Gl increased over time. Iron selenide compounds became more prevalent after
two days had elapsed. Effective fractionations of 4.3%o for 82/76Se and 3.0%o for
82/78Se were observed for this reaction. These effective fractionations are lower than
fractionations observed in other experiments for reduction in solution. This
discrepancy may be due to the reduction of Se(IV) occurring after adsorbing onto

the solid phase, rather than reduction taking place only in solution.
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Chapter 1:

Introduction

The element selenium is a trace nutrient, typically existing in low
concentrations in the environment (Lemly 2004). However, some areas have higher
concentrations that can produce a range of health defects in both humans and
wildlife (Winkel et al. 2012). Selenium occurs in five common oxidation states,
Se(VI), Se (IV) Se(0), Se (-1) and Se(-II). Of these oxidation states, Se(VI) is of the
greatest concern because Se(VI) is ten times as toxic as Se(IV) (USA EPA 1996),
whereas Se(0), Se(-1), and Se(-II) are less soluble. As a result, reduction is the most
favorable method of treatment (Ellis et al. 2003; Martens and Suarez 1997).
Although there has been some difficulty measuring Se isotope fractionation in the
sediment of water bodies (Clark and Johnson 2008; Clark and Johnson 2010;
Johnson 2012), fractionation from reduction in anoxic groundwater systems should
be discernible. In situ reduction could be enhanced by the introduction of a material
such as granular iron (GI). If total Se concentration, solid phase, and speciation
analysis are also performed, a tool for estimating the removal of Se from
groundwater due to reduction by GI can be developed. The main goal of this thesis
was to determine the isotope fractionation caused by the reduction of Se(VI) by GI
in CaCOsz saturated water, without the obfuscation of transport. This chapter gives
some background on how Se enters the environment, how it migrates, a few of the in
situ removal methods, and current isotope research. It also contains a brief

overview of the methods required to measure Se isotopes.



1.1 Background
1.1.1 Se in the environment

There are several regions in the world where Se is an element of concern, as
it has reached levels that affect the health of wildlife and may pose a severe risk to
humans. The Kesterson Reservoir, which became contaminated due to agricultural
run-off and evaporation, had Se concentrations measured in the hundreds of parts-
per-billion (White et al. 1991). More recently, studies on groundwater moving
through or past the weathered Mancos shale in the Southern United States have
recorded concentrations of Se on the scale of mg/L (Morrison et al. 2012). Whereas
some countries, such as China and India, have extremely variable quantities of Se in
the soil, it can range up to several hundred ppm in shale (Lenz and Lens 2009; Wen
and Carignan 2011).

Localized enrichment of Se is sometimes due to the native geology, but it is
often anthropogenic activities, such as mining, smelting, coal burning, and
agriculture, that release this element into the environment at concentrations
sufficiently high to cause concern (Lenz and Lens 2009). Aquatic wildlife are
especially sensitive due to bioaccumulation (Lemly 2004), although it is still
ambiguous whether biomagnification of Se occurs (Van Dyke et al. 2013).
Bioaccumulation in Sturgeon in the San Francisco Bay area could lead to toxic levels
of Se, despite concentrations of less than 1 ug/L Se in the water, for instance (Young
etal. 2010).

Consequences of increasing Se concentrations can be sudden; it only takes a

rise from the ng/L range to 10 pg/L in water to cause complete reproductive failure



in sensitive fish species (Lemly 2002). Certain toad species experienced not only a
decrease in the survival rate of embryos, but also developmental abnormalities in
55-58% of the remaining clutch at Se levels of up to 100 ug/g dry mass (Hopkins et
al. 2005). The typical result of increased Se concentrations is usually reproductive
impairment or teratogenicity, but has also resulted in the deaths of livestock (Van
Dyke et al. 2013; Plant et al. 2003). In humans, exceeding the recommended limit of
400 ug/day of Se can cause nail and hair loss, liver damage, digestive system
problems, disruption of the nervous system, and certain types of cancer (Plant et al.
2003). Regular intake of Se above 75 ug/day, which is still within the recommended
limit, can increase the risk of diabetes (Winkel et al. 2012). Se can be immobilized
via reduction, a process that may be more readily identified in groundwater systems
by examining the Se isotope ratios, rather than observed changes in concentration
along a flow path that could be due to other factors. It may be vital to ensure Se is
removed in groundwater before that groundwater discharges into an open water
body, creating potentially avoidable tragedy.

Selenium has five oxidation states: Se(VI), as selenate (Se042-); Se(IV), as
selenite (Se03%) or hydroselenite (HSeOs3-); Se(0), or elemental Se; Se(-1); and Se(-1I)
(Figure 1.1). The varied oxidation states make it possible to use selenium stable

isotopes to trace reduction processes in some natural systems (Rouxel et al. 2002).
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Figure 1.1: pe-pH diagram for Se at STP, with an Se activity of 10-6 mol/L, after Séby et al. 2001.

The oxidized valence states (Se (VI) and Se (IV)) are the most mobile forms
of Se, as both are highly soluble. They pose the highest contamination threat.
Selenite is less mobile as it has a greater propensity to adsorb onto sediment, even
at near-neutral pH (Schilling et al. 2011b; Torres et al. 2010). However, though
Se(IV) is less toxic, it is more bioavailable than Se(VI) (Schilling et al. 2011a; USA
EPA 1996). Both biotic and abiotic reactions can reduce Se(VI) to Se(IV) as it travels
through the subsurface (Johnson 2004). Under favorable conditions, Se(IV) can be
further reduced to either Se(0) or Se(-II). Selenides are typically found bound in
metal selenides, organo-selenides, or H2Se(g), depending on the pH (Elrashidi et al.
1987). Metal selenides are reasonably insoluble, and tend to be stable, while organo-

selenides are less toxic, and H:Se(g) is volatile, so can leave the system. Elemental Se



is stable under most anoxic conditions (Figure 1.1), so transformation from the
oxidized species to Se(0) or Se(-1I) is considered a method of removing Se (Ellis et al.
2003; Martens and Suarez 1997; Peters et al. 1999; White et al. 1991).

1.1.2 Removal of Se from groundwater

Research into techniques for Se removal from natural waters has been
gathering interest over the years as new occurrences of high concentrations are
discovered (Lemly 2004; Winkel et al. 2012). Researchers have typically focused on
sorption to soil, clays, and Fe minerals as a removal mechanism, as these materials
are often already present in the environment (Boult et al. 1998; Dhillon and Dhillon
1999; Goh and Lim 2004; Hayes et al. 1987; Kim et al. 2012; Mondal et al. 2004;
Rovira et al. 2008). Soil and clay alone are generally found to not sorb Se042-, and
were inefficient at adsorbing HSeOs- and Se03?- at pH of 7 and higher (Neal et al.
1987a). The ability of fungi, algae, and bacteria to volatilize Se has been examined,
but is usually more applicable in shallow ground or open water environments
(Amouroux and Donard 1997; Herbel et al. 2000; Schilling et al. 2013).

The necessary groundwater chemistry for precipitation or reduction to occur
has also been investigated, but precipitation is usually dependent on the
composition of the aquifer (Basu et al. 2007; Kent et al. 1994; Mondal et al. 2004).
Typically, groundwater systems become anoxic either because of isolation from the
atmosphere due to depth or confinement, or high concentrations of organic carbon
or other nutrients that allowed aerobic bacteria to consume the oxygen. In these

groundwater systems, the more permanent method of Se removal is through



reduction, as Se(0) is stable under anoxic conditions (Breynaert et al. 2010; Martens
and Suarez 1997).

Iron minerals and GI have proven effective in the reduction of Se(VI) and
Se(IV) (Gibson et al. 2012; Loyo et al. 2008; Mondal et al. 2004; Morrison et al. 2002;
Sasaki et al. 2008b). Green rust and pyrite have also been found to be successful at
Se removal, but may not exist naturally or be stable under all conditions (Johnson
and Bullen 2003; Mitchell et al. 2013). GI can be used in permeable reactive barriers
(PRB) to remove Se(VI) and Se(IV) from groundwater via reduction (Blowes et al.
2000; Sasaki et al. 2008b). However, reduction of Se by Fe is slow due to diffusion
constraints of the solution into the GI (Ellis et al. 2003; Johnson et al. 1999). The
reduction of water by iron also produces alkaline conditions. Sorption of Se(IV) and
Se(VI) is lower at higher pH (Peak and Sparks 2002; Zhang and Sparks 1990).

The presence of Ca increases Se(IV) sorption with increased pH (Chakraborty
et al. 2010; Goldberg and Glaubig 1988; Neal et al. 1987a). Groundwater is often
supersaturated with respect to calcium carbonate (CaCO3), so it is likely to
precipitate along the flow path, especially at higher pH. Ca alone will not reduce
Se(IV), but Se(IV) adsorbed to Ca can be reduced by Fe (Aurelio et al. 2010;
Chakraborty et al. 2010; Goldberg and Glaubig 1988). The fractionation of Se

isotopes has yet to be investigated for such a system.
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Figure 1.2: The pH dependent adsorption of Se(IV) on calcite, where total Se is 1.9 x 10-2 mmol/L from
Goldberg and Glaubig (1988). Circles represent experimental data.

1.1.3 Se isotope measurements

Selenium has six stable isotopes: 74 (0.89%), 76 (9.37%), 77 (7.63%), 78
(23.77%), 80 (49.61%), and 82 (8.73%) (De Laeter et al. 2003). The measurement
of Se isotopes by MC-ICP-MS has been historically difficult due to many spectral
interferences, including that of Ar itself (Table 1). Although larger degrees of
fractionation were measurable using conventional techniques (Krouse and Thode
1962; Rashid and Krouse 1985; Rees and Thode 1966), better tools were required
to reduce error, and minimize the quantity of Se necessary to perform
measurements. Multiple mathematical corrections were and are still required to
remove the effects of spectral interferences (Goossens et al. 1994). These
corrections are difficult to perform without adequate blank measurements and a
sufficient number of Faraday cups to simultaneously collect signals of potentially

interfering species.



Table 1: A few of the relevant elements and dimers that interfere with the measurement of Se isotopes.

Isotope Interferences
74 58Nil60*, 37Cly*, 74Ge, 40Ar34S+,
76 60Nj160*, 36Ar40Ar+, 38Ar,*, 75SAsH*, 76Ge,
77 61Nj16Q+, 40Ar37Cl*, 76SeH*,
78 62Njl60*, 38Ar40Ar+, 78Kr, 77SeH*,
80 40Ar,*, 80Kr, 3251604+
82 40Ar,H,*, 82Kr, 3451605+ 81BrH*

Thermal ionization mass spectrometry (TIMS) is used to eliminate the Ar
interferences (Johnson et al. 1999), but there are limitations on the number of
isotopes that can be measured simultaneously, as well as the effects of instrumental
fractionation. A double spike is used to solve the latter problem with reasonable
success (Johnson 2012). A multi-collector inductively coupled plasma mass
spectrometer (MC-ICP-MS) coupled with a collision cell can be employed to reduce
the interference from the Ar dimers (Rouxel et al. 2002; Rouxel et al. 2000). A
standard sample bracketing method, which partially addressed issues with
instrumental fractionation, is sometimes used, but collision cells using hydrogen gas
cause another source of interference due to selenium hydrides.

Despite difficulties caused by hydrides, the in-line use of a hydride generator
was found to reduce certain other interferences while boosting the signal intensities
so that lower quantities of Se are needed for analysis (Elwaer and Hintelmann 2007;
Rouxel et al. 2002). Interferences caused by hydrides can be removed
mathematically, provided there are enough available Faraday cups (Clark and

Johnson 2010; Elwaer and Hintelmann 2008a). Alternatively, a hydride generator



can be used offline during the sample preparation process to avoid the creation of
hydrides and some plasma instability, at the cost of signal intensities (Ellis et al.
2003; Herbel et al. 2002; Herbel et al. 2000).

The use of MC-ICP-MS required modification of the previously convenient
080/76Se ratio and 82/74 spike method for TIMS measurements (Johnson et al. 1999),
because the intensity of the Ar dimer swamps the signal of 8°Se, and 82Se is the most
convenient replacement. Most current studies report the 82/76Se ratio (Clark and
Johnson 2010; Layton-Matthews et al. 2006; Mitchell et al. 2012; Schilling et al.
2013), and some studies determine, but do not necessarily report, the 82/78Se ratio
(Elwaer and Hintelmann 2008a; Mitchell et al. 2013); although this ratio is impinged
on by 77SeH*, it has a much smaller Ar dimer interference. Less interference from Ar
could result in overall lower error.

Selenium isotope ratios are presented using delta notation, which is
calculated using the following formula:

(8259/765e)sample

82 76
(°°se/""Se)standard

82
(1.1) §76Se = — 1| x1000%o

where the standard is the NIST SRM 3149 (Carignan and Wen 2007), which has

roughly the same isotopic composition as bulk earth.

1.1.4 Se isotope fractionation

Selenium isotope fractionation is observed during reactions where the
reaction rates differ for the differing isotopes. Reduction of Se species is one
example of a reaction path that results in measurable isotope fractionation (Johnson

and Bullen 2004). In general, heavier isotopes remain in the higher valence state,



while the lower valence states become enriched in the lighter isotopes (Johnson
2012). If the reduced product is removed from the system during the progress of the
reaction, the solution will become enriched in the heavier isotope and the 682Se
values for the solution will become more positive as the reaction progresses.
Meanwhile, any solid phase that selenium has adsorbed to or precipitated on would
be depleted in the heavier isotopes and will have more negative 882Se values
throughout the reaction. The fractionation factor, a, and the effective fractionation, ¢,

are defined as follows:

Ratioy

(1.2) Ap-p =

Ratiop

where A is the reactant, and B is the product.

(1.3) g4_p = (ag_p — 1)x1000%:o0

which is roughly equivalent to:

(1.4) E4-B = Oreactant — 5product

where the effective fractionation is positive when the product is enriched in lighter

isotopes (Johnson and Bullen 2004; Mitchell et al. 2013). Note that not all of the

literature on Se isotopes defines ¢ in this manner, so it is best to look at the context

of the study before assuming the direction of fractionation. A comprehensive list of

effective fractionations due to the reduction of Se can be found in Johnson (2012).
Ellis et al. (2003) observed relatively high fractionation of Se during

reduction in batch and column experiments. Herbel et al. (2000) saw much lower

fractionation using pure microbial cultures. Clark and Johnson (2008, 2010)

examined the fractionation in the water, sediment, and plants of a wetland
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environment to see if they could find a link between observed fractionation and
reduction, but unfortunately, actual fractionation factors caused by plants in
wetland environments were much lower than originally measured in laboratories
(Johnson 2004). Fractionation in sediment occurs mostly in a narrow portion of the
uppermost layer, slowly increasing with depth over time (Clark and Johnson 2010).
Attempting to measure the Se fractionation in these sediments leads to an averaging
effect, so using Se fractionation to monitor remediation in wetland sediment may
not be feasible over short time periods (Johnson 2012). However, investigating Se
fractionation in groundwater to determine whether reduction can be observed still
has potential, as groundwater flow rates are often faster than diffusion, and the
systems are of a much larger scale.

Selenium isotopes are also variable enough in nature that they are
considered a valid biological tracer for fish, whose absorption of Se from the
environment does not cause significant fractionation (Clark and Johnson, 2010). The
provenance of yeast can also be determined using Se isotopes (Far et al., 2010).
Selenium isotopes can thus be used to track any organism that does not significantly

fractionate the element when consumed (Johnson 2012).
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1.2 Research Objectives
The primary objective of the research detailed in this thesis is to add to the

knowledge of Se(VI) fractionation through reduction. Isotope analysis could be used
to determine the mechanism of removal in environments where direct observation
is not necessarily possible, such as in groundwater flow systems. When combined
with solid phase analysis and concentration measurements from laboratory studies,
the feasibility of using Se isotopes for such an endeavor can be investigated.
Selenium cycling is geochemically complicated, and work on Se isotopes currently
remains limited. Topics covered by this particular thesis include:

* Measuring fractionation of Se isotopes due to reduction by GI

* Verifying the mechanism of removal by analyzing the solid phase,

looking at the relative abundances of Se species

12



1.3 Thesis Organization

This thesis is presented as a research paper related to the objectives outlined
in the previous section. The paper, given as Chapter 2, details the results of a batch
experiment using a calcium carbonate saturated solution and GI to treat Se(VI). The
solid phase, aqueous concentrations, and isotope ratios are all examined. Chapter 3
gives a summary of findings as they relate to the broader world of the study of Se
isotopes. The final chapter contains recommendations for future research. Details
about how the specific method used to measure Se isotopes differs from others, and

the data reduction procedure, are found in the appendix.
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Chapter 2:
Fractionation of Selenium During Selenate Reduction by

Granular Iron in a Calcite-Saturated Solution

2.1 Chapter Summary

A batch experiment using granular iron and calcium carbonate saturated
water was conducted to assess the treatment of Se(VI) under anaerobic conditions
that are characteristic of many aquifers. Only 14.5% of the Se(VI) remained in
solution after three days. Isotope measurements were made using HG-MC-ICP-MS
(Neptune, Thermo Scientific). The fractionation factor associated with this reaction
was 4.3%o for 82/76Se, XANES analysis confirmed the presence of Se(0), Se(IV), and
iron selenide on the solid phase.
2.2 Introduction

Selenium has one of the narrowest ranges between essential nutrient and
harmfulness among the elements (Fernandez-Martinez and Charlet 2009). An
uptake greater than 400 ug/day can be toxic (Levander and Burk 2006). Normally,
Se concentrations in the environment are quite low, in the ng/L range for water and
0.4 mg/kg for soils, on average (Plant et al. 2003). Selenium can be released into the
environment as a product of agriculture, mining, smelting, and coal-burning
industries, as well as through the natural weathering of Se-rich geological deposits,
like some black shales (Lemly 2004; Wen and Carignan 2011; Winkel et al. 2012).
These processes can lead to Se concentrations in groundwater as high as 4.7 mg/L

(Morrison et al. 2012), while guidelines have a limit of 50 ug/L in the USA and 10
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ug/L in Canada (Plant et al. 2003). Selenium concentrations in soil have been found
as high as 5,000 mg/kg (Plant et al. 2003), and some coal deposits in China have Se
concentrations of up to 6,500 mg/kg (Plant et al. 2003).

Selenium occurs in five common oxidation states: selenate, Se(VI); selenite,
Se(IV); native selenium, Se(0); and the selenide forms Se(-I) and Se(-II). Selenate
does not adsorb effectively under most conditions (Neal et al. 1987a). Selenite will
adsorb weakly to clays, and more effectively to Fe minerals (Scheinost et al. 2008)
and Ca minerals (Goldberg and Glaubig 1988), so reduction is a preferable solution
for the elimination of Se. Once adsorbed, Se(IV) could be further reduced to
elemental Se or metal selenides, states that are both more stable and immobile
(Loyo et al. 2008; Martens and Suarez 1997; Scheinost et al. 2008).

Iron has been used in the past to treat Se-rich groundwater (Morrison
et al. 2002), and has been tested in the laboratory under both flow and batch
conditions in granular form (Gibson et al. 2012; Qiu et al. 2000; Sasaki et al. 2008b).
However, the fractionation of Se isotopes associated with this material has yet to be
investigated. Iron can directly reduce Se(VI) in the following reaction:

(2.1) Se04% + Fe(s) +H20— Se03? + Fe?* + 20H-

Examining the concentration and speciation of Se alone may not be sufficient
to determine whether it is successfully being treated in a groundwater setting,
where sampling procedures can cause dilution, and sample storage procedures can
alter speciation (Conde and Sanz Alaejos 1997). If the effective fractionation and the
associated mechanism can be discerned, it will be possible to deduce whether

granular iron (GI) is effectively treating Se in groundwater.
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Many groundwater systems are saturated with respect to Ca due to the
presence of limestone, dolomite, and the abundance of carbonate minerals in
unconsolidated sediments. The reduction of water in GI PRBs release Hz gas and OH,
causing an increase in pH:

(2.2) Fe0 + 2H,0 — Fe2* + Hy(g) + 20H-

The increase in pH causes the dissociation of bicarbonate and favors the
precipitation of CaCOs. As a result, carbonate minerals are likely to accumulate with
GI in the path of groundwater flow (Chakraborty et al. 2010). The presence of Ca in
the system could enhance the removal of selenium from groundwater due to co-
precipitation, as Se(IV) (Se0327) is structurally similar to carbonate (CO3%")
(Fernandez-Martinez and Charlet 2009). Calcium has also been found to increase
the pH at which Se(IV) most effectively adsorbs, increasing the rate of Se(IV)
removal under more alkaline conditions (Goldberg and Glaubig 1988; Neal et al.
1987b).

2.3 Methods
2.3.1 Experimental method

A batch test was conducted to determine the fractionation factor associated
with the anaerobic reduction of Se(VI) by CaCO3 weathered GI. The method used
was similar to that of Jamieson-Hanes et al. (2012).

Prior to the initiation of the experiments, the GI was prepared by sieving Fe
grains to obtain particles between 0.25 - 1.19 mm (16 to 60 mesh). Any oxides on
the GI surface were then removed by immersing it in 1 M HC], stirring and replacing

the solution as the reactivity decreased, until the GI was uniformly black. The GI was
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then packed into a column in an anaerobic chamber, and CaCO3z saturated Ar purged
water was pumped through it for two weeks. After reducing conditions had been
established, the column was disassembled, and the GI was placed in an amber bottle
stored under anaerobic conditions.

The experiment was conducted in an anaerobic chamber (Coy Laboratory
Products Inc., Grass Lake, MI) to better approximate anoxic groundwater conditions.
Calcium carbonate saturated water was prepared by adding sufficient CaCO3 per
liter of MilliQ DI water to supersaturate the solution, then dissolving it by bubbling
the solution with COz(g). A stock solution was prepared by adding NaSeO4 (Sigma
Aldrich) to a concentration of 10.33 mg/L (7.23 x 10-> molal) Se(VI) as Se042". The
solution was then purged with Ar gas to remove O; and excess COz. To initiate the
experiment, 100 mL of the 10.33 mg/L Se solution was dispensed into 250 mL glass
amber bottles containing 5.00 * 0.09 g of prepared GI.

The contents of each bottle were sacrificed in duplicate over a three day
period. In order to establish a time series with a higher initial density of sample
points, not all of the shorter time period bottles were initiated on the same day. The
reaction between the GI and Se was recorded as having ended when the sample was
filtered using a vacuum filtration apparatus with qualitative coarse filter paper to
remove the GI. The GI was then collected for later analysis.

The pH, Eh, and alkalinity were measured on unfiltered portions of each set
of bottles in the time series. Alkalinity measurements used bromocresol green-
methyl red indicator and a digital titrator (Hach Co., USA) with a 0.16 N H2SO4

cartridge. Filtered samples were also taken for cations, anions, speciation, and
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isotopes, using 0.2 um filters (Acrodisc, Pall, UK) and polyethylene syringes (BD,
Franklin Lakes, NJ). Only the cation samples were acidified using concentrated HNO3
(Omnitrace ultra, EMD Millipore). The GI samples were maintained under anaerobic
conditions until they could be freeze-dried.
2.3.2 Geochemical analysis

Cation samples were analyzed for major cations, such as Fe and Ca, using
inductively coupled plasma-optical emission spectrometry (ICP-OES; Thermo
Scientific ICAP 6500). Speciation analysis for Se(VI) and Se(IV) was performed using
a Dionex IC 5000 with a Dionex lonPac AS18 2x 250 mm column and IonPac AG18
2x50 mm guard column. This system could analyze samples with Se concentrations
as low as 1 mg/L. To verify the speciation analysis, the total Se concentration in
solution according to ICP-OES minus the determined Se(VI) concentration using IC
was compared to the measured value of Se(IV) using IC.
2.3.3 Solid phase data collection

Iron samples were prepared for XANES analysis by packing the freeze-dried
samples in an Al sample holder covered in kapton tape in an anaerobic glove box,
following the same method as Jamieson-Hanes et al. (2012). Samples were analyzed
at GSE-CARS beamline 13-BM-D at the Advanced Photon Source (APS; Argonne, IL,
USA). Aluminum foil was placed over the detector during measurement to reduce
the background signal from the GI. Standards measured at this time included
elemental Se, Na;Se04, and Na;Se0s. Additional FeSe, Fe;(Se03)3, and FeSe;
standards were later obtained from the Actinide Reference X-ray Absorption

Spectroscopy database (AcXAS) (Charlet et al. 2007; Missana et al. 2009; Scheinost
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et al. 2013; Scheinost et al. 2008; Scheinost and Charlet 2008). The resulting XANES
data were processed using the program ATHENA (Ravel and Newville 2005).
2.3.4 Isotope sample preparation

Isotope samples were spiked before purification using an approximately 1:1
mix of 74Se and 77Se, so that there was roughly twice as much 77Se as 78Se in the final
sample (Elwaer and Hintelmann 2008a; Mitchell et al. 2012; Schilling et al. 2011a;
Zhu et al. 2008). Sufficient concentrated ultra pure HCI (Lab distilled trace metal
grade HCI, Fisher Scientific) was added to achieve a concentration of 8 mol/L. The
samples were allowed to reduce over night before diluting to 1 mol/L HCI. After 30
minutes, the samples were purified with thiol cotton fiber (TCF), prepared using the
method of Rouxel et al. (2002). A mass of 0.1 g of TCF was loaded onto 1 mL
polyethylene SPE columns, prior to applying the separation method (Layton-
Matthews et al. 2006). The procedure followed the extraction steps of Elwaer and
Hintelmann (2008b).

The final reduction step after purification resulted in 15 mL samples with a
Se concentration of 80 ug/L, and an HCI concentration of 2 mol/L. Due to the
potential presence of interfering elements introduced by the TCF, blanks for isotope
analysis were run through the same sample purification process. Samples were
allowed to sit over night before analysis (Schilling and Wilcke 2010).
2.3.5 Isotope measurements

Isotope analyses were conducted using hydride generation coupled to a multi
collector inductively coupled plasma mass spectrometer. (HG-MC-ICP-MS), with a

similar method to Elwaer and Hintelmann (2008) and Schilling et al. (2011). A LI-2
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hydride generation system was connected to the MC-ICP-MS (Thermo Instruments
Neptune) to boost the signal intensities. A 0.4% NaBH4, 0.2% NaOH solution
provided the Hz(g) source. A magnetic stirrer was used to help disperse bubbles in
the NaBHj4 solution, increasing stability. Samples and standards were pre-mixed
with acid, which increased signal stability.

Standards (NIST SRM3149) were run after every fourth sample. After rinsing
with 4N HCI until Se is below detection, blanks were run between every sample. For
82/78Se, an internal precision of 0.04%o (20, N=4) on the NIST SRM3149, and an
external precision of 0.17%o (20, N=24) was maintained. For 82/76Se, the internal
precision was 0.06%o, and the external precision was 0.52%o. Delta values for each
sample were calculated using the closest standard.

Data reduction, including interference correction methods, was performed
using an iterative procedure (Siebert et al. 2001). Krypton was not found to be a
significant interference in our gas source, and Br was also not found to be a
significant interference.

2.4 Results
2.4.1 Geochemical analysis

Calcium concentrations temporarily increased to higher than initial stock
solution values, before gradually decreasing over time (Figure 2.1). The maximum
Ca concentrations occurred after 30 minutes had elapsed. Total alkalinity (as CaCOz3)

decreased at about the same rate as the Ca concentration (Figure 2.1).
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Dissolved Fe concentrations were below the quantifiable limit of 0.7 mg/L

for all samples. After about 21 hrs had lapsed, there was some Fe above the

detection limit of 0.2 mg/L.

The pH at the start of the batch tests was higher than at the end (Figure 2.1).

The first pH measured at 30 min was the lowest, and the last batch flask to be filled

(15 min) had the highest pH. There was a small calibration problem for the pH

probe when the measurement was taken for the 60 hr sample, resulting in a lower

value for pH.
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Figure 2.1: The variation in a few of the geochemical parameters over the length of the experiment: a)
pH, b) alkalinity, and concentrations in solution of c) selenium and d) calcium. Error bars on selenium
concentration measurements were smaller than the symbols, so were not included.
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Selenium concentrations in solution decreased over time (Figure 2.1). There
was little change in concentration relative to the Fe-free Se(VI) stock controls for
the first 3 hrs. Replicate measurements differed by less than 0.9%. Duplicate
samples differed in concentration by 18% at most for the two 60 hr samples, but on
average by less than 6%. There was negligible Se(IV) in the stock solution, and there
was no quantifiable Se(IV) in any of the filtered, un-acidified samples.

Measurements for Eh were fairly stable over time at about -450 mV, ranging
between -471 mV to -258 mV with some scattered higher values. Reducing
conditions prevailed throughout the experiments.

2.4.2 Solid sample analysis

The solid samples from the 15 minute, 10 hour, 21 hour, 36 hour, 48 hour,
and 72 hour time steps were exposed to high energy X-rays at the APS for XANES
analysis. Multiple scans were merged to reduce error, with 9 scans used for samples
with lower concentrations of Se, and 6 scans used for the 21 hr sample onward. The
spectra and standards are presented in figure 2.2. Most of the normalized scans are
similar, though it is evident that the early times have a smaller shoulder before the

main peak. All scans, except the 15 min scan, display two similarly sized peaks.
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Figure 2.2: XANES scans from selected samples along the batch experiment time line. Standards used to

determine the valence states composing each sample are on the bottom. Arrow points to lack of peak on
15 min sample.

The non-normalized scans (Figure 2.3) have increasing values for
absorbance the longer the Fe was in contact with the Se-rich solution. The 21, 36,
and 48 hour samples have approximately the same total absorbance, possibly due to

the heterogeneity of Se on the GI.
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Figure 2.3: Non-normalized XANES scans from selected samples along the batch experiment time line.
The difference in absorbance is related to the quantity of Se on the solid sample.

Linear combination fitting (LCF) was also conducted to determine the
oxidation states of the Se on the iron (Table 2.1). The amount of Se(0) on the GI
increased over time, while Se(IV) decreased. Fez(Se03)3 began as the most major
component, but also decreased over time. The selenide compounds FeSez and FeSe
are scarce in the earliest time step, but are present at similar percentages of the
total Se on the GI for the remainder of the experiment. Se (VI) was not found on any
of the samples. The difference between the data and the fit is presented in figures

2.4,2.5,and 2.6.



Table 2.1: XANES fit from the program ATHENA for Se batch experiment using GI. No Se(VI) was found on
any of the samples.

Time Se(0) Fe,(SeOs3); FeSe, FeSe

(hrs) (%) Se(1V) (%) (%) (%) (%) Reduced x°
0.25 27.5 28.0 40.8 0.0 116 0.0808
10 28.3 11.8 20.8 15.7 24.8 0.0017
21 28.7 14.5 194 17.7 223 0.0022
36 42.7 12.7 1.1 29.6 14.8 0.0018
48 34.8 13.9 13.0 242 13.8 0.0016
72 31.7 9.7 8.4 21.3 299 0.0011
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the difference between the data and the best fit, for the 48 hr and 72 hr XANES samples.
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Figure 2.5: Linear combination fittings using Se(0), Se(IV), Se(VI), FeSez, FeSe, and Fez(Se0s)s3, as well as

the difference between the data and the best fit, for the 21 hr and 36 hr XANES samples.
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2.4.3 Isotope results

Samples were analyzed to determine Se isotope ratios. Results were
processed to obtain both §82/78Se and 882/7¢Se (Figure 2.7). The 882/78Se and §82/76Se
values for the stock solution were -0.60 * 0.09%0 and -0.94 + 0.07%o respectively.
Delta values became more positive as the fraction of Se remaining in solution
declined, with a maximum of 4.94 + 0.17%o0 682/78Se and 6.85 + 0.52%0 &82/76Se.
Delta values began to decline after less than 14.5% of the original Se remained. A
fractionation factor of 0.9970 was obtained using the Rayleigh model, with an R2
value of 0.978 for 882/78Se. For 882/76Se, the fractionation factor is 0.9957, with an R?

value of 0.983.
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Figure 2.7: Se isotope results for the fractionation of Se(VI) by granular iron. a) The 682/78Se values,
and b) the §82/76 values. Error bars represent the external reproducibility of the NIST SRM3149 (20),
while the first error bar is the external reproducibility of the stock solution (2c). Arrows in both
diagrams point to the batch samples that were selected for XANES analysis.
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2.5 Discussion
2.5.1 Geochemistry
2.5.1.1 Alkalinity, calcium, pH and Eh

The decrease in the concentration of Ca and the alkalinity of the solution over
time is likely due to the precipitation of CaCOs. Precipitation of CaCO3 could cause a
slight decrease in the porosity of the GI, potentially reducing permeability (Morrison
et al. 2002). However, CaCOs3 precipitation is probably not detrimental to the
reduction of Se by GI. Both Se(VI) and Se(IV) can co-precipitate with CaCO3 (Aurelio
et al. 2010; Chakraborty et al. 2010), potentially leading to the slight initial decrease
in Se concentrations compared to the initial solution seen in both the early batch
samples and the Fe-free controls. Because Ca is increasing in solution during this
initial period, rather than decreasing, the removal mechanism is more likely
sorption onto CaCO3 and Fe rather than co-precipitation (Chakraborty et al. 2010;
Goldberg and Glaubig 1988). Iron led to the reduction of Se(IV), even if Se is
adsorbed onto Ca on the GI surface or directly on the surfaces of the GI (Chakraborty
etal. 2010).

The concentration of dissolved Fe gradually increases, but remained below
quantifiable concentrations. The detection of Fe at later times may be due to the
lower availability of Se to react with, or simply the gradual oxidation of Fe. The
concentration of Fe increasing in solution over time is not an unexpected outcome of
mixing GI with water (Blowes et al. 2000; Morrison et al. 2002). Provided some Fe
remains in solution, Se(IV) will remain on the solid phase, eventually reducing to

more stable Se(0) (Charlet et al. 2007; Morrison et al. 2002).
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The slight variability of pH measurements over time is likely due to the
degassing of COz in the stock solution. All the samples initiated at the beginning of
the experiment had a lower pH, increased by the oxidation of Fe over time. Samples
started later had lower concentrations of COz, and a slightly higher starting pH,
which disrupted a clear trend. Degassing of CO2 was indicated by the audible release
of gas when an Fe-free selenium stock control was opened at the end of the
experiment. The Ca concentration in this control sample was lower than the control
measured at the start of the experiment, and the pH was 8.28. Regardless, the pH
remained at about 8.6 after 28 hours. Other experiments using GI and CaCO3 had a
lower starting pH, but stabilized at a pH of 8.8 by 120 hours (Gibson et al. 2012).

The sorption of Se(VI) on Fe minerals is chemically similar to the behavior of
sulfate (Davis and Leckie 1980). Although adsorption of Se(VI) on iron oxides is
most extensive at pH < 7.5 (Davis and Leckie 1980), extensive sorption of Se(VI) is
not anticipated in some systems with only negatively charged surfaces at any pH
(Neal et al. 1987a).

Selenite sorption onto soil decreases at pH > 9 where Ca is present (Neal et al.
1987a). In the absence of Ca, the pH of maximum Se(IV) adsorption occurs within
the pH range from 3 to 5 (Goldberg 2013). High pH conditions are not always ideal
for the removal of Se by sorption alone, despite several studies centered around
such methods (Mondal et al. 2004). Reduction is thus required for in situ removal of
Se from a system.

The GI used for this experiment was pre-treated with CaCO3 saturated water,

and there was additional Ca in the stock solution. The presence of Ca affects the
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extent of Se(IV) adsorption, increasing the extent of adsorption with increasing pH
(Goldberg and Glaubig 1988; Neal et al. 1987b). In addition, the capacity of soils to
retain Se(IV) is increased by the presence of Ca, even if more Se(IV) would be
adsorbed at lower pH (Goldberg and Glaubig 1988).

Values for Eh indicate that reducing conditions were sustained in the batch
reactor vessels throughout the experiment. The reduction of Se(IV) in solution can
proceed even in the presence of some O; provided reducing conditions are
maintained, demonstrating the potential for this system to remove Se in aerobic
groundwater systems (Haudin et al. 2007; Liang et al. 2013). However, the presence
of Oz does impair the reduction of Se(VI) (Liang et al. 2013). Oxygen is only one of
several factors, including high ionic strength and basic conditions, that decrease the
rate of the Se(VI) reduction reaction (Amrhein et al. 1998). Note that the
competition for electrons and the formation of iron oxides at the GI surface will limit
the ability of Fe to reduce Se(VI) in the presence of Oz (Qiu et al. 2000). Anoxic
conditions provide more efficient treatment of Se, especially when it is present as
Se(VI).
2.5.1.2 Selenium concentrations and speciation

Selenium was progressively removed from solution over time. Some Se(IV)
may have been present in the original stock solution, explaining the rapid early
decrease of about 500 ug/L in Se concentrations. After the initial decrease in
concentration, Se(VI) concentrations did not change significantly over the next 6
hours, a slightly more rapid reaction rate for the reduction of Se(VI) by Fe than has

been reported by others (Loyo et al. 2008). However, this study, unlike others,

33



included solutions saturated with CaCO3, which may have increased the initial rate
of the reaction by promoting electron transfer between Fe and Se (Chakraborty et al.
2010).

Negligible Se(IV) was present in solution throughout the experiment. Under
the experimental conditions, it is likely that any Se(IV) generated by the reduction of
Se(VI) rapidly adsorbed to the GI. Rapid adsorption of Se(IV) on Fe-containing
minerals, including goethite, and hydrous ferric oxides has been observed, with
reaction half-lives of less than 30 seconds, for pH from 3 to 8 (Zhang and Sparks
1990). While these minerals are not present in this system, they provide points for
comparison.
2.5.1.3 Modeling of geochemical data

The geochemical data from the batch experiment was input into PHREEQCI
to determine the speciation of Se and any likely precipitates once final equilibrium
was reached. The dominant species present in solution were Se(-1I), and Fe(II). The
samples were supersaturated with respect to both calcite and siderite, as well as
Se(0), FeSe», and several other Fe minerals (Table 2.2). Fe2(Se03)3 was not likely to

be present by the end of the experiment, nor was CaSeOs3 or SeO.
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Table 2.2: Saturation indexes of important phases. Results are from modeling experimental data using
PHREEQCI.

Phase (Chemical Formula) Saturation Index

Calcite (CaCOs3) 1.70

CaSeOs3 -18.11

Ferric selenite (Fez2(Se03)3) -80.71
Ferroselite (FeSe) 9.41
Goethite (FeOOH) 5.32
Magnetite (Fe304) 19.65

Se(s) 7.93

Se0; -33.2

Siderite 0.98

2.5.2 The solid phase

Selenium initially occurred predominantly as Se(IV) or Fe>(Se03)3 on the
solid phase (Figures 2.2 & 2.3; Table 2). Elemental Se became more prevalent over
time, and as the total quantity of Se on the Fe increased throughout the duration of
the experiment (Figure 2.3). No Se(VI) was observed on the solid samples.

It is unlikely that iron selenite (FeSeO3) formed, because the precipitation of
this phase requires much higher concentrations of iron in solution, and is inhibited
by the presence of Ca (Chakraborty et al. 2010). Ferric selenite (Fez(Se03)3) was
present, but it was replaced by more stable Fe-Se compounds over time. The
abundance of ferroselite (FeSe) increased with time, and would be expected to
remain stable under reducing conditions across a broad range of pH conditions
(Morrison et al. 2002). XPS studies performed by others confirmed the presence of
iron selenides, most likely as ferroselite (FeSez) during biotic reduction of Se(VI) in
the presence of Fe (Sasaki et al. 2008a). Tetragonal iron selenide (FeSe) was also
found on the iron, and may be less stable when the particle size is small (Scheinost

and Charlet 2008). The lower stability of FeSe explains why it decreases in
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prevalence on the GI over time after an initial increase. Experiments conducted
using GI under aerobic conditions lack evidence of the presence of FeSe (Liang et al.
2013). It is possible that FeSe was recrystallizing into the more stable mineral
achavalite (FeSe) over time, but the spectra are too similar for XANES analysis to be
conclusive.

2.5.3 Isotopes

The combined solution and solid-phase analyses suggest that Se(VI)
reduction is occurring in solution, followed by rapid adsorption to the GI surfaces,
followed by more gradual reduction to Se(0) on the GI surface. This mechanism has
been proposed by others (Chakraborty et al. 2010; Loyo et al. 2008). Little
fractionation in Se isotopes is caused by Se(VI) or Se(IV) sorption (Mitchell et al.
2013; Schilling et al. 2013). Larger values for fractionation may be associated with
the reduction of Se(VI) to Se(IV) (Johnson 2012).

The current measurements indicate a fractionation factor of € = ~3.0%o for
82/78Se and € =~4.3%o for 82/76Se. This fractionation factor is much larger than the
fractionation factor of reported 0.8%o for sorption (Johnson et al. 1999; Johnson and
Bullen 2004), or the value of less than 1.0%o found by Mitchell et al. (2013a) in an
experiment containing only Se(IV). The fractionation factor measured in the current
experiments is much closer to the value obtained for the reduction of Se(VI) to
Se(IV) in a sediment slurry of 3.9-4.7%o (Ellis et al. 2003), and is also close to the
values reported for microbially mediated reduction of Se(VI) to Se(IV) (Herbel et al.
2000). The similarity in fractionation factors observed for abiotic and biologically

mediated reduction of Se(VI) to Se(IV) suggests that it may be difficult to discern the
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exact reduction mechanism in natural systems through Se isotope measurements
(Clark and Johnson 2010).

The effective fractionation established in this study is not as large as has
been found in other abiotic reduction experiments, such as those using green rust
(Johnson and Bullen 2003), pyrite (Mitchell et al. 2013), or concentrated
hydrochloric acid (Johnson et al. 1999; Rees and Thode 1966). These reactions may
also include some reduction to Se(0), which would increase the degree of
fractionation. Reduction from Se(VI) to Se(IV) typically produces less fractionation
than reduction from Se(IV) to Se(0) (Herbel et al. 2000; Johnson 2012).

Combined, our observations of aqueous concentrations and speciation, solid-
phase speciation and isotope ratio measurements suggest that Se(VI) reduction to
Se(IV) occurred in solution, followed by adsorption to the GI surface. Selenite on the
GI surface was then reduced, progressively producing more Se(0), as indicated by
the XANES spectra (Figure 2.3). The second reduction step occurred in isolation
from the aqueous phase, thus resulting in a lower overall degree of fractionation
than previously observed for direct reduction of Se(VI) to Se(0).

2.6 Summary

The low Se(IV) concentrations in solution, and lack of Se(VI) on the solid
phase combined with the increase of Se(IV), Se(0), and iron selenides suggests that
Se(VI) reduction to Se(IV) occurred in solution, followed by sorption to the solid
phase (Loyo et al. 2008; Mitchell et al. 2013; Schilling et al. 2013). This reduction
created a measurable fractionation, starting with values of -0.60 + 0.09%o0 and -0.94

+ 0.07%o in the stock solution, and reaching 4.94 + 0.17%o and 6.85 * 0.52%o after
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72 hours for §82/78Se and §82/76Se, respectively. The presence of Ca on the GI surface
likely enhanced the sorption of Se(IV), leading to less abiotic reduction in solution,
and lower effective fractionation than reported by others.

The direct reduction of Se(VI) by GI is possible, if sluggish. Recent studies
suggest that using nano-particles of Fe increases the rate of reaction (Loyo et al.
2008). Adding Ca to the nano-particles would likely accelerate this reaction, due to
increased adsorption of Se(IV) (Chakraborty et al. 2010). No stable Se isotope
studies have as of yet been performed when the reducing material is nano-
particulate Fe.

The results from this study only cover the reduction of Se(VI) under static
(batch) conditions. The degree of fractionation may differ under dynamic flow
conditions. Column studies would help to verify the usefulness of Se isotopes as an

indicator of Se removal mechanisms under normal groundwater flow conditions.
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Chapter 3:

Conclusions

Established methods were modified to measure Se isotope ratios by HG-MC-
ICP-MS. Fractionation caused by the reduction of Se(VI) by GI is measurably greater
than the error associated with Se isotope measurements. Purification using TCF
successfully removed the interferences of greatest concern. The data reduction
method used included mathematical corrections to remove interferences from other
elements, dimers, and hydrides.

Granular iron is commonly used in PRB systems to remove dissolved
contaminants, including Se. Although previous studies have examined the extent of
Se isotope fractionation associated with natural materials, including green rust,
pyrite, mackinawite and iron oxides, few isotope studies have focused on reduction
by GI. The results from the current experiments indicate low Se(IV) concentrations
in solution, and no Se(VI) on the solid phase. These observations, combined with
increases of both Se(IV), Se(0), and iron selenides on the solid phase, suggest that
Se(VI) reduction to Se(IV) is occurring in solution, followed by sorption to the GI
surface. Measurable fractionations, starting with values of -0.60 + 0.09%0 and -0.94
+ 0.07%o in the stock solution, and reaching 4.94 + 0.17%o and 6.85 * 0.52%o after
72 hours for §82/78Se and §82/76Se, respectively, suggest that the presence of Ca at the
GI surface likely enhanced the sorption of Se(IV), leading to less reduction in
solution, and lower effective fractionation than reported by others. These

observations indicate that measurements of Se isotope ratios have potential to
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augment measurements of Se concentrations to elucidate Se removal mechanism in

groundwater remediation systems.
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Chapter 4:

Recommendations for Future Research

Multiple studies have been conducted on the removal of Se by a variety of
mechanisms and materials (Lenz and Lens 2009; Mondal et al. 2004). There has
been a particularly large focus placed on adsorption studies on local soils, as there is
concern for both migration of high concentrations of Se, and availability of low
concentrations (Dhillon and Dhillon 1999; Schilling et al. 2011b). Far less work has
been done on in situ remediation, and many experiments do not include Se(VI). A
large portion of the studies conducted on zero-valent iron either do not use GI
(Morrison et al. 2002; Qiu et al. 2000), have a very different grain size or
composition (Loyo et al. 2008; Mondal et al. 2004), or are aerobic (Liang et al. 2013).

Current research on Se isotope fractionation remains sparse. Research on
fractionation in the environment is equally rare. Although GI may not exist naturally
in a system, chapter two presents information that may be useful in assessing the
removal of Se by an Fe PRB. Some isotope work has been done on the reduction of
Se by Fe minerals that may be found in the ground such as green rust, pyrite,
mackinawite, and several iron oxides (Johnson et al. 1999; Mitchell et al. 2013).
These materials may not be found in all systems, or with the same water chemistry
used in the experiments, so the precise extent of fractionation that will occur will
probably be site dependent. Work done on biotic reduction in the laboratory and in
the field has already confirmed this hypothesis (Clark and Johnson 2008; Clark and

Johnson 2010; Ellis et al. 2003). Length of flow path for groundwater, local
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processes, and the different biota present all contribute to reduction and thus
different degrees of fractionation (Schilling et al. 2013; Wen and Carignan 2011).
Additional research, including field research, should be conducted. Furthermore,
column experiments should be done to elucidate whether flow has a direct effect on
Se isotope fractionation.

Selenium oxyanions are commonly found alongside S in the environment
(Lenz and Lens 2009). The addition of SO42- to the system appears to have an
ambiguous affect, potentially increasing the reaction rate in some cases (Gibson et al.
2012), and decreasing it in others (Mondal et al. 2004), possibly due to competition
for sorption sites (Winkel et al. 2012). One study found that S itself had no effect, but
other elements added in order to obtain the S diminished the treatment of Se (Neal
et al. 1987b). Column and batch experiments have been done using GI with solutions
also containing S (Gibson et al. 2012; Sasaki et al. 2008), but isotope analysis for Se
was not performed on the samples. The presence of S did seem to lead to an
increased reduction rate in those studies. A system containing both Fe and S, in the
form of pyrite (FeSz) has been studied in batch form for Se isotopes, and removal of
Se(IV) took about a day (Mitchell et al. 2013a). Removal of Se(IV) from solution in
this study using both Ca and Fe was almost instantaneous, so the effect of S remains
somewhat ambiguous.

Other common compounds have been found to have a larger effect on Se(VI)
removal than S. Phosphates tend to desorb Se(VI) from soils (Goh and Lim 2004;
Neal et al. 1987b), and nitrates have been found to oxidize already reduced forms of

Se, or prevent reduction (Gates et al. 2003). Neither sorption nor oxidation are
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theorized to result in large quantities of fractionation (Johnson and Bullen 2004),

but the studies have yet to be performed.
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Appendix

Selenium typically has a low concentration in natural systems, on the order
of parts per trillion (Johnson et al. 1999; Lenz and Lens 2009). As a result, selenium
needs to be enriched in the samples before measurement, and have its signal
intensity boosted through hydride generation (Zhu et al. 2008). Both methods have
the added benefit of removing elements that interfere with selenium (Table 1). Pre-
concentration techniques using thiol cotton fiber (TCF) cause little fractionation due
to minimal loss of selenium on the resin (Elwaer and Hintelmann 2008a; Rouxel et
al. 2002). Hydride generation can result in some fractionation of the sample, so a
double spike technique was used at the beginning of sample preparation to remove
any induced mass bias (Elwaer and Hintelmann 2008a).

Samples were purified using thiol cotton fiber (TCF), made using a
combination of methods from Rouxel et al. (2002) and Elwaer and Hintelmann's
(2008) for thiol cellulose powder, a similar material using microcrystalline cotton,
rather than clean cotton balls or rolls. To make the TCF, 20 g of clean, absorbent
cotton balls (Dukal Corp) were weighed into a 500 mL acid washed Teflon bottle.
Then, 125 mL of 98% thioglycollic acid (Mercaptoacetic acid, Acros Organics), 70
mL acetic anhydride (Fisher Chemical), 40 mL glacial acetic acid (Fisher Chemical),
0.7 mL of 96% trace metal grade sulfuric acid (Fisher Chemical), and finally, 5 mL of
MilliQ distilled water (DI) were slowly added, in order. Not all procedures for TCF
include the addition of DI, but an additional volume of liquid helps saturate the
cotton balls, allowing for a more homogeneous reaction. The solution was left to

cool for half an hour, then was capped and shaken for 30 minutes. The bottle was
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placed in a 60°C water bath for a day, before it was removed, and shaken again for
an additional 30 minutes. After another 24 hours in the hot water bath, the solution
was ready to be vacuum filtered. Gently stirring the solution while rinsing the
filtrate with MilliQ increases the rate of filtration. Air was pulled through the rinsed
fibers using the vacuum filtration apparatus for several minutes before the finished
TCF was finally scraped off the filter paper and allowed to air-dry at room
temperature for a few days prior to use. The prepared TCF is stable for at least one
year (Yu et al. 2001).

To pre-concentrate the samples, 0.10 g of TCF was loaded into a 1 mL
polyethylene column with 0.45 pm porous frits, rinsed with 2mL of MilliQ, then
packed down to remove air space using a clean, designated frit inserter. The column
was then conditioned by running through an additional 2ZmL of MilliQ DI, ImL of 6 N
HC], followed by 1mL of 1N HCL.

The sample must be reduced to Se(IV) before it can be processed, as Se(VI)
will not sorb to the TCF. The rate of reduction is dependent on the concentration of
HCI (Brimmer et al. 1987), though samples with high concentrations of Se will also
take longer to completely reduce. Bye and Lund (1988) calculated the length of time
needed to reduce a set percentage of the selenium based on both the temperature
and the concentration of HCI.

Samples were first spiked with a 77-74 Se mixture in a 50:50 spike to sample
ratio. The sample then has sufficient concentrated HCl added to bring the resulting
HCI concentration to at least 4M. It was then heated in a 100°C water bath for 25

mins, after which it was diluted to 1M HCL. If the concentration of HCl is 8M or
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greater, leaving the sample at room temperature for 4 hrs was sufficient to reduce it
completely. Samples must be loosely capped when heated, to prevent selenium loss.
For small volume samples (< 1 mL even with acid), extra acid and time was required
for reduction. Generally, adding enough concentrated HCl to reach a volume of 1mlL,
letting the samples reduce overnight, and diluting the samples to 1 N HCI 30 mins
before processing worked adequately well.

The sample was then loaded on to the column, using enough volume to sorb
1.2 pg of Se(IV) onto the TCF. Follow with 2 mL of MilliQ, 2 mL of 6 N HCI, and finally
2 mL of 1 N HCl to dislodge any remaining interfering elements. Draw air through
the column for several minutes to remove as much liquid as possible.

The TCF was popped out of the column into a 15 mL test tube and 50 pL of
concentrated HNO3 was added. The test tubes were placed in an 80°C water bath for
20 mins, with the caps loosely attached. After heating, 2.5 mL of MilliQ is added to
each, and were well shaken. The samples were then centrifuged at 5000 RPM for 5
mins, so that the liquid containing the extracted Se can be decanted into another
container. Another 50 pL of HNO3 was then added to each test tube, and the water
bath and centrifuge steps repeated. The liquid was decanted into the same container
previously used for each sample. The samples were filtered (0.45 wm, Acrodisc, Pall,
UK), and 2.5 mL of 12 N HCl was added. The samples could then be placed into the
boiling water bath for 30 min to reduce the Se(VI) back to Se(IV). The samples were
then diluted to a 15 mL sample volume using MilliQ water. Samples must be left to

sit overnight to equilibrate with atmospheric Kr (Schilling et al. 2011a), and must be
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used shortly after purification to preserve their integrity (Conde and Sanz Alaejos
1997).

To correct for both instrumental mass bias and any fractionation caused by
the separation or reduction processes, a double spike is used. Se-74 and Se-77
(ISOFLEX) were the chosen spikes, based on error propagation calculations from the
double spike toolbox (Rudge et al. 2009). These same isotopes have been used as
spikes in more recent research (Mitchell et al. 2012; Schilling and Wilcke 2010; Zhu
et al. 2008) in place of the original Se-82 Se-74 spike (Johnson et al. 1999).

Each spike was dissolved separately in 2.5mL of concentrated Omnitrace
Ultra nitric acid, and then diluted to a total volume of 500mL using 1N HCl
(Omnitrace Ultra). The original mass of selenium used was too small to measure to
the degree of accuracy required, so the concentration of each solution was found
using an inductively coupled plasma optical emission spectrometer (ICP-OES; ICAP).
Using the double spike toolbox (Rudge et al. 2009) as a guideline, the two spikes
were mixed in a molar ratio of 53% Se-74 to 47% Se-77. The same toolbox was used
to set a goal sample/spike ratio of 55% to 45% by concentration, as other studies
have also found that the accuracy is not greatly affected if the mixture varies by 5%
in either direction (Zhu et al. 2008).

Isotope ratios were measured using a Neptune MC-ICP-MS (Thermo
instruments), with an APEX hydride generator (formerly known as LI-2) as the
sample introduction system. A 0.2% sodium hydroxide, 0.4% sodium borohydride
solution was used as the reducing reagent. Samples were in a 2N HCl matrix. Higher

concentrations of HCl were originally used, but led to stability issues. All blanks
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must be processed through the TCF, but do not require the reduction step. A 4N HCl
solution was used to rinse between samples and blanks. An integration time of 2s
was used, so that a 300-cycle measurement was approximately 10 minutes.

Data reduction was performed using an iterative set of equations based on
those used by Siebert et al. (2001). The double spike inversion program can iterate
any given parameter until it converges for the given set of conditions, separating the
sample from the spike, and calculating the necessary ratios and delta values.

After calculating the instrumental fractionation, the isotopes were corrected
for interferences from argon dimers, germanium, krypton, and any relevant
hydrides. Blank corrections were performed before the initial calculations, and were
usually enough to remove interferences from argon chloride, nickel oxide, krypton,
and germanium and arsenic hydrides. The 83 signal was still monitored in blanks to

make certain krypton is not variable enough to require additional correction.

6.1 5%56 _ %Sesag;ple_%sestandard %x103%0
78Sestandard

62 e = (= ptank) (i) (ieees)

6.3 (A care = *°1 = *Secayc

6.4 7856 = 781 — (32 Ar*0Ar /P Ar) (P AT cae

6.5 7660 — 76 _ ([38Arz n 36Ar40Ar]/40AT2)(40Arz+)calc

Where the value for the argon ratios come from the natural abundances. 76Se,
78Se, and 82Se cannot simply be blank corrected for the final ratios, as the intensities

measured in the blanks do not accurately reflect the variability of the argon
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interference (Schilling and Wilcke 2010). The estimate for 8%Se is repeated once a
corrected value of 78Se is obtained. The actual quantity of argon dimer in each

sample can then be obtained by iteration.

40 4.+ 80 80 83 Bkriypac (P Krmass fins
6.6 (AT )eaie = 71 — " Secqic — KT (ssK )(SOK )
TIUPAC Tmass
82 83 fins
2 2 Kriypac K,
6.7 ®2Se = 2] — BKr (83 )(82 m)
Kriypac KTmass

Equations used to correct for the krypton interference, if required. Levels of
Kr are usually fairly low in the Ar gas supply, but the amount of Kr present does
increase when the Ar tanks are almost empty. Samples are equilibrated with
atmospheric Kr overnight before they are measured (Schilling et al. 2011a). Because
the samples will have selenium hydride on the 83 signal, the Kr level is taken from
the blank. Blank measurements are taken frequently, and Kr levels are usually
sufficiently low that using the value from the blanks is sufficient.

82Se has an additional interference from sulfur oxide (SO3). The S
interference is problematic, as processing the sample with thiol cotton fiber (TCF) to
remove most other interfering elements adds approximately 100 mg/L of S. The SO3

interference can be corrected by insuring that the blank is matrix matched.

74 74 73 "*Gerypac [ *Gemass fins
6.8 Se ="*1 — (73Ge) (73 )(74 )
Gerypac Gemass
76 73 fins
76 76 73 Gerypac Gemass
6.9 Se =""1 — Ge ( ) (
corrected for Ar ( ) 73091UPAC 76Gemass

The 74Se signal was blank corrected for a minor Cl interference, as well as any

Ge from the hydride generator or reagents. If the Ge signal was larger in the blank
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than in the sample, only the blank correction on 74Se was applied. 76Se was also

corrected for Ge.

6.10 %2SeH™* = **] — ®*Blank
82c, 1+
6.11 77Se = 77| — 76Se (—atr
825e
82g5eH ™t
6.12 %Se = 78160rrected for Ar — ’Se (W)

Because H was being introduced into the system, some of the Se will exist as
SeH*. It then interferes with any mass that is heavier by one. Thus, a correction must
be applied to 77Se using 7¢Se, and to 78Se using 77Se. The amount of each hydride that
is produced for each isotope of Se is assumed to be equivalent to the ratio of the 82Se
hydride to the amount of 82Se. If there is enough hydrogen and argon in the system,
there can also be an 1H2%%Ar,* interference on 82, but it can be rectified via blank
correction.

If there is any As in the sample, that will also produce a hydride that
interferes with 76Se. However, as long as the concentration of As is less than 10
times the concentration of Se, the interference can be ignored (Elwaer and
Hintelmann 2007). Sufficient As is removed during the sample purification process
that a correction was not required. The 75 signal is still monitored to detect whether
there is any As present, but it should be noted that this signal monitors not only As,
but also an Ar Cl interference (#°Ar3>Cl), and both 74SeH* and 7*GeH*. The Cl, and
GeH* interference can both be corrected using a matrix-matched blank, assuming
the samples do not contain additional Ge, but the SeH* corrections must be

performed mathematically.
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