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• Long-term (170 day) Se transport and re-
tention examined in bioreducing columns

• Se(VI)(aq) forms sediment associated Se
(0) during bioreduction, colloids not
found

• Perturbation experiments (oxic ground-
water/seawater) then conducted for 170
days

• Limited (<20%) Se(0) remobilization ob-
served in perturbation experiments

• Past sulfidic conditions seem to enhance
overall Se(0) retention.
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Editor: Mae Sexauer Gustin
 Selenium (Se) is a toxic contaminant with multiple anthropogenic sources, including 79Se from nuclear fission. Se mo-
bility in the geosphere is generally governed by its oxidation state, therefore understanding Se speciation under vari-
able redox conditions is important for the safemanagement of Se contaminated sites. Here, we investigate Se behavior
in sediment groundwater column systems. Experiments were conducted with environmentally relevant Se concentra-
tions, using a range of groundwater compositions, and the impact of electron-donor (i.e., biostimulation) and ground-
water sulfate addition was examined over a period of 170 days. X-Ray Absorption Spectroscopy and standard
geochemical techniques were used to track changes in sediment associated Se concentration and speciation.
Electron-donor amended systems with and without added sulfate retained up to 90% of added Se(VI)(aq), with sedi-
ment associated Se speciation dominated by trigonal Se(0) and possibly trace Se(-II); no Se colloid formation was ob-
served. The remobilization potential of the sediment associated Se species was then tested in reoxidation and seawater
intrusion perturbation experiments. In all treatments, sediment associated Se (i.e., trigonal Se(0)) was largely resistant
to remobilization over the timescale of the experiments (170 days). However, in the perturbation experiments, less Se
was remobilized from sulfidic sediments, suggesting that previous sulfate-reducing conditions may buffer Se against
remobilization and migration.
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1. Introduction

Selenium (Se) is an essential micronutrient for human and animal
health (Kieliszek and Błazejak, 2013); however, it also has one of the
narrowest concentration ranges between dietary deficiency (<40 μg/day)
and toxicity (>400 μg/day) (Kieliszek and Błazejak, 2013; WHO
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Technical Report Series, 1973). Se concentrations in soils and sediments
typically range between 0.01 and 2.00 mg/kg (Fairweather-Tait et al.,
2011). Several factors including source geology, sediment biogeochemis-
try, and anthropogenic Se sources can result in highly elevated Se concen-
trations in the geosphere (1000–10,000 mg/kg) (Fishbein, 1983),
presenting a hazard to ecosystems and human health (Kieliszek and
Błazejak, 2013; WHO Technical Report Series, 1973). As a consequence,
Se is considered a contaminant of major global concern (Kieliszek and
Błazejak, 2013; WHO Technical Report Series, 1973; Sandy and DiSante,
2010). Se has multiple anthropogenic sources, for example, fossil fuel com-
bustion, mining, crude oil refining, civil works, and agricultural irrigation
of seleniferous soils (for further information, see Tamoto et al., 2015 and
the review by He et al., 2018). A radioisotope of Se (79Se, half-life ~3.27
× 105 years, β− decay energy= 0.1506MeV) is also present at significant
levels in higher activity radioactive wastes produced from nuclear fission
reactions. The international consensus is that these wastes will be managed
via disposal in a deep geological disposal facility (GDF) (Morris et al., 2010;
World Nuclear Association, n.d.). However, given the long half-life of 79Se,
it may eventually be transported out from the engineered barrier toward
the biosphere. Consequently, Se is a critical element both in geodisposal
biosphere safety assessments and in contaminated land studies. As such, it
is important that Se biogeochemistry is well understood.

Se transport, bioavailability, and toxicity in the environment largely de-
pend on its oxidation state. Under environmentally relevant conditions, Se
has access to four oxidation states: Se(VI), Se(IV), Se(0), and Se(-II) (Tan
et al., 2016). Under oxic conditions andmildly acidic to alkaline pH, Se spe-
ciation is dominated by the Se(VI) and Se(IV) oxyanions, selenate (SeO4

2−)
and selenite (SeO3

2−), respectively. These are themostmobile, bioavailable,
and toxic forms of Se (He et al., 2018; Masscheleyn and Patrick, 1993).
Under reducing conditions, poorly soluble elemental selenium (Se(0)) and
selenide (Se(-II)) species become prevalent (Tan et al., 2016; Lenz et al.,
2008).

Se migration through the geosphere is hindered by sorption and incor-
poration reactions with clay minerals and other mineral phases, particu-
larly to aluminum, manganese, and iron oxides (Hayes et al., 1987; Peak
and Sparks, 2002; Peak, 2006; Saeki et al., 1995; Séby et al., 1998;
Tabelin et al., 2014). Alternatively, Se(VI/IV) can also be immobilized by
reduction to lower, poorly soluble oxidation states such as Se(0) or Se(-II)
(Ikonen et al., 2016). Fe(II)-bearing minerals are potential candidates for
abiotic reduction of Se(VI/IV) (Séby et al., 1998; Myneni et al., 1997;
Scheinost and Charlet, 2008). Indeed, the abiotic reduction of Se(IV) by
mackinawite (FeS), magnetite (Fe3O4), and siderite (FeCO3) has been
shown to create a range of poorly soluble Se products (red monoclinic Se
(0), grey trigonal Se(0), Fe7Se8, and FeSe, depending on Fe(II)-bearing
phases and pH) (Scheinost and Charlet, 2008). However, some of these
phases form nanoscale clusters, and there has been suggestion that this
could result in colloid-facilitated Se transport (Scheinost and Charlet,
2008).

Whilst abiotic reduction of Se(VI/IV) is clearly possible, formation of Se
(0) or Se(-II) in the biosphere is thought to bemainly mediated by microor-
ganisms (Nancharaiah and Lens, 2015; Pearce et al., 2009; Lusa et al.,
2019). Microbes can use Se(VI/IV) oxyanions as terminal electron accep-
tors in energy metabolism (dissimilatory reduction) or they can reduce
and incorporate Se into a range of organic compounds (assimilatory reduc-
tion) (Fernández-Martínez and Charlet, 2009). They also reduce Se(VI/IV)
as a detoxification mechanism (Garbisu et al., 1995; Lortie et al., 1992), to
maintain redox potential (Kessi et al., 1999), to incorporate Se into the cell
as an essential cofactor (Zoidis et al., 2018), and/or as part of a respiratory
electron transfer chain (Klonowska et al., 2005; Switzer Blum et al., 1998).
The (bio)chemical similarities between Se and sulfur (S) also mean that the
presence of both sulfate and sulfate-reducing bacteria (SRB) can signifi-
cantly impact Se biogeochemistry (Hockin and Gadd, 2003; Zehr and
Oremland, 1987; Geoffroy and Demopoulos, 2010; Oremland et al.,
1989). Interestingly, in pure culture experiments, a number of microbes
have been shown to reduce Se(VI/IV) to form Se(0) nanoparticles (Kessi
et al., 1999; Losi and Frankenberger, 1997; Oremland et al., 2004). The
2

physicochemical properties of these nanoparticles (size, shape, morphol-
ogy, crystal structure, and surface charge) strongly affect Se(0) colloid sta-
bility and settling behavior, which in turn can influence the mobility and
bioavailability of Se (Oremland et al., 2004; Jain et al., 2017; Ruiz
Fresneda et al., 2018). For example, Ruiz Fresneda et al. (2018) (Ruiz
Fresneda et al., 2018) demonstrated that the reduction of Se(IV) resulted
in the formation of 30–200 nm sized amorphousmonoclinic Se(0) nanopar-
ticles, which then transformed into the less soluble, 30–400 nm sized trigo-
nal Se(0) nanoparticles. Many investigations have reported that monoclinic
Se(0) nanoparticles typically form “8-rings”, where Se can coordinate with
S atoms to form Se8-nSn structured nanoparticles (suggesting that S is in-
volved in their formation) (Fernández-Martínez and Charlet, 2009;
Geoffroy and Demopoulos, 2010; Jain et al., 2017; Ruiz Fresneda et al.,
2018; Vogel et al., 2018). These Se8-nSn nanoparticles are colloidally stable
because of their negative surface charge, potentiallymaking themmobile in
the environment (Vogel et al., 2018).

At present, the redox stability and pathways of reduced Se phases (in-
cluding Se(0) nanoparticles) in the environment are poorly defined, al-
though some microorganisms are known to be capable of oxidizing Se
(0) and Se(-II) species to Se(VI) or Se(IV) (Zhang et al., 2004; Buchs et al.,
2013). Interestingly, these oxidation reactions appear to be kinetically
slow (~103 times slower than bioreduction), but importantly, oxidation
could lead to possible remobilization of sediment associated Se(0) and/or
alteration of Se nanoparticles (Zhang et al., 2004; Dowdle and Oremland,
1998).

Whilst Se species clearly displays complex behavior in environmental
systems, most current understanding of Se biogeochemistry stems from
pure culture, microcosm, or mineral sorption studies. Here, elevated Se(aq)
concentrations are often used, and many of the complexities of the (bio)
geosphere are lacking (e.g., groundwater flow, concentration and redox
gradients/fluctuations, the presence of complex microbial communities,
and extended time scales). Furthermore, the longer-term behavior of Se
during redox-cycling and/or seawater intrusion is poorly constrained
(Masscheleyn and Patrick, 1993; Wiramanaden et al., 2010; Weres et al.,
1989). Here, the intrusion of oxic waters (e.g., shallow/deep groundwater
or seawater) could reoxidize the geosphere, alter pH, and/or in the case
of seawater, significantly alter ionic strength (Eagling et al., 2013).

Reflecting the above, the objective of our work was to better document
the behavior and speciation of Se under realistic environmental conditions
(with groundwater flow) over several months, using relevant Se(aq) concen-
trations, and complex experimental matrices (real sediment with ground-
waters of varying composition). This was achieved through use of
sediment and flowing groundwater column systems (Bower et al., 2019;
Thorpe et al., 2016). Specifically, we sought to examine Se-retention and re-
mobilization mechanisms, and the potential for nanoparticle production
and transport under different groundwater conditions (bioreducing condi-
tions with and without sulfate reduction, oxidizing conditions, and seawa-
ter intrusion) in complex aquifer materials representative of nuclear legacy
sites.

2. Materials and methods

2.1. Sediment and synthetic groundwater/seawater

Sediment was collected from a site next to the Calder River, Cumbria,
UK (Lat 54°26′30 N, Long 03°28′09 W) which has been well characterized,
and used extensively in radionuclide biogeochemistry/contaminant studies
relevant to the UK nuclear legacy (Bower et al., 2019; Law et al., 2010;
Thorpe et al., 2017;Masters-Waage et al., 2017). On collection, large stones
were handpicked from the sediment, and the remainingmaterial was stored
in sterile, HDPE bags. Sediment was stored at 10 °C in the dark until use.
Autoclaved synthetic groundwater/seawater was used in experiments at
pH 7 (SI Table S1 and S2) (Masters-Waage et al., 2017; Wilkins et al.,
2007). Sediment characteristics (including information on mineralogy
and elemental composition) are fully described in SI Section 2. Briefly the
sediment mineralogy was dominated by quartz, sheet silicates, feldspars,
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and Fe-oxides, and the sediment contained 6.5 wt% Fe, and no measurable
Se. All chemicals were of analytical grade.

2.2. Column design and experimental approach

A sediment column systemwith flowing groundwater (based on that of
Bower et al., (2019)) (Bower et al., 2019) was used to explore Se behavior
under dynamic environmental conditions. A schematic of the column setup
can be found in SI Fig. S1. Briefly, a 10 cmpolypropylene columnwith 1 cm
inner diameter was terminated on each end with layers of glass wool (1 cm
vertical) and quartz sand (1 cm vertical), whilst the remaining space in the
column (6 cm vertical) was packed tightly with sediment (~8 g). The col-
umns were then sealed with Bola GL14 screw caps. A peristaltic pump
was used to pump groundwater into the base of the columns at a flowrate
of 0.5 ± 0.1 mL/h (Thorpe et al., 2017; Sellafield Ltd, 2016). Effluent
was periodically collected from the top of the columns by attaching a sy-
ringe to the outlet of a 3-way valve.

Three Se amended synthetic groundwater compositions were used in the
study: (i) an oxic system with no electron-donor amendments, (ii) an
electron-donor amended system, and (iii) an electron-donor + sulfate
amended system (SI Table S1). Se(VI) (as Na2SeO4) was continually added
to the influent groundwaters of these systems at a concentration of 5 μM
(Tan et al., 2016). The oxic system was used to examine Se(VI) behavior
under fully oxic groundwater conditions; here, an air-bubbler was used to
maintain O2 in the influent. The electron-donor amended, and electron-
donor + sulfate amended systems were used to examine Se behavior under
different bioreducing conditions (such that one systemwould support sulfate
reduction, the other not), and later, under perturbation scenarios where the
influent was changed to simulate the intrusion of oxic ground or seawater.

To promote bioreduction, 2 mM of acetate and 2 mM of lactate were
added to both bioreducing groundwater systems. The electron-donor
amended system had no added sulfate. In contrast, to examine the impact
of sulfate on Se behavior during bioreduction, 0.4 mM of sulfate was added
to the electron-donor + sulfate amended groundwater (SI Table S1). All
groundwater systems also contained 0.3mMNO3

−. Both bioreducing ground-
water systems were continually sparged with Ar before being pumped
through the columns. All the column systems were then reacted under con-
stant flowing conditions for 170 days, in the dark, at 21 ± 2 °C.

Additional electron-donor amended and electron-donor + sulfate
amended column systems (as described above) were reacted for 170 days
and these columns were used in later perturbation experiments to examine
whether any Se that may have become associated with the sediment could
be remobilized. Accordingly, at the end of the bioreduction groundwater
treatments, the influent solution to these columns was changed to either
oxic groundwater (as described before) or synthetic, oxic seawater (SI
Table S2). An air-bubblerwas used tomaintain aerobic conditions in the in-
fluent solutions. Further, the influents had no added Se and were pumped
through the columns at the same flow rate of 0.5 ± 0.1 mL/h.

2.3. Sampling, column sacrifice, and geochemical characterization

Duplicate columnswere run for all groundwater systems (excluding per-
turbation experiments with oxic groundwater/seawater) and effluent sam-
ples were collected at regular intervals under anoxic conditions (Ar
flushing). Subsequent sample handling was also under anoxic conditions
(Ar filled glove bag). After collection, the samples were centrifuged at 1.4
× 104g for 5 min to separate the solids and supernatant. Then, to further
understand microbially mediated terminal electron accepting processes,
changes in sediment geochemistry, and Se behavior/migration, the super-
natant was characterized. Effluent pH and Eh were measured using cali-
brated electrodes (Mettler-Toledo). Effluent NO2

−, HS−, and Fe were
measured spectrophotometrically (Stookey, 1970; Grasshoff et al., 1999;
Viollier et al., 2000; Townsend et al., 2020). Additionally, NO3

−, SO4
2−,

and Br− (added as an inert tracer) were measured by ion chromatography
(MetrohmEco IC).Mn and Se concentrationsweremeasured by inductively
coupled plasma mass spectrometry (ICP-MS) (Agilent 7800) from acidified
3

(0.5% HNO3) samples. The possible presence of Se nanoparticles (or other
colloids) in the effluent was also assessed through use of dynamic light scat-
tering (DLS) and zetapotential analysis (Malvern Zetasizer nanoZS).

At experiment endpoints (170 days of bioreducing treatment with or
without sulfate addition, or after an additional 170 days of oxic groundwa-
ter / seawater treatment), columns were transferred into an Ar-filled glove
bag. The columns were then uncapped, sliced along their length, and sec-
tioned at 0.5 cm intervals. The resulting sectioned samples were stored
under an Ar atmosphere, at−80 °C, prior to solid phase analysis (X-ray ab-
sorption spectroscopy analysis and 16S rRNA gene sequencing). The
sediment structure and the possible presence of immobilized Se nanoparti-
cles/discrete Se phases in the sediment matrix were also assessed using
field emission scanning electron microscopy with energy dispersive X-ray
spectroscopy (FESEM-EDX) (Hitachi S-4800 and Oxford INCA 350 EDS).
The sectioned materials were also analyzed by: (i) digestion in boiling
aqua regia (4 h) for elemental analysis by ICP-MS to estimate total Fe and
Se retention (for select samples to inform later XAS analysis), and (ii)
leaching in 0.5 N HCl for 1 h to estimate the proportion of bioavailable Fe
(II) (as a percentage of total extractable Fe) in the treated sediments
(Lovley and Phillips, 1987). Additionally, sequential extractions were com-
pleted on sectioned sediment samples to explore differences in Se geochem-
ical partitioning as operationally defined by the extraction lixiviants
(Wright et al., 2003). Specifically, the sequential extraction included a 2 h
extraction with 0.25 M KCl (targeting soluble/exchangeable Se(VI)), a 2 h
extraction with 0.1 M K2HPO4 (targeting adsorbed Se(IV)), a 4 h extraction
completed in an ultrasonic bath with 0.25 M Na2SO3 (targeting elemental
Se(0)), and a 30min extraction at 90 °Cwith 5%NaOCl (targeting amixture
of organically associated Se(-II) and metal selenide forms (e.g., FeSe))
(Wright et al., 2003). A final extraction with boiling aqua regia for 4 h
was completed to target any remaining sediment associated Se. All extrac-
tion chemicals were thoroughly sparged with Ar before use.

2.4. X-ray absorption spectroscopy (XAS)

Se speciation and local coordination in the sediment was investigated
using X-ray absorption near edge structure (XANES) and extended X-ray ab-
sorption fine structure (EXAFS) analysis. XAS data were collected from se-
lect samples with a 64 element Ge detector with an in-line Pb foil for
energy calibration on beamline I20 at Diamond Light Source, UK, from
the Se K-edge in fluorescence mode at 77 K. In the Demeter software pack-
age, background subtraction, normalization of data, and linear combina-
tion fitting (LCF) of XANES between Se standards (Se(VI), Se(IV), trigonal
Se(0), monoclinic Se(0), and Se(-II)) was completed in Athena (Ravel and
Newville, 2005). EXAFS spectra were fit shell by shell in Artemis, using rel-
evant information from the literature (Ravel and Newville, 2005; Ryser
et al., 2005; Breynaert et al., 2008). Here, F-testing was used to determine
the statistical viability of adding backscattering shells (Downward et al.,
2009). The fitting procedure was constrained tofixed values for the passive
electron reduction factor (S02) and Debye−Waller factor (σ2) to determine
the trend in Se coordination number (CN) for the various oxidation states.

2.5. DNA extraction and microbial community characterization

Changes in themicrobial community structure during experimentswere
examined by extracting DNA from select sediment samples from each sys-
tem and amplifying and sequencing 16S rRNA genes from the extant micro-
bial communities (Macaulay et al., 2020; Ruiz-Lopez et al., 2020). Further
details are provided in SI Section 4.

3. Results and discussion

3.1. Column effluent geochemistry and microbial ecology

Three different Se amended groundwater systems ((i) oxic (no electron
donor), (ii) electron-donor amended, and (iii) electron-donor + sulfate
amended) were pumped through parallel, duplicate sediment columns for
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170 days. The effluent pH from all of the column systems buffered to 7–8,
likely due to bicarbonate alkalinity in the influent groundwaters or alkalin-
ity generation in themicrobially active treatments, which is similar to work
by Bower et al. (2019) who used sediment from the same site. In the oxic
control system, the effluent Eh (SI Fig. S3) remained at approximately
+250–350mV throughout the experiment in both columns. Small amounts
of NO2

− (SI Fig. S5) were present in the effluent, but Mn (SI Fig. S6), Fe (SI
Fig. S7), and HS− (SI Fig. S9) were either very low or not detected; as such,
the system treated with oxic groundwater maintained oxic/denitrifying
conditions, but did not support microbially-mediated metal or sulfate re-
duction (NO3

− was not measured in the oxic system effluents). In the efflu-
ent, ~90% of added Se remained in the effluent (Fig. 1, SI Table S3). This is
consistentwith Se(VI) behavior under oxic conditions,where soluble Se(VI)
oxyanions show limited sorption to geomedia at pH >7.5 (Tan et al., 2016;
Masscheleyn and Patrick, 1993; Séby et al., 1998; Jayaweera and Biggar,
1996). Under denitrifying conditions, previous studies (Tan et al., 2016;
Oremland et al., 1999) have reported that denitrifying bacteria can enhance
microbial SeO4

2− removal; this did not seem significant in the oxic system
given continual Se output in the effluents (Fig. 1).

To study the behavior of Se under bioreducing subsurface conditions,
acetate and lactate (2 mM) were continually supplied in the influent
groundwater of the electron-donor amended and the electron-donor+ sul-
fate amended systems for 170 days. The trends in the effluent groundwater
chemistry (SI Section 5) indicated that a cascade of microbially-mediated
terminal electron accepting processes occurred. In both of these
bioreducing systems, NO3

− was added at a constant concentration of 0.3
mM. After an initial 24 h period of NO3

− elution, there was a gradual de-
crease of NO3

− in the effluents to low concentrations (<30 μM) in the
electron-donor amended system, and with concentrations below the detec-
tion limit for the electron-donor + sulfate amended system (SI Fig. S4).
Also, low but detectable NO2

− (SI Fig. S5) was present in the effluents of
both systems until the end of the experiment. This suggests that dissimila-
tory NO3

− reduction was measurable after 1 day in these systems. It is likely
that a stable denitrifying community had developed in the columns, consis-
tent with results from similar experiments (Bower et al., 2019; Law et al.,
2010).

After denitrification in both systems, microbially-mediated metal-
reducing conditions were then observed, with Mn (SI Fig. S6) appearing
in the effluent from 1 to ~50 days and Fe (SI Fig. S7) appearing after
~10 days. These geochemical signals were further supported by the in-
crease in dissimilatory metal-reducing bacteria in both of the bioreducing
systems, compared to the fresh sediment (SI Fig. S2). Again, this reflects
Fig. 1. Concentration of Se in effluents for 3 different groundwater systems: (pink)
oxic (no added electron-donor), (green) electron-donor amended, and (black)
electron-donor + sulfate. Each system was conducted in duplicate and thus shows
variability per system; individual columns (per system) are represented by squares
and circles. Error bars = 1 σ combined analytical error. Where error bars are not
visible, they are within the symbol size.
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the results from past studies with similar materials (Bower et al., 2019;
Law et al., 2010).

In the electron-donor amended system (with no added sulfate), neither
SO4

2− (SI Fig. S8) nor HS− (SI Fig. S9) were detected in the effluent which is
consistent with the geochemistry of the influent groundwater. However, in
the electron-donor + sulfate system there was clear evidence for robust
sulfate-reduction. First, from 0 to 15 days there was a decrease in effluent
SO4

2− concentrations from 400 μM on day 0, to below the detection limit
(0.7 μM) on day 15 (SI Fig. S8). Second, HS− was detected in the effluent
after ~10 days until the end of the reaction period (170 days), indicating
that SO4

2− was being reduced to HS− and was likely retained in the sedi-
ment for part of the reaction period (e.g., by precipitation of metal sulfides)
(Berner, 1967). Finally, there was also a detectable sulfide odor and a no-
ticeable blackening of sediment sections.

In both bioreducing systems,>90% of the Se, added as Se(VI), had been
removed (SI Table S3) from the groundwater by the end of the experiment.
Further, Se was eluted for a total of ~10 days from both column treatments,
and the Se concentration in the effluents started to decrease after ~3 days
(Fig. 1). In comparison, breakthrough of the conservative Br− tracer oc-
curred within the first 10 h (SI Fig. S10), indicating that Se transport in
the columns was significantly retarded under bioreducing conditions. In-
deed, after ~10 days, Se in the effluents remained <1 μM of both
bioreducing systems to the experimental endpoint (170 days). This suggests
that the presence of elevated sulfate in the electron-donor + sulfate
amended system did not affect overall Se retention during bioreduction
when compared to the electron-donor amended system, consistent with
previous studies (Zehr and Oremland, 1987). However, we note that to-
ward the end of the experiments (105–170 days), a slightly elevated level
of Se was eluted from the electron-donor + sulfate amended system
(0.30–0.80 μM) compared to the electron-donor system (0.02–0.30 μM)
(Fig. 1). This could be due to the presence of more mobile HSe− species
in this more reducing system (e.g., Herbel et al., 2003) or elevated ionic
strength effects from the added sulfate (e.g., Zehr and Oremland, 1987;
Söderlund et al., 2016; Dowdle and Oremland, 1998; Hockin and Gadd,
2003, 2006; Tan et al. 2018; Séby et al. 1998) (Séby et al., 1998; Hockin
and Gadd, 2003; Zehr and Oremland, 1987; Dowdle and Oremland,
1998; Söderlund et al., 2016; Hockin and Gadd, 2006; Tan et al., 2018).
Further work is needed to clarify this.

Based on these effluent data alone, numerous pathways may lead to Se
retention. It is likely that Se(VI) was initially eluted from both systems due
to its weak sorption characteristics under the initial ~10 days where oxic/
denitrifying conditions dominated in the columns. Then, the gradual de-
crease of Se in effluent over ~10 days in both systems is likely a result of
active reduction of Se(VI) to its lower, poorly soluble oxidation states.
Thiswas further explored by analysis of the Se concentration and speciation
in sediments from these columns.

3.2. Solid phase geochemistry

3.2.1. Acid digests and sequential extractions
After 170 days of constant groundwater flow, sediment columns from

the electron-donor amended and electron-donor + sulfate amended sys-
tems were sectioned at 0.5 cm intervals under O2-free conditions. The con-
centration of sediment associated Se in the sediment sections were
measured in sequential extraction lixiviants to study differences in Se reten-
tion, migration, and speciation under the different groundwater systems
and relative to the sediment geochemistry. To support this, the concentra-
tion of 0.5 N HCl extractable Fe(II) (as a percentage of total 0.5 N HCl ex-
tractable Fe) was also measured in sediments.

In the oxic system with no electron donor amendments, trace amounts
(~2%) of the 0.5 N HCl extractable Fe was present as Fe(II). By contrast,
in both of the bioreducing systems (with and without sulfate), sediment
>0.5 cm from the groundwater inlet had>80% of the 0.5 NHCl extractable
Fe present as Fe(II) (Fig. 2), confirming significant reduction of bioavailable
Fe(III) to Fe(II) and extensive retention of Fe(II) in the sediment. This is con-
sistent with the aqueous geochemistry (SI Section 5) and microbial ecology



Fig. 2. Concentration of Se on sediment extracted per lixiviant (see key) and 0.5 N HCl extractable Fe(II) expressed as a % of total 0.5 N HCl extractable Fe from selected
sediment samples (0.5 cm depth increments) from: (A) the electron-donor amended system, and (B) the electron-donor amended + sulfate system. Note there was not
enough sediment to measure the Fe(II) in the 0–0.5 cm sample in the electron-donor + sulfate system.
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data (SI Section 4). Interestingly, in the section closest to the groundwater
inlet (0–0.5 cm) in the electron-donor amended column, only ~40%
0.5 N HCl extractable Fe(II) was measured, suggesting that this section
was not as reducing as the rest of the column. This may be due to the con-
stant input of groundwater NO3

− (e.g., establishment of a stable denitrifying
zone or redox reactions between NO2

− and Fe(II)). Unfortunately, there was
not enough sediment for an equivalent measurement from the electron-
donor + sulfate amended system.

In both bioreducing systems, sediment associated Se was detected
throughout each column, with the total Se concentrations (sum of Se in
all lixiviants) in individual sections varying between ~10 and ~500 μg of
Se per g of sediment (Fig. 2). The general trend of Se retention in both col-
umn systems, with andwithout sulfate, showed that in both systems,~70%
(SI Table S4) of Se was retained within 2 cm of the groundwater inlet, with
only limited Se retention (up to 9%) to the upper part of the column (>4 cm
beyond the groundwater inlet). Interestingly, less Se was associated with
sediments within 0.5 cm of the inlet in the electron-donor amended system,
which was not as reducing as the rest of the column (Fig. 2), suggesting that
stronger reducing conditions increases the rate of Se retention. Regardless,
in both bioreducing systems, sequential extractions (Fig. 2, SI Table S4) in-
dicated that the majority (up to 99% in an individual section) of sediment
associated Se was present in the Na2SO3 fraction, presumptively as elemen-
tal Se(0), and that up to 15%of Se in an individual sectionwas in the NaOCl
fraction, suggesting there may be formation of a mixture of organically as-
sociated Se(-II) and metal-selenides.

Interestingly, Ruiz-Fresneda et al. (2019) (Ruiz-Fresneda et al., 2019)
proposed that when Se(IV) was exposed to pure cultures of
Stenotrophomonas bentonitica, monoclinic Se(0) nanoparticles attached and
accumulated on organic matter within 48–72 h, forming trigonal Se(0) par-
ticles after 144h. Reduced Se has also been shown to formnanoclusters that
may be subject to colloidal transport (Scheinost and Charlet, 2008). In our
work, aqueous phase analysis using dynamic light-scattering and
zetapotential analysis did not show evidence of Se nanoparticles in solu-
tion. Further, extensive SEM surveys of the solids from experiment end-
points (where Se concentrations were up to ~500 mg/kg in the bulk) did
not show presence of any discrete Se phases (e.g., Se(0) nanoparticles).
This is perhaps unsurprising given the aqueous Se concentration difference
between the column experiments presented here (5 μMSe) and that used in
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the past studies (0.1–1.0 mM Se (Ruiz-Fresneda et al., 2019); 0.99–
9.09 mM Se (Scheinost and Charlet, 2008)).

In summary, sequential extraction results indicated that an active zone
of Se(VI) removal developed close to the groundwater inlet in each
bioreducing system, and that sulfate amendment did not significantly im-
pact Se speciation in the sediments as both systems showed similar Se dis-
tributions. Overall, this suggests that Se immobilization in both systems
was independent of sulfate concentration in the influent, and was con-
trolled by reaction to reduced, poorly soluble Se during microbially-
mediated Mn(IV/III) and Fe(III)-reduction rather than during sulfate-
reduction. Indeed, the abiotic reduction of Se(VI/IV) oxyanions by Fe(II)-
bearing minerals most commonly produces Se(0), and precipitation of
metal-selenides has only been shown in mineral sorption / pure culture ex-
periments (Scheinost and Charlet, 2008; Breynaert et al., 2008; Pearce
et al., 2008), which is consistent with the relatively small amounts of the or-
ganically associated Se(-II) and metal-selenides observed in the sequential
extraction data.

3.2.2. Speciation of Se associated with sediment
Se K-edge XAS was used to determine the Se oxidation state and local

coordination environment in select samples from the electron-donor
amended and electron-donor + sulfate amended systems. The absorption
edge energy and the shape of Se K-edge XANES are related to Se oxidation
state and molecular structure. Although this is a useful tool for distinguish-
ing Se in different oxidation states, elemental Se(0) has two major allo-
tropes (amorphous monoclinic and crystalline trigonal) which are not
easily discerned using XANES (Lenz et al., 2008).

XANES data (SI Fig. S11) were obtained for three sediment sections for
both of the bioreducing systems ((i) 0–0.5 cm, (ii) 0.5 cm–1.0 cm, and (iii)
4.0 cm–4.5 cm). All XANES spectra (SI Fig. S11) aligned with the two Se
(0) reference standards and none of the sediment spectra were consistent
with Se(VI) or Se(IV) standards. Although up to 15%of Se(-II) was observed
in the sequential extraction lixiviants (Fig. 2) for an individual section, the
XANES spectra from the samples did not show evidence for the significant
presence of Se(-II) (SI Fig. S11).

EXAFS data were collected to directly investigate the local coordination
of Se in the sediments and to explore whether different Se(0) allotropes
were present. Results from the fits to the EXAFS from the monoclinic and
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trigonal Se(0) standards (SI Table S5 and S6) indicate a 1st shell of Se-Se
backscatterers at 2.3 Å for both Se(0) standards (CN of 2), and a 2nd shell
of Se-Se backscatterers at 3.4 Å (CN of 4) and 3.7 Å (CN of 1) for trigonal
and monoclinic Se(0), respectively. The 3rd Se-Se shell for trigonal Se
(0) at 3.7 Å (CN of 2) was alsofitted (Breynaert et al., 2008). Fig. 3 compiles
the EXAFS spectra andfits for themonoclinic Se(0) standard, the trigonal Se
(0) standard, and selected sediment samples.

In all the bioreduced sediment samples, the 1st shell in the Fourier
transform of the EXAFS for all the samples was fit as a Se-Se shell at 2.3 Å
(CN of 2), consistent with both monoclinic and trigonal Se(0) (SI
Tables S5 and S6; Fig. 3). Subsequent fitting of the 2nd and 3rd shells (at
3.4 Å and 3.7 Å with CN of 4 and 2, respectively) confirmed Se was present
as Se(0) in trigonal, rather than monoclinic geometry, in all samples (SI
Table S5). The addition of these shells statistically improved the fits by
more than 2 standard deviations (F-test >95%) (Marshall et al., 2014)
and provided better fits than those informed bymonoclinic Se(0) geometry
(SI Table S6). Attempts to add ~15% of FeSe(-II) with a Se-Fe backscatte-
ring shell at 2.38 Å, and a Se-Se backscattering shell at 3.71 Å, and/or
selenomethionine with a Se-C backscattering shell at 1.95 Å, did not im-
prove or yield satisfactory fits. This suggests that the bioreduced sediment
samples predominately contained precipitated (i.e., discrete) or sorbed tri-
gonal Se(0), consistent with the sequential extractions and XANES, further
indicating that sulfate did not significantly affect the speciation of Se after
reduction (Scheinost and Charlet, 2008; Breynaert et al., 2008; Pearce
et al., 2008).

3.3. Perturbation experiments

Considering the long half-life of 79Se, it is expected to be a contaminant
radionuclide for >105 years (He et al., 2018). During this time, environ-
mental perturbations to reduced sediments may arise following the intru-
sion of, for example, oxic groundwaters (promoting oxidation) and/or
seawater (which may impact salinity) (Duro et al., 2014; Singleton et al.,
2005; Burke et al., 2006). Further, in Se contaminated aquifers, redox
Fig. 3. SeK-edge EXAFS spectra for column sediment samples, Se(0) standards, andfits fo
SI Table S5 and S6. Experimental data are shown in black, best fits (see SI) are in red.
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conditions and groundwater salinity can be ephemeral. To explore the sta-
bility of bioreduced Se, perturbation experiments were conducted for a fur-
ther 170 days on Se-labelled bioreduced sediment columns from the
electron-donor amended and electron-donor + sulfate amended systems
(specifically, one electron-donor amended column was reoxidised with
oxic groundwater, and two electron-donor + sulfate amended columns
were reoxidised: one with oxic groundwater and the other with oxic seawa-
ter). In all these experiments, no Se was added to the influent solution that
was used to perturb the bioreduced sediment columns.

When the influent for all columns was changed to oxic groundwater or
seawater, the effluent Eh (SI Fig. S3) increased to +250–400 mV over 5
days, indicating that the columnswere oxidized during the experiment. Ad-
ditionally, NO2

− concentrations increased to ~13 μM in the effluents
around day 10, but then dropped to 1–3 μMuntil the end of the experiments
(SI Fig. S5). Mn and Fe concentrations in the oxic groundwater perturbation
experiments remained <2 μM throughout; however, when the electron-
donor + sulfate amended system was flushed with seawater, there was
an initial spike of Mn (~30 μM) (SI Fig. S6) and Fe (~80 μM) (SI Fig. S7)
during the first day. This was likely due to ion exchange reactions, given
the increased ionic strength of the seawater influent. Mn and Fe concentra-
tions then remained <2 μM in this system until the end of the experiment.
Microbial community analysis further evidenced column reoxidation with
a decrease in the relative abundance of SRB in the electron-donor+ sulfate
system after exposure of oxic groundwater (SI Fig. S2).

An initial spike of Se (Fig. 4) was observed in the column effluent from
all systems when switching to the oxic groundwater or seawater (although
this was less marked for the electron-donor + sulfate amended systems).
This initial spike likely represented oxidative remobilization of a small
amount of labile Se, or in the seawater system, ion exchange. After ~3
days, Se in the effluents from both the electron-donor + sulfate perturba-
tion systems (i.e., oxic groundwater and seawater) stabilized at <0.5 μM.
In comparison, the electron-donor amended system that was exposed to
oxic groundwater eluted Se at a slightly higher concentration (~1 μM)
from 3 days until the end of the experiment. As such, by the end of the
r k3weighted data (left) and their Fourier transforms (FT) (right). Fits are detailed in



Fig. 4. Concentration of Se in effluents during 3 different perturbation experiments:
(black squares) bioreduced sediments (170 days) from the electron-donor amended
system, transitioned to oxic groundwater; (pink triangles) bioreduced sediments
(170 days) from the electron-donor + sulfate system, transitioned to oxic
groundwater; (green circles) bioreduced sediments (170 days) from the electron-
donor + sulfate system, transitioned to oxic seawater. Error bars = 1 σ combined
analytical error. When error bars are not visible, they are within the symbol size.
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perturbation experiments, this system had remobilized the most Se (~20%
of available Se) during the perturbation treatment. In comparison, the
electron-donor + sulfate systems only remobilized ~6% of the sediment
associated Se (SI Table S3).

XANES and EXAFS data for the 0–0.5 cm section of the electron-donor+
sulfate amended column showed that trigonal Se(0) still dominated after 170
days, with no evidence for any other candidate of Se species in the EXAFS
data (Fig. 3, SI Tables S5 and S6). This is consistent with other studies
which showed that reoxidation of Se(0) and Se(-II) to Se (VI/IV) was up to
103 times slower than bioreduction (Hockin and Gadd, 2003; Oremland
et al., 1989; Losi and Frankenberger, 1997; Jayaweera and Biggar, 1996).

Effluent data from these perturbation experiments suggests that Se re-
tention in the electron-donor + sulfate system is significantly higher than
in the electron-donor system that was not supplied with sulfate. XAS analy-
sis further confirmed that Se speciation remained as trigonal Se(0) and un-
changed from bioreduction systems after reoxidation. As sequential
extraction andXAS analyses of bioreduced systems indicated that sulfate re-
duction did not significantly affect the speciation of Se, it seems the en-
hanced retention of Se in the sulfidic columns, under perturbation
conditions, may be due to the formation of non-Se bearing sulfide phases
(e.g., FeS), which, in turn, may act as a redox buffer against dissolved O2,
thus maintaining reducing conditions for longer compared to the
bioreduced system without sulfate. Indeed, the redox buffer capacity of
iron sulfides for a variety of subsurface contaminants (Séby et al., 1998;
Scheinost and Charlet, 2008; Townsend et al., 2020; Marshall et al., 2014;
Nakata et al., 2004; Fan et al., 2014) has been well documented.

4. Implications

Our experiments, conducted in dynamic sediment groundwater column
systems, highlight the complexity of Se biogeochemistry as well as the im-
portance of understanding biogeochemical processes in evolving, environ-
mentally relevant systems. Effluent analysis showed that under oxic
conditions, Se(VI) migration was significant with 90% of added Se(VI)
transported through the column after 170 days. In contrast, anoxic condi-
tions (stimulated by electron-donor and electron-donor + sulfate amend-
ments) resulted in extensive Se immobilization (<10% of the added Se
(VI) was transported through the columns during the bioreduction treat-
ments). Here, Se(VI) removal and retention continued for up to 170 days
under bioreducing conditions with or without added sulfate. Sequential ex-
traction data indicated that Se(VI) was reductively scavenged, and XAS
7

confirmed it predominantly formed trigonal Se(0) in the sediment. Interest-
ingly, no Se colloid formation or transport was evident in any of the column
systems but in future work, it would be interesting to further probe the
chemistry of Se remaining in effluents from sediment column systems
with varying redox chemistry.

Significant amounts of sediment associated Se were retained in subse-
quent perturbation experiments with oxic groundwater and seawater. The
columns that had undergone sulfate-reducing conditions only remobilized
<10% of the sediment associated Se. In contrast, ~20% of the sediment as-
sociated Se was remobilized when oxic groundwater was added into the
electron-donor amended system (Fig. 4, SI Table S3), suggesting that Se re-
tention is greater following sulfate-reducing conditions. This was attributed
to redox buffering capacity from sulfide phases in the sediments. Interest-
ingly, the rate of Se remobilization in oxic groundwater and seawater per-
turbations for the electron-donor + sulfate amended system was similar,
suggesting that Se(0) remobilization was not significantly impacted by sa-
linity (Fig. 4, SI Table S3). Our work demonstrates that bioreducing condi-
tions can immobilize aqueous Se(VI) in dynamic column systems and
suggests that sediments that develop sulfidic conditions may better limit
Se transport if redox conditions change. Further, formation and/or trans-
port of Se colloids in complex systems also seems less likely than in pure-
culture systems. These observations have significant implications for Se en-
vironmental chemistry in contaminated environments.
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