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Abstract:

Removing selenium (Se) from mine effluent is a common challenge. A long-term,
in situ experiment was conducted to bioremediate large volumes (up to 7500 m3
d™") of Se(Vl)-contaminated water (mean 87 ug L") by injecting the water into a
saturated waste rock fill (SRF) at a coal mining operation in Elk Valley, British
Columbia, Canada. To stimulate/maintain biofilm growth in the SRF, labile organic
carbon (methanol) and nutrients were added to the water prior to its injection. A
conservative tracer (Br~) was also added to track the migration of injected water
across the SRF, identify wells with minimal dilution and used to quantify the extent
of bioreduction. The evolution of the Se species through the SRF was monitored
in time and space for 201 d. Selenium concentrations of <3.8 ug L™" were attained
in monitoring wells located 38 m from the injection wells after 114 to 141 d of
operation. Concentrations of Se species in water samples from complementary
long-term (351-498 d) column experiments using influent Se(VI) concentrations of
1.0 mg L' were consistent with the results of the in situ experiment. Solid samples
collected at the completion of the column experiments confirmed the presence of
indigenous Se-reducing bacteria and that the sequestered Se was present as
insoluble Se(0), likely in Se-S ring compounds. Based on the success of this
ongoing bioremediation experiment, this technology is being applied at other mine
sites.

Keywords: Selenium, Selenium Speciation, Bioreduction, Microbial Ecology,
XANES, Denitrification, Mining

Synopsis: In situ bioreduction successfully removes selenium and nitrate from
large volumes of mine-contaminated water.



Highlights

Highlights

Selenium originating from weathering of coal mine waste rock can contaminate
receiving waters.

A large-scale, in situ bioremediation experiment successfully removed dissolved
selenate (mean = 87 ug L™") from large volumes of mine water (up to 7500 m?3
d™") over a 201-d study period.

Complimentary column experiments confirmed selenate reduction to insoluble
Se(0) via indigenous selenium-reducing bacteria.

Monitoring well and column data show that nitrate and selenium are concurrently
reduced with no observed inhibition of selenium reduction by nitrate.
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1. INTRODUCTION

Selenium (Se) is an essential element for living organisms but can be toxic even
at low concentrations (Lenz and Lens 2009; Lemly, 1993). Due to its toxicity,
Health Canada (2014) and the United States Environmental Protection Agency
(US EPA, 2009) stipulate a drinking water standard for Se of 50 ug L™' and the
United States Environmental Protection Agency (US EPA, 2021) and the province
of British Columbia (B.C., 2023) stipulate a monthly average aquatic limit of 3.1
and 2.0 ug L™, respectively. Selenium in aquatic environments can be derived
from both natural and anthropogenic sources. Natural sources of Se include
volcanic activity and rock weathering. Anthropogenic sources include increasing
rates of release from rock weathering during coal mining (cf., Griffith et al., 2012;
Lindberg et al., 2011; Hendry et al., 2015), base metal mining, milling and smelting
(ATSDR, 2003), and petrochemical and industrial manufacturing operations, as

well as irrigation of Se-rich soils (Lemly, 1993).

Selenium concentrations in the Elk River have exceeded the B.C. water quality
guideline of 2 ug/L total Se at the town of Elko approximately 60 km south of
Sparwood (Fig. 1) since the late 1990s (Beatty and Russo, 2014; Swanson, 2010).
The Se in the Elk River upstream of Elko is attributed to the oxidation of Se-bearing
sulfide minerals in large waste rock dumps located at steelmaking coal mining
operations throughout the valley (McDonald and Strosher, 1998; Wellen et al.,
2015; Dessouki and Ryan, 2010; Kennedy et al., 2000; Storb et al. 2023) (Fig. 1).
Selenium bioreduction has been identified as an important Se removal mechanism

in suboxic and anaerobic environments (cf., Bianchin et al.,, 2013; Boltz and



79

80

81

82

83

84

85

86

87

88

&9

90

91

92

93

94

95

96

97

98

99

100

101

Rittman, 2021; Deen et al., 2018; Kirk, 2014; Lai et al., 2020). Se bioreduction
occurs in natural marsh and oxbow settings in the Elk Valley (Martin et al., 2011),
and in situ Se(VI) bioreduction can be effective in controlling Se concentrations in
suboxic zones in unsaturated (Kennedy et al., 2015) and water-saturated (Bianchin
et al., 2013) coal waste rock. Based in part on these findings, a large-scale, multi-
year bioremediation experiment was conducted to investigate the effectiveness of
the in situ bioreduction of dissolved Se(VI) from large volumes of Elk Valley mine
water (up to 7,500 m3d-"). Mine water was injected together with a labile organic
carbon source and nutrients into a saturated rock fill (SRF) hosting native nitrate
(NOs7)- and Se-reducing microbes. The evolution of the Se through the SRF was
monitored over time and space. The field-based study was augmented with
laboratory column experiments to simulate the Se(VI) bioreduction process in the
SRF and provide insights into the indigenous microorganisms responsible for the
Se(VI) bioreduction and the mineralogical end point of the bioreduced Se.

The mine water injected into the SRF also contained elevated concentrations of
mining-derived NOs™. In a companion paper, Hendry et al. (2023) show the NO3~
in the large volumes of injected water (mean 22+5.7 mg N L™") is denitrified in the
SREF. Literature on the potential for NO3™ inhibition of Se bioreduction is conflicting.
Some studies demonstrate elevated NOs™ concentrations inhibit Se(VI) reduction
in both field and laboratory test conditions (cf., Bailey et al., 2012; Gates et al.,
2009). In contrast, other laboratory and field studies show simultaneous reduction
of NOs™ and Se(VI) (cf., Bianchin et al., 2013; Macy et al., 1993; Oremland et al.,

1999). Thus, in addition to characterizing the in situ bioreduction of dissolved
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Se(VI), the current study provides an opportunity to assess the inhibition of Se

bioreduction by NOs™ at the field and column scales for the concentrations tested.

2. METHODS

2.1 Field Experiment

The in situ bioremediation experiment was conducted in the F2-SRF at the Elkview
Operations (EVO) located in the Elk Valley, British Columbia, Canada (Fig. 1a and
b). The SRF is filled with waste rock (i.e., earth materials overlying the coal
deposits excavated during open-pit mining activities). This SRF is about 350 m
wide x 800 m long x 130 m thick, with a saturated zone (~20 to 84 m thick)
containing ~2.7 M m? of water that is overlain by 60 to 80 m of unsaturated waste

rock.

Three injection and extraction wells were installed in rows in the SRF (Fig. 1c). The
extraction wells were installed ~150 m from the injection wells, and two rows of
nested monitoring wells were installed parallel to and between the injection and
extraction wells. The nested monitoring wells were located about 35 m (Row 1)
and 75 m (Row 2) from the injection wells. Monitoring well nests 01 to 04 were in
Row 1 and 05 to 09 were in Row 2. Each nest consisted of between two and five
wells labelled A to E, with the screen intake for A being the shallowest (located at

the water table) and E the deepest (located at or near the base of the SRF).

The bioremediation experiment was initiated on January 11, 2018 (day 1) by
injecting Se- and NOs™-rich mine water into a zone 10 to 24 m below the water

table via the injection wells. A conservative tracer (Br~) was continually added to
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the injection water starting on day 1. Hendry et al. (2023) report uncertainty in the
Br~ dosing concentrations until day 6. Methanol was added to the injection water
starting on day 6 to provide a labile source of carbon and energy for microbial
growth and reduction of NO3s™ and Se. Hendry et al. (2023) report a blockage of
the methanol line at injection well (IW)-02 was not resolved until day 19 and, as a
result, the injection concentrations of methanol prior to day 19 are not known. The
average methanol dose per day for the first 201 days of the experiment was 511 L
d' corresponding to an average COD:N of 6.5 and concentration of 33 mg L' as
dissolved organic carbon (DOC). Based on results of preliminary batch tests (data
not provided), yeast extract was added to the influent to provide phosphorous (P)
at a target concentration of ~0.1 mg P L™". Yeast extract addition was started at a
low concentration on day 29 and increased to the target concentration on day 49
to support cell growth and activity. The average dose added for the first 201 days
was 120 L d-! corresponding to an average concentration of yeast extract of 6 mg
L~ of which 2%, or 0.1 mg P L™, was present as P. The yeast extract also provided

some additional carbon and trace nutrients to support the initial growth phase.

To allow the Se chemistry results presented in this paper to be correlated with the
NO3™ results presented in Hendry et al. (2023), the experimental time period and
the monitoring wells studied in the current study were the same as those used in
Hendry et al. (2023). Specifically, their study addressed the evolution of
denitrification in the SRF from start up to day 201. Further, to assess the evolution
of the injected NO3™ in the SRF without addressing the effects of mixing of multiple

sources of water (and dissolved chemistry), the Hendry et al. (2023) study was
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limited to monitoring well waters that yielded Br~ tracer concentrations that were
very similar to the injected concentrations (i.e., the same Br~ concentrations). Wells
that met this criterion were the A level monitoring wells 01A, 02A, 03A, 06A, and
07A; these wells are thus the focus of this study as well. The pump depths in these

A level wells were typically 0 to 5 m below the water table.

Throughout the study period, the volumetric flow rate of water extracted from the
extraction wells was the same as that injected in the injection wells. An injection-
withdrawal flow rate of 5,000 m® d~! was established on day 1. On day 174 the flow
rates were increased to 7,500 m3 d™' and maintained at this flow rate for the
remainder of the study period. From day 1 to 27, the extracted water was recycled
into the source reservoir. After day 28, the extracted water was discharged to the
environment following testing for compliance with water quality criteria. Over the
study period, approximately 931,000 m3 of Se- and NOs™-rich water was injected
into the SRF. The SRF was operated continuously except when system-wide

shutdowns occurred from day 91 to 99 and day 127 to 129.

Many of the laboratory methods used to meet the objectives of the current study
were used in the companion paper on denitrification (Hendry et al., 2023) and

described therein. For completeness, key methods are described below.

Limited water samples were collected from the monitoring wells prior to start up
(between August 03, 2017 and December 29, 2017). After start up, water samples
were collected daily from injection wells and at 2 to 4 d intervals from monitoring

wells. Dissolved oxygen (DO), temperature, pH, oxidation-reduction potential
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(ORP), and conductivity were measured in the field. Aqueous samples were
analyzed for anions, cations, and trace metals/metalloids at ALS Environmental,
Calgary, AB, Canada. The dissolved species reported in this study include Br~,
NOs™-N, methanol (presented as DOC), and Se. Dissolved Se concentrations were
analyzed using the SW6020A method (US EPA, 1998). The lower limit of detection
(LLD)was 0.25mg L™",0.025 mg L™", 0.5 mg L', and 0.1 ug L™" for dissolved Br~,
NOs™-N, DOC, and Se analyses, respectively. Measured values are reported here

as mean and standard deviations where possible.

Water samples were collected every 6 to 8 d from the monitoring and injection
wells for Se speciation analyses starting on day 36 and 70, respectively. Samples
collected for total and dissolved Se analyses were collected in 125-mL glass
bottles. The samples for total Se were not filtered while those for dissolved Se were
filtered in the field (0.45 pm). Both total and dissolved Se samples were preserved
with nitric acid and stored at 4 °C. Another set of samples collected for Se
speciation analyses was field filtered (also 0.45 ym) into 125-mL HDPE bottles,
frozen immediately, and analyzed by Brooks Applied Labs (Bothell, WA, USA).
Dissolved Se species were analyzed using US EPA Method E1638M. The LLD for
dissolved Se samples was typically 0.05 ug L™'. lon chromatography inductively
coupled plasma collision reaction cell mass spectrometry (IC-ICP-CRC-MS)
analyses were used to measure Se(VI), Se(lV), methylseleninic acid (MeSe(lV)),
selenocyanate (SeCN), selenomethionine (SeMe), selenosulfate (SeSOs),
dimethylselenoxide (DMSeO), and unknown selenium species with LLD values for

these analyses of 0.015, 0.015, 0.005, 0.015, 0.005, 0.015, 0.005 and 0.015 ug
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L~", respectively. After day 100, the LLD values were modified to 0.06, 0.06, 0.01,

0.04, 0.01, 0.06, 0.01 and 0.06 ug L™", respectively.

Microbial communities from the SRF field experiment (data not presented) were
characterized every three months during SRF operation using the same methods
applied for characterization of microbial communities from laboratory columns

described below.

2.2 Column Experiments

Column experiments were conducted in triplicate columns (columns 9, 10, and 12)
to confirm NOs™ and Se(VI) bioreduction under conditions consistent with those in
the SRF field experiment. Each column was constructed using a split of a
representative composite of waste rock with native microbes and operated in the
same manner. Columns 9 and 10 were operated for 498 d. Column 12 was
operated as a reserve column and was destructively sampled after 281 d for
mineralogical analysis of Se sequestration products and microbiological analyses.
All column tests were conducted at a field-relevant temperature (8t2 °C) in
sterilized stainless-steel columns (0.1 m dia. x 0.60 m high) by Enviromin Inc.
(Bozeman, MT, USA). Each column was loaded with 4.82 kg of composited <25
mm diameter waste rock fragments collected from the SRF via sonic drilling and
preserved under aseptic conditions in an anoxic environment (N2 atmosphere).
SRF water was amended with Se(VI) to yield influent concentrations of 1.0 mg L™
Se(VI) as Se (about an order of magnitude greater than the mean of the injected

water in the field experiment of 87+31 ug L™").The initial SRF water NO3~

10
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concentration was 30 mg NOs-N L™ (slightly greater than the mean of the longer
term injected water in the field experiment of 22+5.7 mg N L™"). Over the duration
of the column tests, as water supplies were replaced, NO3~ was amended to
maintain the initial SRF concentration. Nitrate and Se(VI) bioreduction were
stimulated by adding methanol at a COD:N ratio of 3.8 (or 28.5 mg L' as DOC) to
the injection water, similar to the concentrations observed in the field experiment.
Yeast extract was replaced with phosphoric acid at 0.09 mg P L™ in the column
experiments. The amended water was sparged with N2 gas to remove oxygen and
injected into the column in an upward flow configuration at 1.2 L d~'. Columns were
operated for approximately six months before the start of this test to build biomass

and stabilize the column systems.

Weekly samples were collected from columns 9 and 10 for analysis of parameters
including, but not limited to DOC (LLD 1.5 mg L™"), NO3™-N (LLD 0.23 mg L 'using
Hach™ spectrophotometry kits. Dissolved oxygen (LLD 2%), pH (LLD 0.1 s.u.) and
ORP (LLD 10 mV) were also measured weekly in the effluent using a YSI-Proplus
Multiparameter with Pro series Quattro Sonde™. Dissolved Se was analyzed by
Energy Laboratories (Billings, MT, USA) via ICP-MS following US EPA method
200.8 (1994) (LLD 0.001 mg L™"), and Se species were analyzed monthly at Brooks
Applied Labs as described above. Because column 12 was operated in an identical
fashion to the other two columns and as a reserve column, it was not monitored
routinely; Se concentrations were, however, monitored infrequently to confirm

reduction using the same analytical methods as for columns 9 and 10.

11
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Solid samples were collected during the decommissioning of the columns for
microbial (columns 9 and 10) and mineralogical (column 12) analyses. Three solid
samples (25 g) were collected aseptically from each of columns 9 and 10 at
distances of 0, 0.1 and 0.3 m from the influent end of the column for microbial
analysis. These samples were preserved immediately in DNA/RNA Shield™
(Zymo Research, Irvine, CA). DNA was extracted and purified from the samples
using a FastDNA Spin Kit for Soils (MP Biomedicals, Irvine, CA) following the
manufacturer’s instructions. The DNA extracts were quantified fluorometrically
using a Qubit dsDNA HS Assay kit (Invitrogen, Waltham, MA) and then submitted
to the Integrated Microbiome Resource (Dalhousie University, Halifax, NS,
Canada) where the V6-V8 region of the 16s rRNA gene was PCR amplified in
duplicate using bacterial specific fusion primers 969F and 1406R, with Illumina
adapters and indices attached (Comeau et al., 2011). The duplicate PCR products
were pooled, cleaned, and normalized using a high-throughput Charm Biotech
Just-a-Plate 96-well Normalization Kit (Charm Biotech, San Diego, CA) then
sequenced using lllumina MiSeq 2x300 bp paired-end technology. Demultiplexed
sequences were quality checked and primers removed using cutadapt (Martin,
2011) implemented in Python 3. After reads were filtered to remove low quality
reads, sequencing errors assessed, reads merged, and chimeric sequences
removed, taxonomy was assigned using dada2 (Callahan et al.,, 2016)
implemented in R. The publicly available SILVA reference database (v138.1) was
used to assign taxonomy down to the species level, where available. Functional

predictions were made using the FAPROTAX 1.2.6 (Louca et al., 2016) database

12
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with updated annotations added for nitrate reducing and selenium reducing

bacteria (Nancharaiah et al., 2015).

Duplicate solid samples (25 g) were collected aseptically at distances of 0, 0.1 and
0.3 m from the influent end of column 12 for mineralogical analyses. The first set
of solid samples was placed in sterile 50 mL polypropylene conical tubes and into
a dry ice/ethanol bath for 10 min. The tubes were then transferred into a -20 °C
freezer. The second set of subsamples was dried in a N2 environment. In addition
to samples collected during deconstruction of the columns, samples were collected
to define baseline conditions; specifically, one sample of pre-test waste rock used
to construct the column was dried and used to characterize baseline mineralogy.
Mineralogy samples were shipped frozen to the University of Saskatchewan
Department of Geological Sciences (U of S; Saskatoon, SK, Canada) where they
were received in a frozen state. The first set of (dried) subsamples were submitted
to ALS Environmental (Saskatoon, SK, Canada) where they were disaggregated
and sieved. The metals/metalloids in the <2 mm size fraction were solubilized by
heated digestion with nitric and hydrochloric acids using the 200.2/6020A method
and analyzed via ICPMS (US EPA, 1998). The method detection limit for Se using
this method was 0.20 mg kg-'. The second set of duplicate mineralogy samples
was immediately taken to the Canadian Light Source (CLS, Saskatoon, SK,
Canada) where they were stored in a -80 °C freezer until analyzed by X-ray
absorption near-edge structure (XANES) spectroscopy. Se K-edge XANES
spectra were collected on the BioXAS-spectroscopy (071D-2) beamline on all solid

subsamples and nine reference compounds (Table S1). BioXAS uses a 21 T

13
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wiggler and a double-crystal Si (220) monochromator with a Rh-coated mirror to
deliver an X-ray beam in the spectral range from 5 to 32 keV. Sample spectra were
collected in fluorescence mode using two 32-element Ge detectors mounted in
plane with the sample and perpendicular to the X-ray beam. The processing of
spectra, including energy calibration, background subtraction, and normalization,
was performed using the Athena program in the Demeter package (version 0.9.26)

(Ravel and Newville, 2005).

3. RESULTS AND DISCUSSION

3.1 Field Experiment

3.1.1 Injected Water Chemistry

The mean pH, DO, and ORP of the injection water were 7.2+0.2, 5.3x2.5 mg L™",
and 78.9+49.7 mV, respectively. The mean + standard deviation of pre-test pH,
DO, and ORP from the monitoring wells representing background pit water

chemistry were 6.8+0.1, 0.3+0.7 mg L', and 34.1+43.9 mV, respectively.

The mean dissolved Se and NOs™ concentrations in the water injected into the SRF
were 87+31 ug L™ (n=143) and 22+5.7 mg N L' (n=188), respectively. The
dissolved Se and NOs™ concentrations in the injected water both varied with time
(Fig. 2a and 2b). In the case of Se, it decreased from 144 to 38 ug L' from day 1
to 43, then increased to 166 ug L' on day 114, decreased to ~44 ug L™ on day
145, and increased to ~95 ug L™! from day 195 to the end of the trial (day 201).
The NOs™ concentrations decreased from ~30 to 9 mg N L™" from day 1 to 43 then
increased to 33 mg N L™' on day 79 and then decreased to ~24 mg N L™" on day

110 and thereafter remained relatively constant. The trends in both dissolved Se

14
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and NOs~ concentrations with time are attributed to recycling of operational water
within the source reservoir to avoid discharge (resulting in dilution; from day 1 to

79) and natural variability in the source water.

Because the methanol addition to the injection water was calculated to provide the
electron donor needed to reduce the high concentrations of NO3™ and dissolved
oxygen (and the much lower concentrations of Se) in the injection water, the trends
in concentrations of methanol (reported as DOC) added to the injection water with
time generally reflect that of NOs™ (Fig. 2a and 2c¢). For methanol, this equated to
a COD:N ratio of ~ 6.5, or a DOC:N ratio of ~1.25 to 1.5 (Scheible et al, 1993). The
injected DOC concentration exceeded that of the source water (mean 0.75 + 0.31
mg L™'; n=188). The mean DOC concentration in the water injected into the SRF
was 31+8.2 mg L™ and ranged from 0 to 103 mg L™' (n=183). Upsets in the

methanol-dosing system resulted in several 1-d over-additions of DOC (Fig. 2c).

The injected Br~ tracer concentrations were generally constant with time after day

6 (Fig. 2d), with a mean concentration of 33+6.3 mg L™ (n=183).

The concentrations of dissolved Se, NO3s~, DOC, and Br~ in the water injected for
treatment were much greater than the background concentrations in the SRF. The
mean background concentrations of dissolved Se, NO3~, DOC, and Br™ in the
monitoring wells were 16+0.23 ug L' (n=70) and 0.12+0.20 (n=44), 2.55+4.07
(n=73), and 0.25+0.02 (n=44) mg L™, respectively. In the case of Se, the mean

background concentrations varied between monitoring wells, with values of

15
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3.3+1.6 (n=14), 0.52+0.26 (n=13), 59+17 (n=13), 5.1+4.8 (n=14), and 14+3.4

(n=16) ug L™ for wells 01A, 02A, 03A, 06A, and 07A, respectively.

3.1.2 Water Chemistry in the SRF

The pH values measured in the monitoring wells during the experiment were
circumneutral with a mean pH of 6.81+0.31 (range 6.26 to 7.30). The DO and ORP
measured in the monitoring wells reflect suboxic to mildly suboxic conditions. The
mean DO concentration was 0.18+0.1 mg L~" (range 0.008 to 5.25 mg L™") and the

mean ORP was +70+60 mV (range -96 to +252 mV).

The Br~ concentrations in the monitoring wells increased from background values
at the onset of the experiment to near injected concentrations between 41 and 68
d, depending on the well (Fig. 2d). Reactive parameters Se (Fig. 2a), NOs™ (Fig.
2b) and DOC (Fig. 2c) initially followed a similar trend to that of the Br- tracer (Fig.
2d) reflecting the arrival of injected water followed shortly thereafter by a

decreasing trend indicative of removal.

The concentrations of dissolved Se in the monitoring wells initially followed a
similar overall trend to the injected water but were considerably lower (Fig. 2a).
Specifically, the concentrations increased rapidly from between 0.27 and 10 ug L™’
on day 1to between 42 and 140 ug L™" between day 11 and 34 (depending on the
well) as injected water arrived at each respective well, then decreased due to
bioreduction to between 4 and 36 ug L™! between day 43 to 65. Another spike was
observed with concentrations rising to between 67 and 81 ug L' between day 64

and 79, before finally decreasing sharply to <6.0 ug L™" after day 117.

16



349

350

351

352

353

354

355

356

357

358

359

360

361

362

363

364

365

366

367

368

369

370

371

As was the case for Se, the NOs™ and DOC concentrations in the monitoring wells
followed similar trends to the injected water but were also significantly lower (Fig.
2b and 2c). The NOs™ concentrations increased rapidly reflecting arrival of injected
water to peak concentrations of 14.9 to 19.6 mg N L™' between day 60 and 80
(depending on the well) then decreased to <0.8 mg N L' between day 110 and
120 in response to strong bioreduction. Subsequently, the concentrations typically
increased slightly to maximum concentrations of 9.9 mg N L™! and then decreased

to<1.5mgNL™".

Normalized Br~ concentrations (C/Co values) in the monitoring wells were
calculated using the Br~ concentrations measured in the monitoring wells and the
mean injected Br~ concentration (Co; 33 mg L™") to estimate the amount of injected
water at each well with time. The Br- C/Co plots (Fig. 3a) show complete
breakthrough of injected Br~ for wells 01A, 02A, 03A, 06A, and 07A on day 68, 48,
49, 62, and 57, respectively. These C/Co values show the post-breakthrough
monitoring well waters are dominated by injection water; the mean C/Cy values of
Br~ for wells 01A, 02A, 03A, 06A, and 07A were 0.88+0.07, 0.95+0.04, 0.81+0.06,
0.93£0.05, and 0.89+0.07, respectively (Hendry et al., 2023). Using the Br~ C/Co
plot data, Hendry et al. (2023) estimate residence times for water to travel from the
injection wells to monitoring wells 01A, 02A, 03A, 06A, and 07A of 27, 9, 4, 16, and

15 d, respectively.

The normalized dissolved Se and NOs~ concentrations for the monitoring wells
were calculated in two ways: corrected and not corrected for background

concentration (C). Unlike the Br~ concentrations that were controlled by tracer
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addition, the injected Se and NO3~ concentrations varied significantly with time, so
the Co associated with each C (defined as Co’) was determined using residence
time (i.e., time lag) (Fig. 3b and 3c). The difference in the C/Coy’ vs. time plots for
dissolved Se and NOs~ based on corrected and non-corrected background
concentrations were negligible for wells 01A (Fig. S1a), 02A, 06A, and 07A; well
03A (Fig. S1b), however, showed a slight difference for dissolved Se because of
variable pre-test Se in this well (Fig. S1). For this reason, the C/Cy’ values for Se

and NOs~ (Fig. 3b and 3c) were not corrected for background concentrations.

To explain observed trends with respect to hydraulic and microbial stages, the
trends in C/Co’for Se and NOs™ and C/Co for Br~ with time for individual wells were
divided into three zones (Fig. 3). In Zone 1, from day 1 to between days 33 and
77, the C/Co’ for Se and NOs™ gradually increased with time and peaked between
1.0 and 1.3. Over the same time, the C/Cy for Br™ increased to between 0.9 and
1.0. The similarity between these C/Co’ and C/Co values is attributed to the
breakthrough of the injected water at each well with no detectable Se or NO3~
reduction. In Zone 2, from the end of Zone 1 to between day 117 and 132, the Se
and NOs~ C/Co’ values gradually decreased to <0.02 and <0.002 reflecting the
initiation of bioreduction. In Zone 3, from the end of Zone 2 to day 201, slight
increases in the Se C/Co’ (0.02 to 0.06). Greater increases in the NO3~ C/Co’ (0 to
0.48) occurred in wells 01A, 02A, 06A, and 07A inferred to be in response to small
operational shut downs and adjustments to methanol dosing. The increases in the
Se and NO3™ C/Cy’ values in these wells were followed by decreases to between

0 and 0.04 and 0.01 and 0.08, respectively on day 201; these decreases were
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coincident with the increased flow rate and more stable operating conditions. In
contrast to these wells, the Se and NO3~ C/Cy’ values in well 03A did not increase
in Zone 3 but remained constant and consistent with values observed in Zone 2.
In summary, the time series plots of C/Co’ show strong Se bioreduction (<0.02)
and denitrification (<0.002) occurred between day 117 and 132; i.e., approximately

98% and 99.8% removal respectively.

The DOC concentrations (Fig. 2c) and C/Co’ (calculated as described above; Fig.
3d) support the conclusion that denitrification and Se bioreduction are occurring in
the SRF. The presence of C/Co’ values for DOC in Zone 1 of typically <0.1 and the
lack of Se and NO3s~ removal suggests the DOC is consumed close to the point of
injection and used for biofilm growth and development rather than reduction. The
C/Co’ values for DOC in wells 01A and 03A remained low in Zone 2, while the
values in the three other wells increased to between 0.2 and 0.4 at the start of
Zone 2. These results, coupled with the trend to complete Se bioreduction and
denitrification in this zone, are in keeping with the DOC being used as the electron
donor for Se bioreduction and denitrification. The increased C/Co’ values in some
wells suggests not all added DOC was used by microbes during this stage and
small adjustments to methanol dosing were made. In Zone 3, the C/Cy’ values for
DOC for all wells were mostly <0.1, with all wells decreasing to background values

by the end of Zone 3 reflecting complete consumption of methanol.

3.1.3 Dissolved Se Species
Overall, the dissolved Se concentrations in the injected water and monitoring wells

determined using ALS Environmental and Brooks Applied Labs methods are in
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good agreement (Fig. 4). The good visual correlation is supported by a good best-
fit linear equation for the two datasets of y=0.85x+0.54b (r?=0.98) (Fig. S2). The
exceptions to this well-defined trend are the dissolved Se concentrations from well
02A, for which the mean concentration determined by Brooks Applied Labs is
47+41% of the concentrations determined by ALS Environmental. Because the
C/Co’ values for dissolved Se for well 02A determined by ALS Environmental (i.e.,
1.2) are more consistent with the C/Co values for Br™ at end of Zone 1 (i.e., 1.1)
than the C/Co’ values for dissolved Se determined by Brooks Applied Labs (i.e.,
0.16), the dissolved Se concentrations measured by the former laboratory were

used in subsequent analyses.

The distribution of Se species with time for injected water and from monitoring wells
is presented in Fig. 4. The dominant aqueous Se species in the injected water was
Se(VI) (mean 53+25 ug L") with Se(lV) being the second-most abundant species
(mean 13+2.3 ug L"), as is typical in near neutral pH surface waters (cf. Chan et
al, 2009). The concentrations of SeMe, SeSO3, MeSe(lV), and SeCN in the
injected water were reported at the LLD; DMSeO concentrations were also at the
LLD in the injected water except for two time periods: when results were 0.011 ug
L~" on day 84 and between 0.011 to 0.015 ug L™" between days 140 and 159. The
presence of DMSeO may suggest off-gassing of volatile Se species (Wozniak and

Gerads, 2018).

In keeping with the dominance of Se(VI) and, to a lesser extent, Se(lV) in the
injected water, the dominant Se species in the monitoring wells in Zone 1 was

Se(VI) (mean 31+18 pg L") followed by Se(IV) (mean 2.2+2.4 ug L™"). The Se
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speciation data show the removal of Se in Zone 2 (Figs. 3b and 4) was dominated
by marked decreases in the concentrations of Se(VI) in all wells and, in wells 03A
and 07A where Se(lV) concentrations were higher initially, a clear decrease in
Se(lV) was observed. By the end of Zone 2, the Se(VI) concentrations were
between 0.06 and 0.62 ug L™" and Se(lV) concentrations were similar, between
0.11 and 0.68 pg L™ (Fig. 4). The increased dissolved Se concentrations in wells
01A, 02A, and 07A in Zone 3 were dominated by Se(VI) (mean 0.81+0.95 ug L™)
and to a lesser extent Se(IV) (mean 0.41+0.20 ug L") (Fig. 4b, c, and f). At the
end of the field experiment, Se(VI) and Se(lV) concentrations were low in all wells.
Most wells had slightly higher Se(VI) than Se(IV); in well 06A, Se(lV) (mean
0.28+0.19 ug L") was greater than Se(VI) (mean 0.09+0.05 ug L") (Fig. 4e). Clear
and consistent temporal relationships between changes in Se(VI) and Se(lV) as
an intermediate reduction product such as those described in the literature (c.f.
Siddique et al., 2007) were not observed at this scale, perhaps due to the low

concentrations and spatial variability of the biogeochemical reduction process.

The concentrations of SeMe, SeCN, SeSO3, and DMSeO in all monitoring well
waters were, with few outliers, reported at the LLD (Fig. 4). Minor concentrations
of MeSe(IV) (maximum concentration 0.033 ug L™' at well 06A) and DMSeO
(maximum concentration 0.042 ug L' at well 06A) were measured in multiple
monitoring wells in all zones (Fig. 4). The low but measurable concentrations of
these Se species is speculated to reflect off-gassing of volatile Se species
(Wozniak and Gerads, 2018); however, the cause is not clear and may warrant

investigation.
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3.1.4 Sequestered Selenium

The calculated total mass of Se injected into the full scale field experiment over
the 201-day period was 67 kg. The mass of Se attenuated in the system was 59
kg over the same period, equating to an attenuation of approximately 0.3 kg d-'.
Based on the data presented to this point in the paper, the form of attenuated Se
at the field scale is not known; however, the results of the column experiments,

discussed below, identify the attenuation mechanism.

3.2 Column Experiments

3.2.1 Water Chemistry

The column experiments used amended SRF water as influent, with
concentrations of 1.0 mg L™" Se(VI) as Se and 30 mg NO3™-N L', and negligible
oxygen. The trends in pH, DO, and ORP with time in the effluent from columns 9
and 10 were the same, suggesting good reproducibility between columns (Fig. S3).
The mean pH from column 9 and 10 effluents was 7.83+0.15 and 7.78+0.21 and
the DO and ORP in the effluents were 4.40+1.85 and 3.61+2.48 mg L' and -
18.5+80.7 and -37.8+91.5 mV, respectively. The pH of the column effluent samples
was slightly higher than the monitoring well samples in the field experiment,
potentially reflecting a slightly higher pCO2 and lower pH in the field relative to the
lab or production of alkalinity during denitrification. Although the DO measured in
column effluent suggests oxygen levels were higher than in the monitoring wells,
the column ORP values were slightly lower, though still within the range observed
in the field experiment. The discrepancies between the field and column values

may be attributed to measurements in the effluent collection vessel, which could
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not be fully isolated from the atmosphere. The differences are not considered

important.

Due to the relatively short residence time in the columns (~64 h; determined using
Br~ tracer tests; data not presented), the C/Co calculations were not adjusted for
time lag. Additionally, columns had previously been operated and had an
established biomass at the start of the column experiments; therefore, water
chemistry presented here is most comparable to the Zone 3 time period described
for the field experiment. Most of the influent Se concentration (1.0 mg L™') was
reduced in columns 9 and 10, with isolated upset conditions observed due to
intermittent feed line blockage (e.g., days 57, 112, 301, 343, and 385 in column 9
and days 40, 68, 138, and 351 in column 10) (Fig. 5a). Overall, the mean Se
concentrations in the effluent water from columns 9 and 10 were 0.08+0.13 and

0.10%0.16, which equates to a range in C/Cy values from ~0.08 to ~0.10 (Fig. S4a).

The dissolved NOs~ concentrations with time in effluent water samples from
columns 9 and 10 exhibit similar trends to those for Se. Most of the influent NO3~
(30 mg N L") was reduced before exiting the column (Fig. 5b). Overall, the mean
NOs~ concentrations in the effluent waters from columns 9 and 10 were 0.52+1.03

and 0.53+1.27 mg N L™, which equate to C/Co values of ~0.02 (Fig. S4b).

The trends in DOC in the column effluent (Fig. 5¢) show most of the influent DOC
was consumed, reducing concentrations to 1.83 and 1.50 mg L™ by day 63 (C/Co
of ~0.02; Fig S4c). This suggests biofilm growth in conjunction with Se and NOs~

removal in columns 9 and 10, respectively. While this level of detailed data could
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not be collected for column 12, the limited data available for column 12 show it
performed comparably. The DOC concentrations in the effluent from both columns
9 and 10 increased to ~57 mg L' (C/Cy of 0.75; Fig S4c) at day 126, then gradually
decreased with time to 7.11 and 5.06 mg L™ (C/Co of ~0.08; Fig S4c) on day 462.

This was followed by more efficient use of DOC by the biofilm.

The trends observed in the column effluent samples for dissolved Se, NOs~, and
DOC concentrations demonstrated microbial reduction of Se and NO3~ with
associated removal of DOC. The dissolved Se and NOs~ concentrations in the

column effluent are also consistent with data from the field experiment Zone 3.

3.2.2 Dissolved Se Species

The consistent distribution of Se species in the effluent of columns 9 and 10 is
presented in Fig. S5. In the column effluent, the Se(VI) remained the dominant
dissolved Se species (mean 137+307 ug L™") and constituted, on average, 48% of
the remaining dissolved Se. These effluent Se(VI) concentrations were 85.1%
lower than the Se(VI) concentration in the influent (1.0 mg L™"). Se(lV) was the
second-most abundant Se species in the column effluent (mean 47.5+96.9 ug L")
and constituted, on average, 34% of the dissolved Se. This reflects the partial
reduction of Se(VI) to the intermediate species Se(lV), which was either sorbed or
further reduced to Se(0). Due to intermittent changes in flow and nutrient supply
during column testing, the relative ratio of Se(VI) to Se(IV) varied such that the
temporal relationships of Se(VI) reduction to Se(lV) reported by Siddique et al.
(2007) were not observed here. Further, SeCN, MeSe(lV), SeSOs, unknown

species, DMSeO, and SeMe were present in lesser, but measurable,
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concentrations in the effluent of 1.33+0.88, 1.27+1.28, 0.49+0.61, 0.30+0.26,
0.114+0.28, and 0.01+0.02 pg L™" that represent 7.3, 6.4, 2.0, 1.9, 0.2, and 0.04%
of the dissolved Se, respectively. These concentrations were greater than those
observed at the field scale as might be expected when one is able to monitor much

closer to the active microbial community.

3.2.3 Microbiology

The microbial community of the baseline waste rock sample was diverse and
comprised of bacteria reported to have the capacity for Se reduction (e.g.,
Rhizobium selenitireducens (Hunter et al., 2007), Geobacter sp. (Pearce, et. al.,
2009), and Rhodoferax sp., (Kirk, 2014), denitrification (e.g., Pseudomonas sp.),
iron (Fe) oxidation and reduction (e.g., Ferribacterium sp., Geobacter sp., and
Rhodoferax sp.), sulfur oxidation and reduction (e.g., Desulfobacterium sp.,
Desulfovibrio sp.), and hydrocarbon degradation (e.g., Pseudomonas sp.). The top
20 identified taxa (of 404 taxa identified by sequencing) for samples collected post-
testing from 0, 0.1, and 0.3 m from columns 9 and 10 are summarized in Fig. 6. The
relative abundance of Proteobacteria, including Thiobacillus sp., Rhodoferax sp.,
Methylotenera sp., Hydrogenophilaceae, and Ferribacterium sp., and Bacteroidota
(such as Bacteroidetes) declined with distance from the point of methanol injection,
while the abundance of Firmicutes (e.g., Desulforsporosinus sp.) and
Desulfobacterota (e.g., Geobacter sp.) increased. These genera are grouped by
putative function in Fig. S6. The relative abundance of nitrate-reducing organisms
(such as Thiobacillus (Baldensperger and Garcia, 1975) and Methylotenera

(Kalyuhznaya et al., 2009)) shifted from 22.5 to 13.5% between the influent and
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effluent portion of the columns. Nitrite-reducing organisms shifted from 12 to less
than 6% over this distance, while the abundance of Se- and Fe-reducers increased
in relative abundance from 5 and 6% to 9 and 10%, respectively, with their
maximum abundance occurring mid-column (Fig. S7). The identified Se-reducing
organisms included several species from the genera Desulfovibrio (Tomei et al.,
1995), Geobacter (Pearce et al., 2009), Dechloromonas (Kirk, 2014), and
Pseudomonas (lke et al., 2000). The relative abundance of methanol-consuming
organisms declined from influent to effluent zones, offset by increases in
organisms capable of sulfate (SO4?-) reduction and chemoheterotrophy at the

effluent portion of the column (Fig. S7).

At the influent end of the columns, organisms with the capacity for NO3-/NOz-
reduction and methanol oxidation were most abundant; the mid-column (0.1 m)
samples showed increased capacity for Se and Fe reduction; and effluent samples

(where oxygen is likely lower) reflected an increase in SO4?- reducers.

The native microbial communities present in the SRF during operation also
exhibited the potential for methanol oxidation, denitrification, and Se reduction,
and the relative abundance of microorganisms capable of these functions was
greater within the active treatment zone compared to distal areas of the

SRF (data not presented).

3.2.4 Sequestered Selenium

The calculated total masses of Se sequestered in columns 9, 10, and 12 during

the experiment (i.e., the difference between the mass introduced into the column
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and that recovered in the effluent) were 79.9, 62.8, and 72.8 mg kg™' waste rock.
This concentration is much greater than the total Se concentrations measured in
the three subsamples from column 12 (18.5, 18.8, and 19.3 mg kg™ at 0.0, 0.1,
and 0.3 m from the inlet, respectively). The calculated total mass of Se
sequestered in the columns and the measured concentrations in the columns are
both much greater than the total Se concentration in the pre-test sample (1.73 mg
kg™"). These results support the conclusion that Se is sequestered in the column;
however, the total Se concentrations measured in the subsamples collected along
the column only represent ~25% of the calculated mass of Se sequestered in the
column. The reason for the difference between the total Se concentrations
measured in the three column samples and the total mass of Se sequestered in
the column during the experiment is not clear and may be attributed to in-column
variations and/or sampling biases such as sampling the full grain size distribution
or excluding localized biomass and biomineralization that could result from
preferential flow. Some fraction of the Se may also have been volatilized as H2Se
gas, which was not measured. The XANES Se spectra of column 12 samples
suggest Se in the sample is predominantly (~94%) as Se(0) in Se-S ring
compounds represented by the formula SenSsn (Table S1) (Laitenen, 1987) and
Se(0), which is considered insoluble in natural environments (Minaev et al., 2005).
The XANES spectrum suggest the remainder of Se in the sample is present as
Se(lV). If the Se is present as mixed Se-S compounds, the analysis suggests the
Se:S molar ratio aligns with Se2Se. Additional details on fitting of the XANES

spectra are presented in Figs. S8 and S9.
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3.3 Selenium Bioreduction

Se bioreduction can reduce selenate (Se(VI)) to selenite (Se(lV)) and then to
insoluble elemental Se (Se(0)) (cf., Minaev et al., 2005; Buchs et al., 2013, Boltz
and Rittmann, 2021). The overall process of the microbial reduction of Se(VI) (as
Se04) leading to the formation of relatively insoluble Se® (Debieux et al., 2011) can

be represented by equations (1) and (2):

Se042 + 2e~ + 2H* — Se0z2 + H20 [1]

Se03% + 4e” + 6H" — Se® + 3H20 [2]

Multiple lines of evidence from the field and column experiments support Se
attenuation via Se bioreduction by indigenous bacteria as described in equations
[1] and [2]. These lines of evidence include: the near complete removal of Se(VI)
and Se(lV) in the SRF injection water by the end of Zone 2 at the field scale and
in the column effluent; the consumption of the labile organic carbon (methanol)
required for the bioreduction of NOs3- and Se in both the field and column
experiments; the presence of indigenous Se-reducing organisms in the columns
and in the field; the dominance of Se-S compounds (i.e., S(0)) in the Se
sequestered in the column experiments; and Se(VI) being the dominant Se species
in the SRF and column effluent followed by Se(IV). The observation that the
sequestered Se is in the form of Se(0) is consistent with investigations which show
anaerobic and facultative bacteria can form Se(0) particles (Vogel et al., 2018;
Bajaj et al., 2012) by reducing Se oxyanions. Vogel et al. (2018) further show

bacteria can reduce Se(lV) to extracellular SenSs-n structured particles. The Se
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bioreduction process is further supported by a Pourbaix diagram (Fig. S10) that
shows Se stability fields shifting from Se(IV) in the SRF injection water to Se(0) in

the monitoring wells.

Evidence of the in situ Se bioreduction of dissolved Se(VI) and Se(lV) to Se(0) by
indigenous bacteria is consistent with several other studies from the Elk Valley.
Deen et al. (2018) show Se bioreduction can occur in waste rock in the Elk Valley
under anoxic, water-saturated laboratory conditions using the labile organic carbon
available in the coal-rich waste rock. Martin et al. (2011) show the sequestration of
Se as Se(0) and Se(-1l) in marsh and the oxbow sediments in the Elk Valley while
the overlying water columns contained Se(VI). The bioreduction of Se(VI) to Se(0)
in a laboratory-based study of coal mine tailings pond sediments is reported by
Siddique et al. (2007). Bioreduction of Se(VI) to insoluble Se species has also been
reported in a mine pit backfilled with water-saturated waste rock (Bianchin et al.,
2013; Kirk, 2014) and in unsaturated coarse coal reject piles (Kennedy et al.,

2015).

The overall lack of measurable concentrations of SeMe, SeSOs3, SeCN, MeSe(IV),
and DMSeO in the monitoring well waters in the field experiment is also consistent
with equations [1] and [2]. In contrast to the SRF results, measurable but low
concentrations of SeCN, MeSe(lV), SeSOs, unknown species, DMSeO, and SeMe
were measured in column effluent samples. Little is known regarding the
biogeochemistry of these compounds and their formation, though Wozniak and
Gerads (2018) provide some context to suggest that when these compounds are

observed in bioreactor effluents, they may indicate cell death (SeCN), sulphate
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reduction (SeSOs), de-gassing of volatile species or shifts in the microbial
community. It would be expected therefore that samples from the column
experiments collected near an active microbial community would be more likely to
contain these compounds than samples collected at the field scale (i.e., at greater
distances from the active biomass or where potential exists for dilution). The
differences could also reflect the bioreduction of a much greater concentration of
Se(VI) in the columns compared to the field experiment (i.e., 1.0 mg L' vs. 88 ug
L-"). At present, however, we cannot definitively explain the presence of these
secondary Se species in the column effluent but not in the field experiment. Further

study of this difference may be warranted.

3.4 Inhibition of Se(VI) Reduction

Several factors can inhibit Se(VI) bioreduction in the presence of NO3™. While NO3~
and Se(VI) can be reduced concurrently (Oremland et al., 1999), Oremland
reported NOs~ inhibition of Se(VI) reduction in (Oremland et al., 1989) and NO2~
inhibition in (Oremland et al., 1994). Given the much greater concentrations of
NOs~ than Se(VI) in influent, and the fact that Se(VI) can be reduced by
NOsreductase enzymes (Sabaty et al, 2001), and Se(lV) can be reduced by
NOzreductase enzymes (De-Moll-Decker and Macy, 1993) on a non-specific
basis, this inhibition may in part, reflect competition between NO3s~ / NO2™ and
Se(VI)/Se(lV), respectively, for the enzyme substrates. It may also reflect the
relative abundance and overall genetic capacity of Se(VI) and NO3~ reducing
microorganisms in the biofilm. Recent work by Kulasekara et al. (2023) show

greater inhibition of Se(lV) reduction than Se(VI) by NOs™, with an associated shift
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in microbial community (and elevated NOs™ concentrations inhibit Se(VI) reduction)
(cf., Bailey et al., 2012; Gates et al., 2009). In the case of the latter, Bailey et al.
(2012) show inhibition occurs when NO3~ concentrations exceed 1 mg N L™! while
Gates et al. (2009) suggest inhibition occurs at NO3s~ concentrations >2.3 mg N L™
The extensive suites of Se and NO3™ concentration data from the field experiment
and the columns allowed us to assess the inhibition of Se(VI) reduction by NO3™ at
both scales. To test inhibition in the field experiment, we calculated the percent Se
reduction (Sep) and percent NOs~ denitrified (NOsp) in Zones 2 and 3 (no
measurable Se bioreduction or denitrification occurred in Zone 1). The Sep, and
NOgs, for each monitoring well with time were calculated by subtracting the dilution-
corrected C/Co’ values (i.e., dividing the C/Co’ by the mean C/Co values for Br~ of
0.88, 0.95, 0.81, 0.93, and 0.89 for wells 01A, 02A, 03A, 06A, and 07A,
respectively) from the mean C/Co Br~ values for each monitoring well, then dividing

by the mean C/Co Br~ values for each well.

The Sep values exhibited similar well-defined trends over time for all wells (Fig. 7).
The Sep values increased from —16 to 8.7% at the start of Zone 2 to >99% between
day 117 and 134. The Sep values in wells 01A, 02A, 06A, and 07A decreased
slightly (93 and 98%) between day 177 and 184. In addition, the Sep values in well

02A exhibited a spike to 79% on day 64.

The evolution of NO3, also exhibited well-defined trends over time for all wells,
consistent with the overall evolution of the Sep values (Fig. 7). NO3, increased from
zero (or negative) at the start of Zone 2 to 100% between day 114 and 141.

Consistent with the Sep values, the NO3s, in wells 01A, 02A, 06A, and 07A
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decreased to between 50 and 90% between day 130 and 197, before increasing
to between 90 and 100% by the end of the experiment. Also consistent with the
Sep values, the NOgp values for well 03A (Fig. 7c) did not decrease between day

130 and 197.

The good agreement between NO3p, and Sep values with time in the wells in Fig. 7
is supported by the good (r?=0.79) best-fit linear regression to the cross-plotted
NOg3p and Sep values from Zones 2 and 3 for the monitoring wells (Fig. S11). The
SRF observations show that, under the range in NO3™ and Se concentrations
tested and at the scale of measurement (i.e., the closest monitoring wells to the
injection wells were ~35 m), both species were removed from the injected water
concurrently. In the case of the column tests, the very low concentrations of both
Se and NOs™ in the effluent suggest the length of the reduction zone is less than
the length of the columns; in other words, the hydraulic residence time exceeds
the time required for reduction. These observations are consistent with laboratory
and field studies by others that show simultaneous reduction of NO3s™ and Se(VI)
at the scales tested (cf., Bianchin et al., 2013; Macy et al., 1993; Oremland et al.,
1999, Sabaty et al., 2001). These data, including ours, are however not consistent
with other studies that demonstrate elevated NO3™ concentrations inhibit Se(VI)
reduction (c.f., Bailey et al., 2012; Gates et al., 2009). This is perhaps due to biofilm
heterogeneity and different biological mechanisms for Se reduction that rely on
different enzymes (i.e., NOsreductase vs. Se(VI) reductase), each with specific

enzyme kinetics and potential inhibitors. This is especially true in a mixed
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community of native biofilm organisms with overlapping capacity to reduce nitrate

and/or selenate.

Our data do not, however, preclude the inhibition of Se(VI) reduction by NO3™ in
the field or in the column experiments closer to the points of injection. All NOs™ may
be reduced closer to the points of injection and the Se(VI) bioreduced slightly
downgradient of the denitrification zone but before the end of the columns or the
first row of monitoring wells. This is supported by the observation of a shift from
denitrifying to Se(VI)-reducing organisms from the influent to midpoint of the
columns and supported by in situ SRF microbial community data from biocoupons
(data not presented) that demonstrate a shift from denitrifiers to Se-reducing

organisms with distance from the injection point.

4. CONCLUSIONS

Building on the well-established knowledge base on the bioreduction of Se(VI) and
NOs in suboxic environments, a long-term (201 d), in situ bioremediation field
experiment successfully treated a large volume (up to 7500 m3 d~'; total 931,000
m?3) of Se(VI)- and NO3z™-contaminated water (mean 88 ug Se L-'and 22 mg N L™")
to <3.0 ug Se L' and <0.5 mg N L™". Following completion of this field experiment,
the SRF has continued to bioremediate Se(VI)- and NOs™-contaminated
wastewater as described above. As of February 1, 2023 (day 1,847), 17 Mm? of
wastewater with 1,600 and 275,000 kg of Se and NO3™ has been treated in this
SRF. Complementary long-term column experiments confirmed bioreduction of

Se(VI) and NO3™ in the presence of Se- and NOs™-reducing bacteria on column
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solids, and reduced Se mostly in the form of inert Se(0), likely in Se-S ring

compounds.

At the scales tested, field and column data show that NO3™ and Se are effectively

reduced concurrently with no observed inhibition of Se reduction by NOs™.
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Monitoring Row One
(~35m from Injection)

Monitoring Row Two.
(~75m from Injoction)

Figure 1. Location of Elk River Valley, British Columbia, Canada (a), regional coal
mining operations (FRO, GHO, LCO, EVO, and CMO) in the Valley (b), and the
locations of the injection, monitoring, and pumping wells in the SRF in (c) (from Hendry
et al., 2023). In (b), the limits of the Elk River watershed boundary are delineated by a
white line, the watercourses and lakes are indicated in blue, highways are indicated by
red lines with numbers in yellow ovals, and individual coal mining operations are shaded
in gray.
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Figure 4. Measured Se species concentrations vs. time for injected water (a) and
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and Se(lV) are represented by circles, squares, and diamonds, respectively. The
dissolved Se data from ALS Environmental and Brooks Applied Labs are represented
by open and solid circles, respectively. The colour bars delineate Zones 1, 2, and 3
from left to right, respectively. The boundaries between Zones 2 and 3 are defined as
the day at which 99% Se reduction occurred.
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Figure 5. Measured dissolved Se (a), NOs™-N (b), and DOC (c) concentrations vs. time
in effluent water samples from columns 9 (black circles) and 10 (red diamonds). The
dissolved Se, NO3™-N, and DOC concentrations of the influent water were 1.0, 30, and
28.5 mg L, respectively.
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Figure 6. Microbial alpha diversity in columns 9 and 10. Comparison of the relative
abundances of the 20 most abundant taxa detected at the influent (0 m), middle (0.1 m),
and effluent (0.3 m) of columns 9 and 10. The taxa are represented by phylum and then
as the highest resolution taxonomic level that could be classified, which is stated in
parentheses if the taxon was not classified to the species level. All other taxa detected
in the samples were grouped into the “Other” category.
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Figure 7. Calculated percent Se bioreduction (circles) and denitrification (diamonds) vs.
time for monitoring wells 01A (a), 02A (b), 03A (c), 06A (d), and 07A (e) after the onset
of Se reduction/denitrification. The colour bars delineate Zones 1, 2, and 3 from left to
right, respectively. The boundaries between Zones 2 and 3 are from Figure 4. Percent
denitrified data from Hendry et al. (2023).
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