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Abstract Surface water Selenium (Se) concentrations
are above regulatory standards at several active and
inactive phosphate mine sites in the US Western Phos-
phate Resource Area. The focus of the present study was
to examine the impacts of the microbial communities on
the oxidation state of Se in overburden waste from the
Smoky Canyon phosphate mine in Idaho, USA. Micro-
bial populations were found that reduce soluble selenate
(SeO3 ) to insoluble elemental Se. Microcosm experi-
ments were conducted for molecular genetic analysis of
this microbial community by rRNA gene profiling. An
acetone pretreatment step was developed to remove
interfering pre-petroleum hydrocarbons from the sam-
ples prior to extraction. PCR was used to amplify 16S
and 18S rRNA genes present in the microbial commu-
nity DNA. The amplified products were subjected to
denaturing gradient gel electrophoresis (DGGE). Iso-
lates and excised DGGE bands were amplified and
sequenced for identification to determine the relative
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importance of culturable isolates to the total microbial
population. Analysis of samples from different sites at
the mine showed how Se contamination and previous
remediation treatments changed the microbial popula-
tions across the site. Members of the family Enterobacte-
riaceae were dominant among the selenate reducing
isolates from the site containing high Se levels. In partic-
ular, Serratia fonticola was isolated repeatedly from con-
taminated Smoky Canyon Mine site samples. Packed
column studies were performed with seleniferous waste
rock fractions from Smoky Canyon Mine. Column
amendments consisted of combinations of iron, compost,
and whey. Eh, pH, and extractable Se measurements
were taken. Tests with infiltrated water showed columns
containing an organic amendment combined with iron
metal were the most resistant to Se leaching. Iron-based
compounds from the corroding metal are thought to
strongly bind the Se reduced by microbial activity,
thereby stabilizing the Se in an insoluble form. We con-
clude that long-term stabilization of selenium at contam-
inated mine sites may require reductive microbial
processes combined with abiotic immobilization by iron,
either natural or engineered, to stabilize the Se and
retard re-oxidation and release. Iron-selenide or iron-sel-
enite compounds are more stable and resistant to leach-
ing, especially when removed from active weathering.

Keywords Selenium - Microbial - Iron - Molecular -
Remediation

Introduction

Selenium (Se) is an essential trace element for humans
and animals but is toxic at high levels of exposure [6]. Se
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has the lowest toxic-to-essential dietary exposure ratio
(10) of any essential element [43]. The United States
Recommended Daily Allowance (USRDA) for Se is
55 pg for the average adult or 0.8 pg/kg/day. The refer-
ence dose for chronic oral exposure (RfD) is defined as
the amount of daily exposure to the human population,
including sensitive subgroups, that is likely to be with-
out an appreciable risk of deleterious effects during a
lifetime [14, 15]. The RfD for Se is 5 pg/kg/day or
340 pg for a 68 kg adult. In the US, the maximum con-
taminant level drinking water standard for Se is 50 pg/
L, and the U.S. Environmental Protection Agency
(USEPA) national ambient water quality chronic crite-
rion for aquatic life protection is 5 pg/L although there
is a current proposal to monitor environmental Se using
concentrations present in fish tissue.

In 1996, horses grazing on private land adjacent to
the Caribou National Forest in southeastern Idaho
were diagnosed with selenosis. Water for the horses
and pasture irrigation had come from Maybe Creek,
which contained Se concentrations in excess of regula-
tory water standards [65]. A phosphate mine overbur-
den dump in Maybe Canyon was the source of the Se
contamination. An assessment completed in the fall of
1997 showed that several of the region’s active and
inactive mine sites contained surface water Se concen-
trations that exceeded cold-water aquatic biota criteria
for the element. Se was coming from waste rock shale
and mudstones associated with the phosphate ore beds.
This sedimentary mudstone rock had been used selec-
tively for land reclamation due to its fertility.

The Smoky Canyon Mine (Fig.1) is an open-pit
operation in the Caribou National Forest in Caribou
County, Idaho, USA approximately 6 miles due west of
Afton, Wyoming. The mine is in a region called the US
Western Phosphate Resource Area (WPRA). During
open-pit phosphate mining operations, the topsoil is
first stripped away and stockpiled for later reclamation
of mined areas. After removing the topsoil, layers of
ore and waste rock are removed from the pit using
explosives and heavy equipment. The ore is trans-
ported via haul trucks to the processing facility while
the waste material is separated and disposed of in a
waste impoundment. Samples of waste rock types from
the WPRA contain an average of 125 mg/kg selenium
with a maximum of 1,500 mg/kg [28, 59]. As this waste
rock shale is crushed, disturbed, and relocated, it
becomes exposed to air and moisture, which subject
them to natural oxidative weathering. This weathering
promotes leaching of selenium by the rain and snow-
melt that infiltrates these impoundments. The leachate
often discharges near the bottom of the impoundment
via a “seep” and enters nearby streams in this lotic
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Fig.1 State of Idaho map with Smoky Canyon Mine site. Local
Phosphoria formation is shown in dark gray and sample locations
are indicated by: UPC Upper Pole Creek, LPC Lower Pole
Creek, INF Infiltration Trench, DS Deep Seep, and LSC Lower
Sage Creek

environment. Removing or immobilizing selenium
from these highly contaminated waste rock seeps is a
priority for mining companies to prevent migration of
Se from the mine site.

WPRA Se source materials have been shown to
include a variety of geochemical types including iron-
selenium compounds such as dzharkenite and Se-substi-
tuted pyrite, zero-valent Se, adsorbed and complexed
selenium oxyanions, in addition to the expected org-
ano-selenium compounds [53]. Selenium is chemically
analogous to sulfur, as they are both Group VI
elements. Like sulfur, Se resides in four oxidation
states. The least mobile reduced forms of Se are sele-
nide, Se(-II), and elemental Se, Se(0); the most mobile
oxidized forms of Se are selenate, Se(VI), and selenite,
Se(IV). Se in the Se(-1I) oxidation state may exist as
metal selenide or organoselenium compound, while
Se(0) can reside in differing allotropic forms [2, 20]. In
environmental samples, any or all of the four Se oxida-
tion states may be present, each with its unique mecha-
nism of retention [37]. The mobility, bioavailability,
and toxicity of Se are controlled by this chemical speci-
ation, therefore it is desirable to determine the concen-
tration of individual Se species in a sample rather than
total Se content. Lipton et al. [31] reported that soluble
selenate and phosphate-extractable selenite composed
less than 10% of the total Se in two soils from their
study area. They found 30-40% of the total Se in these
particular soils was associated as selenide with organic
matter. Fio et al. [17] demonstrated that selenate is
not adsorbed to soil, whereas selenite is rapidly
adsorbed. Adsorbed selenite is resistant to leaching but
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represents a potential long-term source of Se to ground-
water. The concentration and speciation of Se in soil
depends on the dynamics of pH, oxidation-reduction
potential (ORP), solubility, complexing ability of solu-
ble and solid ligands, and reaction kinetics [18, 20, 56].

Soil microbial populations can change any or all of
the soil system dynamics, as well as the oxidation state
of Se, thereby making it difficult to characterize a sys-
tem based solely on abiotic laboratory experimenta-
tion. Microbial studies, used in parallel with traditional
chemical characterization, kinetic analysis, and soil sci-
ence can assist in understanding the environmental
variables controlling Se transformations. This informa-
tion can then be used to develop a stabilization strategy
that includes microbe-mediated reactions.

Elemental Se and selenides, including most organi-
cally bound selenium, are less soluble and are there-
fore less mobile in the environment. They are the
predominant species at low pH, especially in water-
logged soil, rich in organic matter [18]. This finding
would seem to make the goals of bioremediation quite
simple: find organisms that lower the pH and the ORP;
however, soil microbial community diversity and
weathering processes combine to challenge natural and
engineered stabilization strategies.

Microbial organisms are known that reduce soluble
selenate (SeO3~ ) and selenite (SeO3™ ) to insoluble
elemental Se(0) [34] and to Se(-1I) in organic com-
pounds such as dimethylyselenide and selenoamino
acids [32, 60, 69]. Respiratory reduction of selenate to
elemental Se is a mechanism whereby bacteria in sedi-
ments remove Se from overlying waters [48]. For many
organisms the reduction of selenate and selenite is a
toxicity resistance mechanism, though some will actu-
ally use the selenate as an electron acceptor for energy
production [49]. The numbers of selenate-reducing
organisms are higher in Se-contaminated environ-
ments, but they can also be found in environments that
have not experienced Se stress [23].

Elemental Se produced by reduction is thought to be
stable in the environment; however, there has been doc-
umentation of organisms that oxidize reduced forms of
Se including elemental Se [35], selenite [20], and copper
selenide [62]. These oxidations occur at relatively slow
rates when compared to the reduction reactions [61].

The goal of this research was to characterize the
microbial populations present in the Se-impacted envi-
ronment at the Smoky Canyon Mine. Specific objec-
tives were identification of cultivable indigenous Se
reducers, evaluation of various amendments for
enhancing Se reduction rates in soil, and improving
overall resistance to leaching and environmental mobi-
lization.

Materials and methods
Sample sites

The Smoky Canyon Mine site and the associated sam-
ple sites are shown in Fig. 1. The sample sites consist of
the control sites, Lower Sage Creek (LSC) and Upper
Pole Creek (UPC). LSC, located in the southern por-
tion of the mine site, sits downstream of a culvert and
fish ladder that were installed to allow the stream to
flow through the site without coming into contact with
the seleniferous waste impoundments or phosphoria
formation. UPC, a variable-flow mountain steam
located on the west side of the site, is upstream of any
Se contamination. The Lower Pole Creek (LPC) site is
located downstream of UPC after the creek has flowed
beneath a canyon-fill, waste impoundment in a
designed French drain that allowed flow beneath the
mining waste rock impoundment. An infiltration
trench (INF) was installed in the waste rock pile about
75 m before the French drain outflow of Pole Creek at
the toe of the pile. This INF was a field test for large
scale amendment and included a 1.5 m deep trench,
60 m across the almost 2 km-long and 150 m-high Pole
Canyon waste rock dump. During this experiment iron
metal powder (100 um) and cheese whey (5% solids,
pH 5, 230,000 L total) were added periodically for a
one-month period to the excavated trench located
above the Pole Creek outlet. During operation the
infiltration trench lowered the amount of Se in the
Creek from approximately 900 pg/L as selenate to
80 pg/L as selenite, however an increase back to origi-
nal levels occurred within 60 d after amendment dis-
continuation (unpublished data). A sample from the
trench was taken from the surface where past soil
microbial growth was evident though the area had
been partially dried. D-seep (DS) is a waste impound-
ment whose seep flows into nearby Sage Canyon; it was
the location for an on-site subsurface bioreactor trial.
The bioreactor consisted of a subsurface passive biore-
actor/wetland made from a two-chamber, 16,800 L,
polyethylene septic tank filled with cylindrical micro-
bial support bio-rings that were 10 cm in diameter and
10 cm in length. Amendments of iron metal powder,
whey, and compost were added to the first chamber via
surface manholes. The bioreactor reduced an influent
ranging from 250-1,000 pg/L, down to 10 pg/L at flow
rate of 4.2L/min over a period of several months
(unpublished data). Samples were also taken from
ponds and seeps above and below the bioreactor, as
well as within the reactor, to identify the organisms
present and to evaluate changes in microbial popula-
tions due to the bioreactor operation. In addition to
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the site samples, two areas outside of Smoky Canyon
Mine were sampled. These mining-impacted areas
were the Wooley Valley wetland and Maybe Canyon
stream [36]. At Wooley Valley, a wetland has formed
at the base of an overburden dump. It reduces the
influent Se concentration of 520 to 5 pg/L over a dis-
tance of 250 m [57]. Geochemical analysis at this site
shows that the Se is associated with the ferrihydrite.
Samples from this site were taken at the head of a flow-
ing seep. The Maybe Canyon stream samples were
taken from the streambed near a runoff seep. Se-con-
taminated seepage from an overburden dump, with
levels around 1,800 pg/L, runs directly into this stream,
which was the source of contamination for the previ-
ously described livestock selenosis events.

Microcosm experiments

Site soil samples (50 cc) were incubated at 12°C for
8 months in 500 mL beakers with 250 mL overlaying
simulated site water to increase the microbial popula-
tion numbers for molecular genetic analysis. The for-
mulation used for the overlaying water is given in
Table 1. Components were added to 1L deionized
water and autoclaved before addition to microcosms.

Enrichment and isolation of selenium-reducing
organisms

Enrichments were made using anaerobic and aerobic
liquid media. Anaerobic media were prepared using a
modified Hungate technique [27]. Media included trip-
ticase soy broth (TSB), Luria broth (LB), and ATCC
1957 Geobacter medium (1957) [5]. An iron deficiency
variable in organism enrichments was introduced by
adding 10 uM bipyridine to the TSB and LB media
(TSB-P and LB-P, respectively) [10]. Liquid enrich-
ments were incubated at 12 and 37°C. Anaerobic
enrichments were transferred using syringes and

diluted in degassed 1 g/L sodium pyrophosphate solu-
tion. Enrichments were incubated for 1 week at 37°C
and 1 month at 12°C. After incubation, 2 mL of the
enrichments were sampled and centrifuged. The cell
pellet was retained and stored at —15°C for further
analysis. Enrichments that developed the characteristic
red color of Se(0) were used to inoculate solid media,
which were TSB, TSB-P, LB, LB-P, and 1957 media
with added agar. The dilution spread plate method
using 1 g/L sodium pyrophosphate was used to isolate
individual microbial cultures [66].

Soil and sediment samples from the site were also
inoculated directly onto solid media. Prior to plate
inoculation, bacterial cells were separated from soil
particulates by placing 1 g of soil in 4 mL of 1g/LL
sodium pyrophosphate, vortexing, allowing to incubate
for 1 h, vortexing again, allowing to settle for 10 min,
and inoculating spread plates with 0.1 mL of superna-
tant. Solid media used were as described above in addi-
tion to quarter-strength TSA with 6 g/L of 60% sodium
lactate solution (TSAL). Anaerobic isolations were
completed in an anaerobic glove box with degassed
sodium pyrophosphate solution. Plates were incubated
at 12 or 37°C. Anaerobic plates were incubated in
anaerobic jars with hydrogen and carbon dioxide gen-
erator envelopes and palladium catalyst (BD Bio-
sciences, Franklin Lakes, NJ). Plates were incubated
for 1 week at 37°C and 1 month at 12°C or until colo-
nies appeared. To verify that the red coloration of the
colonies indeed resulted from reduced Se, they were
re-streaked on solid media without Se.

DNA extractions

Colonies and enrichments. Cells were lysed using a
modified Triton-X extraction method as described by
Oho et al. [47]. Cell pellets from enrichments and sin-
gle colonies picked from isolation media were boiled in
100 uL. 1% Triton-X-100 for 10 min. Samples were

Table 1 Microcosm overlay water components designed to model environmental conditions

Dseep above Dseep reactor  Dseep below  Dseep Lower pole  Maybe Inlet to

reactor flume reactor catch pond  creek creek wooly wetland
NaF (mg/L) 1.35 1.65 1.44 1.59 2.02 1.68 0.30
CaCl,"2H,0 (mg/L) 56.0 54.0 56.0 122 591 13.9 8.80
KOH (mg/L) 8.03 3.71 3.92 7.50 0.35 1.68 7.32
MgSO,7H,0 (mg/L) 465 495 505 703 416 653 812
NaSeO, (mg/L) 1.38 1.22 0.69 0.42 1.99 4.53 0.49
NaHCOj; (mg/L) 0.00 3940 0.00 1068 384 753 478
CaCOj; (mg/L) 836 962 861 941 545 590 893
NaNO; (mg/L) 9.05 11.2 16.5 10.0 9.05 12.3 39.8
Na,SO, (mg/L) 26.4 24.6 233 78.2 7.58 19.7 25.5
H,SO, (mg/L) 0.29 0.36 0.28 0.48 0.12 0.19 0.30
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then cooled in ice for 10 min and centrifuged at
15,000 rpm for 2 min. Then 1.5 pLL of supernatant was
used for polymerase chain reaction (PCR) amplifica-
tion of 16S rRNA. Triton-X extracts were stored at
—15°C for any further analyses required.

Columns and microcosms. The Se waste rock soils
used in these studies had a high level of kerogenic
hydrocarbons, rendering standard DNA kit extraction
techniques ineffective. A pretreatment step was [20]
developed to remove the pre-petroleum hydrocarbon
based on the method of Schwab et al. [55]. Tests were
done to evaluate the effectiveness and to optimize the
technique [26]. Acetone was selected over other com-
mon petroleum extraction solvents such as NaOH and
chloroform [54] because of its high volatility and solu-
bility in water. The complete removal of the solvent
was important because the effect of the presence of the
other solvents in the sample on DNA extraction
efficiency was unknown. The solubility of solvent in
water was important because the microcosm samples
were not dried prior to treatment. Samples that had
been previously frozen could not be successfully DNA
extracted, most likely because freezing lysed the cells,
leaving the DNA exposed. This DNA was then dam-
aged by the acetone. Acetone extraction was followed
by DNA extraction.

In the final process, 2 g or 2 cc of sample was placed
in a 15 mL disposable centrifuge vial with 10 mL of
acetone. Samples were mixed by rocking them by hand
for 10 min. The vials were then centrifuged at
6,000 rpm for 6 min. Acetone was decanted and sample
was allowed to air dry over night. DNA was extracted
from samples using a soil DNA extraction kit (Qbio-
gene, Carlsbad, CA) followed by an additional clean-
up step using a PCR clean-up kit (MoBio Labs, Solana
Beach, CA).

Polymerase chain reaction (PCR)

PCR was used to amplify 16S rRNA genes of
extracted DNA samples utilizing universal bacterial
primers and fungi-specific primers. The prokaryotic
PCR mixture contained 5 pL. of 10x PCR buffer
(500 mM KCl, 100 mM Tris—HCI [pH 9.0], 1% Triton
X-100), 2.5 uL of 25 mM MgCl,, 2 uL of 10 mM (each)
deoxynucleoside triphosphate, 25 pmol of each
primer, 1.5 pL extracted rRNA, 2 U Taq DNA poly-
merase (Gibco BRL), and up to 50 pL 18-MQ-cm
water. The nucleotide sequences of the primers used
for PCR were 5'-GCT GCC TCC CGT AGG AGT-3’
(Escherichia coli 16S TRNA positions 338 to 355 [3]
(338F)) and 5'-CCG TCA ATT CMT TTR AGT TT-
3’ [Escherichia coli 16S rRNA positions 907 to 926 [29]

(907R)]. A GC-rich 40-mer clamp was attached to
primer 907R for denaturing gradient gel electrophore-
sis (DGGE) analysis with a nucleotide sequence of 5’-
CGC CCG CCG CGC cCC GCG cce @TC cca
CCG CCC CCG CCC G-3' (907R-GC) [41]. The fungi
PCR mixture contained (50 pL) contained each
deoxynucleoside triphosphate at a concentration of
200 uM, 1.5 mM MgCl,, each primer at a concentra-
tion of 0.3 uM, 2.5 U of Taq DNA polymerase (Gibco
BRL), and the PCR buffer supplied with the enzyme
[11]. The nucleotide sequences of the fungi primers
used for PCR were 5'-CTG GTT GAT CCT GCC
AG-3" (Saccharomyces cerevisiae positions 4 to 20
(Euk1A)) and 5'-ACG AGA CTT GCC CTC C-3' (S.
cerevisiae positions 502 to 516 (Euk516R)) [3]. A GC
clamp sequence was attached to primer Euk516R with
a nucleotide sequence of 5'-CGC CCG GGG CGC
GCC CCG GGC GGG GCG GGG GCA CGG GGG
G-3’ [11]. The PCR program for both primer sets
included an initial denaturation at 94°C for 5 min, fol-
lowed by 35 cycles of denaturation at 92°C for 45,
annealing at 55°C for 45 s, and extension at 72°C for
1.5 min. During the last cycle of the program, the
length of the extension step was increased to 7 min.
Denaturation temperatures were reduced from stan-
dard temperatures to lessen the rate of Taq degrada-
tion. Some samples required secondary amplification
to get sufficient product for DGGE analysis. Reampli-
fication was done as described above with 5 pl. ampli-
fication product as template. It was found that soil
extract PCR mixtures required 0.1 mg/mL BSA for
successful amplification.

Denaturing gradient gel electrophoresis (DGGE)

Amplified samples were subjected to DGGE
(DGGE-2001 system, CBS Scientific Company, Del
Mar, CA) with samples of amplified 16S rRNA from
selenate-reducing isolates to evaluate possible isola-
tion and amplification biases and to determine the
relative importance of culturable isolates to the total
microbial population [9, 30]. Electrophoresis was per-
formed with 0.75 mm thick, 6% polyacrylamide gels
(acrylamide to bisacrylamide ratio, 37.5:1) containing
40-80% denaturant for prokaryote amplification
product and 30-50% for fungi amplification product,
where 100% concentration is defined as 7 M urea and
40% deionized formamide. Gels were submerged in
1x TAE buffer (40 mM Tris, 40 mM acetic acid,
1 mM EDTA; pH 7.4) at 60°C. Twenty-pL samples of
PCR product were applied to individual lanes in the
gel. The electrophoresis conditions were 60°C and
85V for 18.5 h.
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DGGE band sampling

DGGE bands were excised, resuspended in 10 pL of
18 MQ-cm water and stored at 4°C overnight [52]. The
supernatant was then used for PCR reamplification.
Some samples required secondary amplification in
order to obtain sufficient product for sequencing.
Reamplification procedures were as previously
described with 5 pL amplification product as template.
The reamplified band sample was run on DGGE to
verify purity, and the reamplified PCR product was
used for 16S rRNA gene sequencing.

16S rRNA sequencing

Amplified 16S rRNA genes from isolates and band
samples were cleaned using a PCR clean-up kit
(MoBio Labs, Solana Beach, CA). The sequencing
reaction mixture consisted of 5 pLL cleaned PCR prod-
uct, 1 pL 12.5 mM 907R primer, and 4 pL BigDye Ter-
minator v3.0 Cycle Sequencing Ready Reaction
(Applied BioSystems, Foster City, CA). The thermo-
cycler sequencing program consisted of an initial dena-
turation step at 9°C for 5 min, followed by 25 cycles of
denaturation at 9°C for 30 s, annealing at 50°C for 30 s,
and extension at 55°C for 4 min. Sequenced samples
were cleaned using gel filtration cartridges (Edge Bio-
Systems, Gaithersburg, MD) and desiccated in a DNA
speed-vac (Savant, Farmingdale, NY). Samples were
sequenced by the Laboratory for Biotechnology and
Bioanalysis (Washington State University, Pullman,
WA) using a 3100 Genetic Analysis System (Applied
BioSystems, Foster City, CA). The sequences obtained
were compared with public DNA database sequences
by using the Basic Local Alignment Search Tool
(BLAST®) [44]. All identifications scored at least a
98% match on the database.

Packed columns

Packed column studies were run with mixed selenifer-
ous footwall mud and center waste shale (seleniferous
waste) from the Smoky Canyon Mine. The seleniferous
waste was dried, sieved using a No. 8, <2,380 pum sieve,
and thoroughly homogenized prior to use. Characteris-
tics of the resulting mixture are listed in Table 2 as ana-
lyzed by the Analytical Sciences Laboratory (University
of Idaho, Moscow, ID).

Columns consisted of glass tubes 50 cm in height and
5 cm in diameter. They were constructed with six ports
along the length of the column 7 cm apart. Eight test
columns that contained the following amendment com-
binations were examined: no amendment control (C),
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Table 2 Seleniferous waste characterization

Analysis Value

pH 7
Phosphorus 26 pglg
Potassium 58 nglg
NO3 15 pglg
NH; 1.9 pg/g
Organic matter 5%

SOy S 75 nglg
Boron Below detection
Carbon 12%
Nitrogen 0.64%
Sulfur 2.9%
Selenium 30 pg/g
Cation exchange capacity 23 cmol*/kg
Pore volume ratio 0.28

compost (Cp), whey (W), compost and whey (CW),
iron (I), iron and compost (IC), iron and whey (IW),
and iron, compost, and whey (ICW). The columns
were filled with 1,080 cc of seleniferous waste and
amendments of 300 mL whey (Table 3), 100 g cast iron
aggregate 8/50 mesh (Peerless Metal, Detroit, MI),
and/or 300 cc compost (Table 4). Column components
were placed in a 2 L beaker with 200 or 500 mL 18 MQ-
cm water in columns with or without whey respectively
and mixed prior to column packing. Columns were
packed by dropping 100 cc of mixed sample into the
columns until all sample was added. A 10 cc sample of
each column mixture was taken and analyzed for time-
zero Se, pH, and Eh. Columns were incubated at 12°C
for 1 month.

Packed column pH and Eh measurements

Eh and pH measurements were taken with micro-ORP
(Ag/AgCl reference) and pH probes through the col-
umn ports (Microelectrodes Inc., Bedford, NH) using a
portable pH/mV meter (Thermo Orion, Beverly, MA).
All pH measurements were taken in triplicate and
ORP measurements were taken in pentuplicate. ORP
values were corrected to yield Eh.

Table 3 Composition of amendment whey

Analysis Mass per 100 g
Acetic acid 74 mg

Citric acid 108 mg

Malic acid ND
Pyroglutamic acid 10 mg

Succinic acid 161 mg

Lactic acid 3800 mg
Lactose 285 mg

Fat 0.16%

Protein 2.41%
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Table 4 Composition of compost amendment

Analysis Value

pH 5.8

Phosphorus 140 pg/g
Potassium 4700 pglg

NO3 Below detection
NH; 6.9 ng/g
Organic matter 32%

Sulfate 50 pgl/g

Boron 3.7 nglg

Packed column sampling

Column sampling consisted of sliding the soil cores out
of the columns and sampling the soil along the length
of the column for DNA extraction, sequential extrac-
tion of Se, and for flow-through column experiments.
Column samples were allowed to air dry and then
crushed with a mortar and pestle prior to analysis.

Sequential extractions

A modified version of the sequential extraction proce-
dure of Martens and Suarez [37] was used to determine
species of soluble Se, species of Se adsorbed to the soil,
Se associated with organics, and zero-valent Se. Sequen-
tial extraction was accomplished in four steps followed
by a three-part speciation procedure. Two grams of sam-
ple were added to a disposable 15 mL centrifuge tube
and mixed with 2 g washed sea sand (Fisher Scientific,
Pittsburgh, PA). All sequential extraction samples were
run in triplicate. Two blanks were run, each consisting of
4 g of washed sea sand. The first step of the procedure
was a water extraction in which 10 mL of 18 MQ cm
water was added to the prepared sample, which was
capped and shaken at 130 oscillations/min for 2h at
room temperature. After shaking, the tube was centri-
fuged at 3,000rpm for Smin and the supernatant
decanted. The second step was a phosphate extraction in
which 10 mL of 0.1 M (pH 7.0) K,HPO,-KH,PO, was
added to the pellet, which was then capped and shaken
for 2 h at room temperature. The sample was again cen-
trifuged and the supernatant decanted. The third step
was a persulfate oxidation in which 10mL of
0.1 M K,S,0¢ was added to the pellet, which was then
capped and shaken for 2 h at 90°C and then centrifuged
and decanted. The final extraction step was a nitric acid
oxidation that consisted of addition of 1 mL. 17 M nitric
acid to the pellet, which was capped and heated to 90°C
for 30 min. The samples were then removed from the
heat, and cooled on ice; then 9 mL of 18 MQ-cm water
was added. The mixture was heated at 90°C for an addi-
tional 1.5 h then centrifuged and decanted.

Three 1 mL aliquots were removed from the water
and phosphate extraction samples. The first was treated
with 9 mL 50% v/v HCI and analyzed for selenite. The
second was treated with 9 mL 50% v/v HCI followed by
heating at 90°C for 30 min. Analysis of this second
treatment measured the total selenite and selenate in
the sample and thus selenate by difference. The third
was treated with 1 mL of 0.1 M K,S,04 and heated at
90°C for 30 min followed by dilution with 9 mL 50% v/v
HCl and additional heating at 90°C for 30 min. Se speci-
ation was done on one set of the water and phosphate
extraction samples to verify that there were no interfer-
ences in the analysis of total Se due to organics [15]. No
interference was indicated because the final step in spe-
ciation resulted in the highest concentration of the three
speciation steps. All later samples were analyzed using
the final step in the speciation procedure (K,S,04 and
HCI) as an analysis of total soluble Se.

Flow-through column experiment

Two grams of column sample was added to a disposable
15 mL centrifuge tube and mixed with 2 g of washed sea
sand. This sample was placed in a 10 mL syringe plugged
with cotton. The syringe was lowered into a 50 mL dis-
posable vial for sample collection. Five pore volumes
(10 mL) of 18 MQ-cm water were added and collected
every other day for 18 d. Columns were stored at 12°C
during tests. All flow-through columns were run in tripli-
cate. Two blank columns were run and consisted of 4 g
of washed sea sand. Samples were collected, filtered by
0.45 pm syringe filter, and analyzed for total Se.

Selenium analysis

Sequential extraction and flow-through column sam-
ples were analyzed for Se content by flow-injection
hydride generation atomic adsorption spectrophotom-
etry [4, 70] using a Millennium Excalibur Atomic Fluo-
rescence System (AFS) (PS Analytical, Orrington,
Kent, UK) and the standard procedure for analysis of
Se in water [50]. Additional total digested Se analysis
by the University of Idaho Analytical Sciences Labora-
tory used the method of Tracy and Moller [63].

Results and discussion

Enrichment and isolation of selenium-reducing
organisms

The purpose of the enrichment and isolation work was
to qualitatively determine what Se-reducing organisms
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were present at the site and how Se contamination
impacted microbial populations in affected areas. We
found 27 organisms that were capable of selenate
reduction through enrichment followed by isolation on
agar and formation of distinctly red monoclinic Se(0)
(Table 5). Many of these organisms have been identi-
fied previously [39] [58]; however, 16 of the organisms
we observed are newly identified as Se reducers.

These newly documented selenate-reducing organ-
isms include Aeromonas salmonicida (Aeromonas
hydrophilia was previously identified by Knight and
Blakemore [25]). We also found Bacteroides forsythus,
Carnobacteriaceae family member Trichococcus paste-
urii, and Comamonadaceae family members Aquaspir-
illum delicatum and Rhodoferax fermentans. In the
Enterobacteriaceae family, we documented Acetobac-
terium malicum, Enterbacter amnigenus, Klebsiella
pheumoniae, Morganella morganii, Rahnella sp., Serra-
tia fonticola, and Yersinia intermedia (many other
Enterobacteriaceae family organisms have been identi-
fied as selenate-reducing [21, 22, 64]). We also identi-
fied  Dendrosporobacter  quercicolus (another
Peptococcaceae family member Desulfitobacterium
was previously reported by Stolz [58]) as a Se reducer).
Pseudomonas putida was observed as a Se reducer in
this work along with Pseudomonas stutzeri and fluores-

cens, two organisms that were previously identified by
Lortie [33] and Ike [23] respectively. Rhizobiaceae
family member Agrobacterium tumefaciens, Rhodo-
cyclaceae family members Propionivibrio limicola and
Rhodocyclus tenuis, and Sanguibacteraceae family
member Sanguibacter sp. showed Se reduction capabil-
ity. Our observations demonstrate that these organ-
isms can reduce selenate under laboratory conditions;
however, their ability to carry out this transformation
in environmental or enrichment conditions remains in
question.

The family Enterobacteriaceae was found in signifi-
cant numbers in selenate-reducing isolates from the
site in areas that had been exposed to high Se levels. In
particular, the isolate Serratia fonticola was isolated
and identified repeatedly in all three Smoky Canyon
Mine site samples. The bioreactor microbial consor-
tium was much more diverse, this is most likely due to
whey and compost amendments from off-site sources.

We observed a plume of red forming in the solid
media beneath many of the enterobacter colonies, an
observation not previously reported. It appears that a
compound excreted by the microbes reduced the sele-
nate. It has been reported that cell-free extracts of
Pichia guillermondii and Micrococcus sp. can reduce
selenite but not selenate to zero-valent selenium [8].

Table 5 Selenate-reducing organisms identified by isolation on solid media

Sample site

Organism

D-Seep

Aeromonadaceae Aeromonas salmonicida (TSAL)

Bacteriodaceae Bacteroidales sp. (TSAL)
Enterobacteriaceae Escherichia coli (TSB)
Enterobacteriaceae Klebsiella pneumoniae (TSAL)
Enterobacteriaceae Morganella morganii (TSAL)
Enterobacteriaceae Serratia fonticola (TSAL)
Enterobacteriaceae Yersinia intermedia (TSAL)
Oxalobacteraceae Oxalobacter formigenes (TSAL)

D-Seep reactor

Bacteriodaceae Bacteroides forsythus (TSAL)

Carnobacteriaceae Trichococcus pasteurii (1957)
Comamonadaceae Rhodoferax fermentans (1957)
Comamonadaceae Aquaspirillum delicatum (1957)
Enterobacteriaceae Enterobacter amnigenus (TSAL)
Enterobacteriaceae Rahnella sp (TSB)
Enterobacteriaceae Serratia fonticola (TSAL, 1957, LB)
Eubacteriaceae Acetobacterium malicum (1957)
Peptococcaceae Dendrosporobacter (Clostridium) quercicolus (TSAL)
Pseudomonadaceae Pseudomonas putida (TSAL)
Rhizobium Agrobacterium tumefaciens (1957)
Rhodocyclaceae Propionivibrio limicola (1957)
Rhodocyclus Rhodocyclus tenuis (1957)
Sanguibacteraceae Sanguibacter sp. (TSAL)

Infiltration trench

Enterobacteriaceae Escherichia coli (TSB)

Enterobacteriaceae Morganella morganii (1957)
Enterobacteriaceae Serratia fonticola (TSAL)
Pseudomonadaceae Pseudomonas putida (TSAL)

Wooley valley wetland

Comamonadaceae Comamonas testosteroni (1957)

1957 Geobacter media with agar, LB Luria Broth with agar, TSAL 1/4TSA with lactose, 7SB TSB with agar
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What we observed may be a sequential reduction in
which the selenate is reduced to selenite via intracellu-
lar mechanisms and then excreted into the media,
where it is then reduced by an extracellular compound
similar to those found by Bautista and Alexander [8].
Alternatively, the factor may be an undocumented
reducing compound. Lyophylized filtered samples of
the liquid culture supernatant were incapable of sele-
nate reduction, but this reducing compound may be
oxygen sensitive. More characterization work is
required before any conclusive statements can be made
concerning this phenomenon.

An interesting finding was that no selenate reducers
were found in non-contaminated (UPC) or control
(LSC) areas. Also many selenate resistant organisms
were present that we did not identify. Two resistant
non-selenate reducing organisms from the UPC site
were an Aeromonadaceae Aeromonas salmonicida and
an Enterobacteriaceae Yersinia intermedia, both of
which were identified as selenate reducers from the DS
samples.

The characteristic red color of zero-valent Se was
used as the only indicator of macroscopic selenate
reduction and precipitation in these isolations. Sele-
nium K-edge energies based on maximum of first
derivative of XANES spectra for this microbially pro-
duced monoclinic red Se(0), 12,568.0 eV, were found
to be the same as orthorhombic Se(0) [53]. The con-
centration of Se was not measured in the enrichment
media. This may have caused us to miss enrichments
that were reducing selenate to a lesser extent, or
enrichments that formed reduced Se species other than
the red Se(0). The goal of identifying highly active
organisms in the consortia is well accomplished by this
qualitative selection technique.

Denaturing gradient gel electrophoresis (DGGE)

The DGGE analysis of the enrichments is shown in
Fig. 2 and the organisms identified by band amplifica-
tion are shown in Table 6. In Fig. 2, enrichment sam-
ples are separated by media type. This was done to
verify that there was no selection dominating the
microbial populations due to media type. From these
gels it is clear that the media were not selecting for spe-
cific organisms as evidenced by a scattered pattern of
bands on the gels except in those lanes that were from
the same sample site. Thus, the organisms enriched
from the samples around the site can be compared in
this figure. In general, the samples from UPC did not
have as many Se-resistant organisms present as com-
pared to the locations that had Se impact. This indi-
cates that the mechanisms utilized by the organisms for
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Fig. 2 Enrichment DGGE analysis by media type. Shown: trypti-
case soy broth with bipyridyl. Not shown: Luria Broth, Luria
Broth with Bipyradil, and Trypticase Soy Broth. [DS D-Seep,
LPC Lower Pole Creek, INF Infiltration Trench, UPC Upper
Pole Creek, LSC Lower Sage Creek; O Oxic, A Anoxic, R sele-
nate reduction; a Aeromonas hydrophila, b Serratia fonticola, ¢
Citrobacter werkmanii, d Bacillus subtilis, e Klebsiella ornithinol-
ytica, f Aeromonas salmonicida |

Se resistance probably require energy and organisms
selected for this trait do not persist at sites with back-
ground levels of Se. Enrichments of LSC showed a
diverse microbial population resistant to Se possible
due to relatively lower concentrations of Se present in
this stream relative to other sample sites. The INF sam-
ples did not amplify in any of the anaerobic cultures, a
result that may be due to the over-abundance of aer-
obes in the highly amended trench that was completely
dry at the time of sampling. None of the enrichments
from LSC or UPC reduced selenate to red Se(0).

The same enrichment samples shown in Fig.2 are
reorganized in Fig. 3 based on sample site. This figure
shows a consistent band patterning for all media types.
The enrichments that turned red due to selenate reduc-
tion to zero-valent Se were difficult to amplify due to
Se precipitate in the samples. Only a few of the enrich-
ments that contained the red color were successfully
amplified, and in those samples amplification was
weak. The red enrichments that did successfully
amplify, Figure3 lanes 7 and 9, can be used for
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Table 6 Organisms identified by band amplification

Sample site Organism

Upper pole
creek

Aeromonadaceae Aeromonas hydrophila
Bacillaceae Exiguobacterium acetylicum
Bacillaceae Exiguobacterium antarcticum
Bacillaceae Exiguobacterium undae
Enterobacteriaceae Raoultella (Klebsiella)
ornithinolytica
Enterobacteriaceae Citrobacter werkmanii
Enterobacteriaceae Raoultella (Klebsiella)
ornithinolytica
Aeromonadaceae Aeromonas salmonicida
Bacillaceae Bacillus subtilis
Enterobacteriaceae Serratia fonticola
Enterobacteriaceae Escherichia coli CFT073
Paenibacillaceae Brevibacillus sp.
Aeromonadaceae Aeromonas hydrophila
Aeromonadaceae Aeromonas salmonicida
Bacillaceae Exiguobacterium undae
Bacillaceae Bacillus weihenstephanensis
Enterobacteriaceae Raoultella (Klebsiella)
ornithinolytica
Enterobacteriaceae Serratia fonticola

Infiltration
trench

Lower pole
creek

D-Seep

Lower sage
creek

e LBEE ¥
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“4.LO
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9. TP OR
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Fig. 3 Enrichment DGGE analysis by site location. Shown: DS
D-Seep. Not shown: Lower Pole Creek, Infiltration Trench, Up-
per Pole Creek, and Lower Sage Creek. [O Oxic, A Anoxic, R sel-
enate reduction, L Luria broth, T TSB, P bipyridyl; a
Brevibacillus sp., b Serratia fonticola, c Escherichia coli, d Bacillus
subtilis, e Aeromonas salmonicidal

comparison with the samples that did not turn red. This
approach yields Se-reducing organisms that were
active in precipitation of red Se. The Se-reducing

@ Springer

organisms identified using these methods were the
Enterobacteriaceae: Escherichia coli and Serratia fonti-
cola. This finding is consistent with the high number of
selenate reducers from the family Enterobacteriaceae
found by isolation. Thus, results based on culturable
isolates correlate well with those based on the DGGE
characterization of non-culturable organisms. The
results also show that organisms capable of selenate
reduction under specialized isolated conditions many
times do not carry out that function in enrichment or
consortia conditions. We have not summarily shown
that these organisms do not reduce selenate under
environmental conditions.

Microcosm and packed column population studies

The purpose of the microcosm studies was to increase
microbial numbers so that sufficient DNA was avail-
able for extraction and amplification. Analysis of the
microcosms was used to compare microbial communi-
ties within the mine site, in other mine sites in the
region, and in the laboratory column experiments.
DNA was successfully extracted from all samples; how-
ever, amplification of the samples was not as successful.
Despite the confirmation that DNA was present in the
extracts, amplification was inhibited most likely due to
the continued presence of humics or another interfer-
ing compound.

The samples that did amplify were the CW column
at port 4 (CW4), Wooley Valley Wetland (WVW), and
DS samples from above the bioreactor (ABR), the bio-
reactor outlet flume (BRF), and below the bioreactor
(BBR). The DGGE analysis of these samples is shown
in Fig. 4. The eukaryotic primer set amplified the DNA
extracts very well as compared to the weak amplifica-
tion of the prokaryotic primers that produced only
faint bands in the WVW, DSABR, and DSBBR sam-
ples. A comparison of the CW4 sample to the other
samples indicated that the predominant organisms in
the CW4 sample were different from the microcosm
samples. The WVW sample produced some bands that
were similar to the DS samples on the eukaryotic gel
but also some that were different. The DS samples
changed from above the bioreactor (lane 3), to the bio-
reactor flume (lane 4), and ending with the bioreactor
outlet stream (lane 5). This was expected, as iron, com-
post, and whey were added to the reactor. This should
obviously shift the populations downstream of the
reactor. It is interesting that the CW4 sample produced
such different bands when compared to the DS sam-
ples. This indicates the effects of processing the sam-
ples in the laboratory, such as drying, mixing, and
addition of amendments. The whey amendment added
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Fig. 4 DGGE analysis of Microcosm and Column DNA extrac-
tions a Bacteria amplified by 338F/907R-GC primer set, b Fungi
amplified by Euk1A/Euk516R-GC primer set. [CW4 Compost
Whey Column port 4, WVW Wooley Valley Wetland, DS D-Seep,
ABR Above Bioreactor, BRF Bioreactor Outlet Flume, BBR
Below Bioreactor]

‘

Fungi

to the columns was the same as that added to the reac-
tor except that the whey had been stored at 4°C for
1 month prior to use. Different compost products were
added to the field reactor and the laboratory columns.
It is expected that the primary source of community
difference is the processing of the seleniferous waste, a
process that involved drying, crushing, and mixing.
These laboratory manipulations could have significant
consequences as the possible anaerobic microsites in
the soil would be exposed to air with the significant
possibility of inoculation by soil grinding equipment.
However, some of the organisms shown in the eukary-
otic gel lanes 1 and 5 are similar. This similarity may be
indicative of the ubiquitous nature of microbes and the

Table 7 Packed column time-zero measurements

selectivity imposed by carbon source. None of the
organisms was successfully identified.

Packed column measurements

Time-zero measurements of the seleniferous waste
with amendments are shown in Table 7. The pH pro-
files of the samples were: CW =~ ICW <W <IW < Cp
<IC < C <1, indicating that the whey amendment was
the most significant factor affecting pH at time zero.
The presence of iron increased the pH but not suffi-
ciently to counteract the whey influence. The Eh pro-
files of the time-zero samples were: IC << ICW = IW
<I<W=CW < C= Cp, indicating that as expected,
the iron metal amendment reduced the Eh of the pore
water. The soluble Se concentrations in the time-zero
samples were: [=IC<CW <Cp =W=IW <ICW
< C. This indicates that the iron compounds and
reductive chemistry resulting from the spontaneous
reaction of iron metal and water was reacting with the
soil Se abiotically. Seleniferous waste was dried to
ensure consistent components in each of the columns;
however, drying of the sediments can significantly
increase the amount of extractable Se [1]. The range of
soluble selenium, 1.6 to 1.8 mg/L, is comparable to the
higher levels found at DS during field monitoring.

The column pH and Eh measurements after
1 month of incubation at 12°C are shown in Fig. 5. The
pH profile series for the columns was: W = CW << Cp
<C<IW <ICW <IC«<I. During the first week of
incubation, the ICW and the CW columns generated
large amounts of gas that displaced the seleniferous
waste in the column, indicating the presence of gas-
forming fermentative organisms. The IW and IC col-
umns also produced gas but to a lesser extent. Fermen-
tative organisms are indicated by the presence of acid.
The circum-neutral pH profiles of the columns would
seem to contradict the assumption that fermentative
organisms were active, however iron chemistry may
help explain the discrepancy. The presence of signifi-
cant biologically generated acidity in the system would
corrode the iron granules creating abundant iron salts
and residual iron compounds. This may in turn auto-
catalytically decrease pH in the system through water
hydrolysis and formation of iron hydroxide compounds

C Cp W CwW 1 IC Iw ICW
pH 73 £0.12 6.8 £0.16 6.5 + 0.04 6.3 +£0.03 74 £0.14 7.1+£0.11 6.6 + 0.04 6.3 +£0.10
Eh (mV) 418 £17 429 £+ 40 334+ 4 345 + 24 309 £ 24 69 £ 32 262 +42 243 + 14
Se (ng/L) 1,830 1,610 1,610 1,560 1,170 1,170 1,610 1,670

Eh and pH measurements were taken in soil water and Se measurements from filtered supernatant
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Fig. 5 Column profiles of pH and Eh (mV) after 1 month incubation at 12°C

such as ferrihydrite; natural buffering by the soil matrix
in the column could diminish this chemical process sig-
nificantly. The waste rock soils from the WPRA con-
tain dolomitic limestone.

The Eh profile series of the columns was: IW
~I=ICW <IC<CW <W<Cp =C. The lowest
ORP was present in the iron metal modified IW, I, and
ICW columns. The W, IC, and Cp columns demon-
strated Eh decreases relative to the control but to a
lesser extent than IW, I, and ICW. The maximum
decrease in Eh from the control column exceeded
750 mV for the iron-whey column. The measurements
along the length of the columns were all within one
standard deviation of one another.

Sequential extractions

Data from the sequential extractions is shown in Fig. 6.
The profiles of the water extractions, which remove
primarily selenate were: ICW =IC=IW <I<Cp
< CW < C < W. The profiles of the phosphate extrac-
tions, which remove primarily selenite, were: ICW
~IW =IC<CW <I<Cp <C. Selenite concentra-
tions in the W column did not appear to correlate well,
as it had the highest concentration near the top of the
column and one of the lowest of all test columns for the
middle and bottom sample. The profiles of the persul-
fate extractions, which remove primarily selenide,
were: ICW = I~IC<CW <IW <Cp <C<W. The
profiles of the nitric acid extractions, which remove pri-
marily zero-valent Se, were: ICW =I=IW
<IC<W<C<CW <Cp.

@ Springer

When comparing extractable soil Se to a total soil Se
analysis using a vigorous, nitric-sulfuric-perchloric acid
digestion in the method of Tracy and Moller [63], Se
was not completely recovered. This is expected
because sequential extraction determines a model solu-
tion extractable Se from the soil matrix and the diges-
tion procedure quantifies all Se but the most
recalcitrant geochemical inclusions in the soil matrix
such as silicates. The ICW column was the lowest in
extracted Se of all the column samples. Work done to
evaluate extraction efficiency showed that this tech-
nique had 55% recoveries in seleniferous waste sam-
ples and 77% recoveries in spiked seleniferous waste
samples compared to digested samples [26]. Thus, this
procedure should only be used as a comparative tech-
nique for extractable Se rather than for total Se quanti-
fication by sum of the extracted masses. Our work did
not directly evaluate the effects of the presence of iron,
which is the variable with the most influence in this
protocol. Jackson and Miller [24] found that phosphate
buffer five times the concentration used in this protocol
was required to recover 70% of selenate and selenite
from iron-containing solutions. Iron metal amend-
ments to soil will undoubtedly limit application of
sequential extraction models of Se via formation of
insoluble iron phosphates (vivianite) in phosphate
extractions or direct acid consumption by oxidizable
iron metal in nitric acid extractions. However, we
anticipate that the relative stability indicated by lack of
reactivity by model extractants is precisely the desired
quality sought in an environmental stabilization tech-
nique.
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Fig. 6 Sequential Se extractions of seleniferous waste rock column samples. Graphs show the amount of Se extracted in pg/g of sample
as a function of column port with 1 corresponding to the top port and 6 to the bottom port

The evaluation of the columns that did not have the
iron amendment indicates that the highest level of mobi-
lized selenate occurred in the W column, which actually
increased the amount of selenate over the C column,
probably due to the acidity (pH = 5) of the whey amend-
ment solution. The highest level of selenite was detected
in the C column followed by the Cp and CW column,
while the lowest concentration of selenite was present in
the W column. The highest level of selenide was present
in the W column followed by the C, Cp, and CW col-
umns. Many of the selenide concentrations, except the
CW, fell within one standard deviation of one another
indicating that levels of selenide were fairly consistent
among the columns without the iron amendment. The
levels of zero-valent Se were all within one standard
deviation for the columns without the iron amendments.
Interestingly, the amount of zero-valent Se decreased
from the control for all but the Cp column.

The most significant information from this column
experiment is in the comparison of the CW column to
the C column. As stated earlier the compost whey col-
umn had significant growth. Based on the phosphate,

persulfate, and nitric acid extractions, it appears that
the Se was in fact reduced to or maintained as Se(0). It
is confusing, however, that the control had a similar
amount removed in the nitric extraction step; this is
perhaps due to reaction of the native soil components,
organic and inorganic, in this system. We hypothesize
that the Se in the other columns was reduced to sele-
nite and/or selenide, which then bound to the iron salts
and compounds produced by the corroding iron metal.
This is the most significant finding in this work, as the
iron-bound Se in the iron metal modified soil columns
could not be removed even with the nitric acid solution
extraction in the highly regarded sequential extraction
method of Martens and Suarez [37].

Flow-through column experiment

More important than the reductive sequestration of Se
in soil is whether the Se will be reoxidized and resolu-
bilized when weathered and exposed to infiltration
waters. To that end an infiltration column experiment
was conducted. The data from the flow-through
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column experiments is shown in Fig. 7. These figures = The columns in order of mass of Se extracted were: ICW
show the amount of Se extracted from the waste rock <IW <IC<I=CW <C<Cp <W. The amount of
shale in pg Se/g sample as a function of pore volumes.  Se extracted was higher in the Cp and W columns than
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Fig. 7 Flow-through column experiment of seleniferous waste The blank line, which represents the flow-through of 4 g of
rock columns (error bars = 1 SD). Individual lines on the graphs washed sea sand, is the same line for all graphs and is a control
correspond to ports along the length of the columns, 2 — top por- that represents the cumulative error in the AFS Se analysis

tion of the column, 4 — middle portion, and 6 — bottom portion.
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Fig. 8 Soil Se cycle where nutrient and iron amendment assists
reductive mineralization and complexation. Reaction numbers as
described in text

that extracted from the C column. The ICW column
had the least amount of Se extracted, followed by the
IW and IC columns. The data from the CW and I col-
umns were very similar to one another and within one
standard deviation of the control columns.

The column data, when combined with results from
the sequential extractions, supports the hypothesis that
oxidized Se can be reduced to an oxidation state, as
Se(IV) or Se(-II), that then strongly binds to iron salts
or compounds in the amended soil. The data suggest
that iron is an important component for soil Se stabil-
ization, as soils with bound selenite tend to have slow
desorption of Se during water infiltration [16]. The data
also indicate that microbial populations are very impor-
tant in this transformation as demonstrated in compar-
ing the iron amendment column results. There have
been reports of green rust independently reducing sele-
nate [42, 51]. If this were the only factor in reduction
and binding of the Se, then the extracted Se would be
consistent in all of the columns containing iron.

We observed in this system that addition of iron
metal to the system essentially removed microbially or
otherwise reduced Se from the biogeochemical cycle,

thus reducing potential for mobilization. The soil cycle
of Se described in this paper is shown schematically in
Fig. 8. The microbial reduction of selenate [Se(VI)] to
selenite [Se(IV)], Se(0), and selenide [Se(-II)] indicated
by reaction steps 1-3 has been discussed previously [19,
53, 68]. However, these reduced forms can be reoxi-
dized by microbial populations (reaction 5 [12]) or by
infiltration waters (reactions 4 and 6 [67]). Selenite has
been found to bind to soil but can also be removed by
infiltration waters [13, 17, 45, 46]. Iron-bound Se is a rel-
atively stable compound [7, 13, 24, 40, 53]. Iron-bound
Se can be remobilized but only under highly oxidizing
conditions [38] and in solutions with a high concentra-
tion of competing ions such as phosphate [24].

Conclusions

Iron-selenide and iron-selenite compounds are resis-
tant to leaching by infiltration waters and thus coupling
organic amendment and iron metal may be a preferred
treatment technology for longer-term stabilization of
Se in contaminated soil environments, especially in
environments that are not exposed to surface weather-
ing. Laboratory enrichments indicated that bacteria of
the family Enterobacteriaceae were significant selenate
reducers in the microbial populations of Se-contami-
nated sites. This work supports an approach for reme-
diation of Se-impacted soils using accelerated
microbial reduction via nutrient amendment in concert
with an iron amendment to enhance more stable min-
eralization. Iron metal amendments enhance reducing
conditions for support of anaerobic and facultative
anaerobic organisms and provide a source of iron salts
and iron compounds available for reaction with Se(IV)
and Se(-II). The enhanced stabilization of Se in soils
thus may require combining a microbial remediation
step with an abiotic immobilization step to form a sele-
nite or selenide mineralization cation such as ferrous or
ferric iron. The optimum stabilization of Se was seen
with acidic whey where selenate reduction was occur-
ring in a lower pH environment that assists in minimiz-
ing passivation of the iron metal surface.
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