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Abstract
Background and Aims Selenium accumulation in vege-
tation has resulted in toxicity in livestock grazing on
phosphate mine soils in Southeastern Idaho.
Methods Plant and soil samples were collected from
sites located near phosphate mines. Soil physicochemi-
cal properties, Se speciation, and Se distribution from a
sequential extraction procedure (SEP) were examined in
relation to bioavailability in the Se-hyperaccumulator,
western aster (Symphyotrichum ascendens Lindl.).
Selenium-hyperaccumulators are plants that can absorb
over 1000 mg Se kg−1DM (Dry Matter).

Results Chemical analyses revealed that western aster
contained Se exceeding 6000 mg kg−1DM. Soil speciation
results indicated that selenite (SeO3

2−) was dominant with
lower levels of selenate (SeO4

2−) present. This was ex-
panded using an SEP that accounted for six fractions.
Regression analyses indicated a strong relationship for
western aster Se and the water-soluble and phosphate-
extractable SEP fractions combined (R2 = 0.85). Once
carbonate, amorphous Fe-oxide, organic, and residual Se
fractions were factored into the analysis, the relationship
decreased. A strong relationship between selenate and the
water-soluble Se fraction was also observed (R2 = 0.83).
Conclusions Soluble and phosphate-extractable Se
were determined to be Bbioavailable fractions^ for west-
ern aster. Thus, simple water extractions can be used for
quick assessment of Se bioavailability and provide a
means to identify potentially hazardous areas locations.

Keywords Selenium . Bioavailability . Phosphatemine
soils . Sequential extraction procedure

Introduction

Selenium (Se) is a trace element, with levels in natural
soils ranging from 0.01 to 2.0 mg Se kg−1 (Shacklette and
Boerngen 1984). Elevated levels of Se can result from a
variety of anthropogenic processes, such as those associ-
ated with phosphate mining in southeast Idaho, where it is
not uncommon to find soil Se levels much higher than
normal background levels (McNeal and Balistrieri 1989).
To date, there have been hundreds of reported grazing
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deaths due to livestock ingestion of plants growing on
these contaminated soils (Buck and Jones 2002; Davis
et al. 2012; Edmonson et al. 1993; Fessler et al. 2003).
Western aster (Symphyotrichum ascendens Lindl.) is the
plant responsible for the vast majority of these deaths in
SE Idaho, with toxicity linked to its Se content (Pfister
et al. 2013). Pfister et al. (2013) reported western aster
tissues reaching levels as high as 4455 mg Se kg−1DM,
while western aster collected from mine wastes have
tested as high as 13,000 mg Se kg−1DM (Davis et al.
2011).Western aster is considered a Se-hyperaccumulator.
Hyperaccumulator plants are defined as plants that uptake
over 1000 mg Se kg−1 DM (Dry Matter) in above-ground
biomass (White 2016). Deaths from grazing on this plant
have occurred on previously reclaimed land, where Se-
laden shale overburden was used as a replacement for
topsoil prior to 1996 (Buck and Jones 2002; Davis et al.
2011). Mine reclamation is a process used to stabilize
locations that have been disturbed and establish produc-
tive vegetation (Richards et al. 1998). During this time,
environmental impact assessments did not identify Se
levels as a concern in overburden materials. However,
land reclaimed after 1996 used the original salvaged top-
soil as the topsoil medium (Buck and Jones 2002). This
change in practice was established in accordance with the
Bureau of LandManagement (BLM), a federal land hold-
ing agency, and the Clean Water Act (CWA), which
regulates pollutant standards in waters of the US, in
1996 (Blanchard et al. 2002). In the Blackfoot River
(ID, USA), Se levels have exceeded acute (0.02 mg L−1)
and chronic (0.005 mg L−1) aquatic life criteria for the
state of Idaho for a number of years due to snowmelt and
base flow (IDEQ2007;Meyers 2013).Mining throughout
this watershed created pathways for contamination of
waterways (Knudsen and Gunter 2004; Meyers 2013).

Selenium is considered an essential micronutrient to
ruminants but becomes toxic at elevated levels (Davis
et al. 2012; Davis et al. 2013; Edmonson et al. 1993).
There is a narrow range between dietary and toxic dos-
ages of Se in animals. Toxicity typically occurs when
animals ingest between 3 to 8 mg Se kg−1 of body weight
(NAS-NRC 1983). Because of this, Se toxicity occurs
easily in Se-enriched soils and usually within a 24 to 72-h
period (Davis et al. 2013; Shortridge et al. 1971).

In soil environments, Se can exist in four oxidation
states (+6, +4, 0, and −2). At neutral to alkaline pH and
in aerobic environments, the dominant species present
are selenate (SeO4

2−) and selenite (SeO3
2−) (Spallholz

1994; Burau 1989). Soluble Se oxyanions are of

particular concern because of their potential bioavail-
ability or ability to be incorporated into biota (John and
Leventhal 1995; Spallholz 1994). For example, western
aster can take up greater than normal amounts of Se,
primarily as selenate and, to a lesser extent, selenite
(Spallholz 1994). This explains its ability to grow on
seleniferous soils while nonaccumulating plants cannot
(Davis et al. 2013). At high levels, Se phytotoxicity is
typically related to Se-induced oxidative stress and
distorted protein structures (Gupta and Gupta 2016).

It is understood that processes at the solid/water inter-
face control the potential bioavailability of trace elements
in the environment (Luoma 1983). Hence, sequential ex-
traction procedures (SEP) are often employed to determine
soil components associated with the target element of
concern. For this study, we used a SEP described by
Amacher (2010). Sequential extraction procedures involve
a series of rinses and extractions with increasingly stronger
reagents (Martens and Suarez 1997; Tessier et al. 1979;
Zhao et al. 2005). They provide a more detailed under-
standing of the potential solubility and bioavailability of
trace elements compared to the use of total concentrations.
The fractions examined, using the Amacher (2010) proce-
dure, are as follows: water-soluble Se, PO4

3−-extractable
Se, carbonate associated Se, amorphous iron oxide associ-
ated Se, organic Se, and residual elemental forms of Se.
These soil fractions presumably vary in their relation to Se
bioavailability to plants. The water-soluble fraction ac-
counts for soluble selenate and some selenite, while the
PO4

3−-extractable fraction accounts for Se that is ligand
exchangeable (Amacher 2010). Carbonate-associated Se is
removed using ammonium acetate (NH4AOc), which has
previously been used for exchangeable metals by
Chapman (1965). Exchangeable metals are considered to
be those that are bound to mineral and organic soil com-
ponents but can be exchanged with one another (Chapman
1965). However, NH4AOc can also dissolve carbonate
minerals, which causes metal solubilization (Tessier et al.
1979; Wagemann et al. 1977; Jackson 1958; Chapman
1965). Ammonium oxalate (C2H8N2O4), in the dark, was
used to extract Se bound to amorphous iron oxides
(Amacher 2010). This reagent was originally employed
by Tamm (1922) to remove amorphous iron, aluminum,
and silicon oxides from soils. At room temperature and in
the dark, this reagent is specific to dissolving amorphous
iron oxides (Gleyzes et al. 2002). Previous works indicate
that organic Se comprises a large portion of Se in soil,
either derived from parent material or partitioned within
organic matter (Ryser et al. 2006; Ryser et al. 2005;
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Stillings and Amacher 2004; Yamada et al. 1998). In
seleniferous soils, large quantities of Se are found in
humified organic matter (Moreno Rodriguez et al.
2005). In the Amacher (2010) procedure, potassium per-
sulfate (K2S2O8) was used to oxidize organic matter,
releasing bound or occluded Se. Residual fractions are
accounted for in the final SEP extraction, similar to
Martens and Suarez (1997). This fraction is composed
of trace elements bound or occluded in minerals that
cannot be released for long periods of time (Tessier et al.
1979).

Understanding Se speciation and its various phases in
soils is necessary to develop methods to reduce its
solubility in contaminated soils. Accordingly, the objec-
tives of this study were to:

(1) Characterize the physicochemical properties of Se
present in contaminated soils that affect its
bioavailability

(2) Determine Se speciation in soluble and exchange-
able phases in soils because of its important influ-
ence on bioavailability, mobility, and toxicity.

(3) Evaluate a soil sequential extraction procedure
(SEP) that identifies six phases of Se in soils.

(4) Relate Se levels from the SEP fractions and speci-
ation to Se uptake in the Se-hyperaccumulator,
western aster.

Materials and methods

Sample collection

Five study sites associated with phosphate mining op-
erations near Soda Springs, Idaho, USA were chosen.
Study sites included three pre-1996 reclaimed locations,
Sites A, B, and C, and two sites reclaimed post-1996, D
and E (Fig. 1). Sites reclaimed prior to 1996 used the Se-
laden shale overburden as the reclamation soil medium.
Those reclaimed after 1996 used the original salvaged
topsoil as the reclamation soil medium, as per regulatory
changes that are in accordance with the BLM and CWA
(Blanchard et al. 2002).

Sampling transects were established in a Y-shape for
the five different locations (Fig. 2). In total, 78 samples
were collected. Sixteen samples were collected from
Sites A, B, C, and D locations and fourteen were col-
lected from Site E.

One center point was established at each study loca-
tion where high Se levels were presumed to occur, deter-
mined by the presence of western aster. From the center
point, transect lines were extended 30 m in three direc-
tions. Soil samples were collected every 6 m in each
direction (0–20 cm depth). Soils were placed in plastic
sampling bags that were stored in a plastic cooler for
transport. Plant and soil samples were taken from the
same transect points in order to establish a relationship
between plant Se levels and associated soil fractions.
Plant samples were collected from four points on each
transect using a quadrat with dimensions of 0.5 by 1.0 m.
Plants were identified by species by a field botanist,
separated into paper bags by species, and washed. Fifty-
seven plants were collected from Site A, 35 from Site B,
36 from the Site C, 47 from Site D, and 36 from Site E.

Following collection, soil samples were air-dried at
ambient temperature and passed through a 2 mm sieve in
order to remove coarse fragments. Prior to plant diges-
tions, shoots were separated from roots and split into two
groups. The first half of the shoots was washed with
0.50% sodium laurel sulfate followed by 0.10 M HCl.
Shoots were then thoroughly rinsed with distilled water.
The second half of the shoot was left unwashed. This was
completed in order to confirm that Se was resultant of
root absorption and not from soil deposition on the plant
surface. The two separate halves (shoots) were placed in
separate beakers, covered with aluminum foil, and dried
for 48 h in a 70 °C oven. Once the two halves were dried,
shoots were ground in a stainless steel coffee grinder
(Capresso Coffee Grinder, Model 501).

Soil characterization

Soils were analyzed for the physicochemical properties
particle size (sand, silt and clay), pH, total organic carbon
(TOC), and total inorganic carbon (TIC) in duplicate. Prior
to particle size analyses, soil samples were pretreated for
removal of organic matter, carbonates, and secondary free
iron oxides. Removal of these components can enhance
separation of soil aggregates by decreasing particle coat-
ings and cementing agents (Kunze and Dixon 1986).
Pretreatments for organic matter were completed using
hydrogen peroxide and magnesium chloride and for iron
oxides using sodium-citrate dihydrate and sodium
dithionite as described in procedures modified by Kunze
and Dixon (1986). Carbonate pretreatments followed a
procedure described by Saffari et al. (2009), using 0.5 M
HCl. Following pretreatments, particle size was

Plant Soil (2017) 418:541–555 543



determined using the hydrometer method (Gee andBauder
1986). Soils from Sites A, B, C, and D were silt loam and
Site E soils were considered a loam.

Soil pHwas determined in a 1:1 ratiowithwater using a
pH 718 STAT Titrino (Metrohm, Herisau, Switzerland)
equipped with a combination pH electrode (Thomas
1996). For carbon analyses, samples were ground to a fine
powder and analyzed using a TOC analyzer that is capable
of measuring TC, TIC, TOC, separately (Skalar PrimacSLC

TOC Analyzer –Model CS22, De Breda, Netherlands).

Selenium sequential extraction procedure

Sequential extraction procedures generally follow a sim-
ilar format to the Tessier et al. (1979) procedure. This
was modified by Martens and Suarez (1997) for Se,
which was further modified by Amacher (2010).

Six fractions of soil Se were separated through the
following sequential extractions. For each sample in

duplicate, 0.500 g of air-dried soil was weighed and
placed into 50 mL polypropylene centrifuge tubes. The
procedure is outlined as follows:

a. Water-soluble Se. The first extraction was complet-
ed using 25.0 mL of deionized water, vortex mixed,
and shaken for 2 h at 120 cycles/min using an
Innova 4230 incubator shaker (New Brunswick
Scientific, Edison, NJ). After extractions were com-
plete, samples were centrifuged at 1500 rpm for ten
minutes. Supernatants were collected following this
(25 mL).

b. Phosphate (PO4
3−)-Extractable Se. The second ex-

traction was completed on the residue from step a,
using 25.0 mL of pH 7.2 0.01M KH2PO4/K2HPO4

buffer, vortex mixed and shaken for 2 h at 120 cy-
cles/min. After extractions were complete, samples
were centrifuged at 1500 rpm for ten minutes.
Supernatants were collected following this (25 mL).

Fig. 1 Map of five sites in southeastern Idaho. Note: Two sites are superimposed due to close proximity at this magnification
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c. Carbonate-Associated Se. The third extraction was
completed on residues from step b, using 25.0mL of
pH 5 1M NH4OAc. This was left stay for 30 min to
allow for initial reaction with carbonates to subside.
Following this, the suspension was mixed using a
vortex mixer and shaken for 24 h at 120 cycles/min.
After extractions were complete, samples were cen-
trifuged at 1500 rpm for ten minutes. Supernatants
were collected following this (25 mL).

d. Amorphous Iron oxide-Associated Se. The forth ex-
traction was completed on residues from step c, using
25.0 mL of 0.2 M C2H8N2O4 + 0.2 M oxalic acid
(C2H2O4) added to samples in the dark. The suspen-
sion was mixed using a vortex mixer and shaken for
2 h at 120 cycles/min with the shaker window covered
to prevent light from interacting with soil solutions.
After extractions were complete, samples were centri-
fuged at 1500 rpm for ten minutes, and 25 mL super-
natantswere collected. Following this, 5mLof oxalate
solution was added to centrifuge tubes, the residue
was re-suspended using the vortex mixer, and

centrifuged again for 5 min at 1500 g. The final
supernatant (5 mL) was collected, added to the initial
25 mL supernatant, and diluted to a 50 mL volume.

e. Organic Se Compounds. The fifth extraction was
completed on residues from step d, using 25.0mL of
0.1 M K2S2O8. The suspension was mixed using a
vortex mixer. Samples were placed in an oven set to
90 °C for 2 h. After heating, samples were cooled to
ambient temperature and centrifuged for 10 min at
1500 g. Following this, an additional 5 mL of 0.1M
K2S2O8 was added to the centrifuge tube, re-
suspended using the vortex mixer, and centrifuged
again for 5 min at 1500 g. The final supernatant
(5 mL) was collected, added to the initial 25 mL
supernatant, and diluted to a 50 mL volume.

f. Residual Se. The final extraction was completed on
residues from step e, using 2.5 mL of concentrated,
trace metal grade nitric acid (HNO3). The suspen-
sion was mixed using a vortex mixer and placed in
boiling water for 30 min. Following this, samples
were cooled to ambient temperature and 20 mL of
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deionized water was added. Samples were vortex
mixed and placed in a boiling water bath for
90 min. Samples were then cooled to ambient tem-
perature again and centrifuged for 10 min at 1500 g.
Supernatants were collected following this (25 mL).
Deionized water (5 mL) was added to the centrifuge
tubes, re-suspended via the vortex mixer, and cen-
trifuged for 5 min at 1500 g. The final supernatant
(5 mL) was collected, added to the initial 25 mL
supernatant, and diluted to a 50 mL volume.

Following centrifugation, supernatants were filtered
and saved for analysis. Residues were washed with 95%
ethanol three times in between extractions and left to dry.
Samples were analyzed using a Spectro Arcos ICP-AES
(SPECTRO Analytical Instruments, Inc., Mahwah, NJ).
Six method blanks were analyzed that corresponded with
each fraction, with no detectable Se found.

Selenium speciation

Selenium speciation was determined for soils in duplicate
from two points along each of the five transects. In order to
remove soluble and exchangeable forms, Se was extracted
from 1.0 g of soil using 25 mL of 0.05 M potassium
phosphate dibasic (K2HPO4) in metal free polycarbonate
centrifuge tubes and shaken for 24 h on an incubator
shaker. The suspension was centrifuged at 9000 rpm, and
the resulting supernatant was filtered through a 0.45 μm
nitrocellulose membrane filter (Alam et al. 2000). The
filtrate was analyzed for Se speciation using IC-ICP-MS.
The IC system consisted of an Agilent 1200 series quater-
nary pump (Santa Clara, CA, USA) and a Hamilton PRP
X-100 anion exchange column (Reno, NV, USA). The
mobile phase used for transporting analytes through the
IC column was pH 5 10 mM citric acid. The ICP-MS
system consisted of an Agilent 7500cx. Instrument cali-
bration was accomplished using prepared sodium selenate
and selenite standards. The Se concentrations of the stan-
dards were determined against a NIST standard (Inorganic
Ventures, Christiansburg, VA, USA) using ICP-MS with
quantification using an m/z ratio of 77.

Prior to IC-ICP-MS analysis, samples were filtered a
second time through 0.2 μm syringe filters. The sample
was then analyzed by IC-ICP-MS for speciation. Quality
controls for both Se speciation analysis and total Se anal-
ysis included blanks, random duplicates and spike recov-
ery. Method detection limits for selenate and selenite were
0.8 and 0.9 μg L−1, respectively (Unrine et al. 2007).

Plant digestion

Dried plant shoots were digested in a 90 °C heat block
using HNO3. Digested samples were collected and an-
alyzed for Se using a Perkin Elmer NexION 300D ICP-
MS (Shelton, CT, USA; Hall andWinger 2012). Quality
assurance/quality control samples were obtained from a
tomato leaf standard, and were digested in order to
determine if Se was found in reagents or absorbed
during filtration.

Statistics

Statistically significant differences between SEP frac-
tions for all soils (78 total) from each site were com-
pared using an analysis of variance (ANOVA) and least
significant difference (LSD) to identify whether SEP Se
fractions differed by site. The six SEP fractions (from 20
soils) were then related to above ground western aster
(Symphyotrichum ascendens Lindl.) Se levels in soils
from corresponding points along transects. Selenium
speciation was related to the first two SEP fractions
(water-soluble and PO4

3−-extractable). Analyses were
completed using simple linear regression in the pro-
gram, JMP® Pro 11.0.0 statistical software (SAS
Institute Inc. 2013). Prior to analyses, the Shapiro-
Wilk test confirmed approximate normality among spe-
cific data points used in the regression analysis.
Following this, a regression equation was generated
for western aster Se data from specific transect points
and related to the sum of each fraction (water-soluble
alone, water-soluble + PO4

3−-extractable Se, water-
soluble + PO4

3−-extractable Se + carbonate associated
Se, etc.). This was completed in order to compare rela-
tive bioavailability among fractions and identify any
marked differences between successive phases.

Results

Physicochemical characteristics of reclaimed phosphate
mine soil

Physicochemical properties of phosphate mine soils
derived from overburden waste materials varied by site,
which may be indicative of differences in reclamation
practices (Table 1). Soils from Sites A, B, and C were
reclaimed pre-1996 and Sites D and E were reclaimed
after 1996. For example, Site D and E soils exhibited
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finer textures compared with the coarser textures of
Sites A, B, and C. All soils were considered
circumneutral to alkaline, with site average pH values
ranging from 6.75 to 7.92. Site A, B and C soils were
generally higher in pH than Site D and E soils, which
was attributed to their much higher carbonate content or
total inorganic carbon (TIC).

Soil selenium sequential extraction procedure

The distribution of Se phases in the six SEP fractions
and total Se are summarized in Table 2, with mean
comparisons determined from least significant differ-
ence (LSD) results. Total Se means, determined from
the summation of SEP fractions, were highest for soils
from Site B (217 mg Se kg−1 soil). The second highest
mean was also observed in Site C soils (54.7 mg Se kg−1

soil). Selenium levels were lower for Sites A and E (35.6
and 40.2 mg Se kg−1 soil, respectively) and were espe-
cially low in soils sampled from Site D (21.1 mg Se kg−1

soil). Statistically, the Site B total Se mean differed from
Sites A, C, D, and E. Sites D and E soils were reclaimed
post-1996 with the original salvaged topsoil that
contained low levels of Se compared to sites A, B, and
C that were reclaimed pre-1996 using Se rich overbur-
den material (Blanchard et al. 2002).

For the individual SEP fractions, we define Se levels
up to 2 mg Se kg−1 soil as low and between 3 and 15 mg
Se kg−1 as moderate. Selenium levels above 16 mg Se
kg−1 soil are considered high. In general, lower levels of
Se were observed in water-soluble fractions or were
below the limit of detection of the ICP-AES (Table 2).
Water-soluble Se was not detected (ND) in any of the
sixteen soils from both Sites D and E. Nine, eleven, and
three of the sixteen soils from Site C, A, and B,

respectively, showed no detectable water-soluble Se.
The maximum water-soluble Se content was observed
at Site B (10.7 mg Se kg−1 soil). The Site B water-
soluble Se mean was also considered statistically differ-
ent from those observed in Sites A, C, D, and E.

Table 1 Selected physiochemical properties for soils from the
five sites

pH TOCb TIC Sand Clay Silt

g C kg−1 %

Aa 7.92 30.7 10.7 34 6 60

B 7.81 32.7 24.4 41 6 59

C 7.22 32.4 44.8 45 4 59

D 7.53 16.8 3.8 41 19 41

E 6.75 46.4 3.0 27 18 55

aA = Site A; B = Site B; C = Site C; D = Site D; E = Site E
b TOC = Total Organic Carbon, TIC = Total Inorganic Carbon

Table 2 Sequential extraction procedure (SEP) fractionation of
Se descriptive statistics for minimum, maximum, mean, and stan-
dard deviation by site

Sites

A B C D E

n 32 32 32 32 28

F1a Min NDc ND ND ND ND

Max 1.79 10.7 1.63 ND ND

Mean 0.35Bd 2.05A 0.53B NDBe NDB

SDb 0.52 2.5 0.64 ND ND

F2 Min ND ND ND ND ND

Max 1.23 3.33 1.33 0.82 0.55

Mean 0.29B 1.41A 0.31B 0.20B 0.19B

SD 0.33 0.88 0.37 0.18 0.13

F3 Min ND 1.61 ND ND ND

Max 3.78 15.7 9.56 1.80 3.16

Mean 2.08B 7.50A 2.82B 0.91B 0.92B

SD 1.15 4.27 3.03 0.35 0.64

F4 Min ND ND ND ND ND

Max 3.87 9.74 8.99 ND 10.3

Mean 2.63B 4.92A 4.04AB NDB 3.65AB

SD 0.33 2.49 2.16 ND 2.37

F5 Min ND 3.46 ND 4.29 4.12

Max 15.9 44.2 35.2 10.6 18.6

Mean 7.24B 15.0A 8.02AB 6.64B 10.5AB

SD 3.66 12.7 9.52 1.77 4.53

F6 Min 7.10 14.0 ND 5.62 10.9

Max 36.5 385 130 31.2 35.8

Mean 23.1B 186A 39.0B 13.3B 24.9B

SD 8.43 95.0 41.8 7.07 6.29

Mean Total 35.6B 217A 54.7 B 21.1B 40.2B

a Sequential extraction procedure (SEP) fractions; F1 =Water-Sol-
uble; F2 = PO4

3− -Extractable; F3 = Carbonate-Associated;
F4 = Amorphous Iron Oxide-Associated; F5 = Organic;
F6 = Residual
b SD = Standard deviation
c ND indicates Se not detected
dMean values not connected with same uppercase letter are con-
sidered statistically different using least significant difference
(LSD) and ANOVA
e For statistical analyses, means that are ND were replaced with
LOD/√2
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Like the water-soluble Se fraction, PO4
3−-extractable

Se was lower than the other examined fractions or was
not detected in most soils. Similar to its water-soluble
fraction, soils from Site B exhibited the maximum levels
of PO4

3−-extractable Se (3.33 mg Se kg−1 soil). The Site
B mean was also considered statistically different from
means observed in the other sites. Thirteen soils from
Sites A and C, and three from Site B contained no
detectable Se in the PO4

3−-extractable form. One soil
from Site E and two soils from Site D contained no
detectable Se in this fraction.

Selenium levels within the carbonate fraction were
higher and more appreciable than the water-soluble and
PO4

3−-extractable fractions for many of the soils. Again,
moderate Se values were noted in soils from Site B,
especially at the center point (15.7 mg Se kg−1 soil),
whereas carbonate Se was only detected in three Site D
soils and one Site E soil. Site B mean soil Se was
considered statistically different from Se found in the
other four sites for this particular fraction.

Levels in the amorphous iron oxide fraction were
comparable to carbonate fractions. However, Se associat-
ed with amorphous iron oxides was not detected in many
of the soils examined. This phase was not observed in any
of the soils sampled from Site D. Only one soil sampled
from Site A contained Se within this fraction and three
within Site E. Interestingly, the maximum level of Se was
indicated in soils from Site E for this fraction (10.3 mg Se
kg−1 soil). Moderate levels of Se were also observed
in Site B soils with a maximum of 9.74 mg Se kg−1 soil.
Selenium in this fraction was not detected in six and five
of the soils sampled from Sites C and B, respectively. For
soils with detectable levels of Se in this fraction, levels
were between 3.87 and 10.3 mg Se kg−1 soil. Unlike
previous fractions, the Site Bmean Se was not considered
different from Sites C and E. Sites C and E mean Se
amorphous iron oxide values were also considered statis-
tically the same as those found in Sites A and D.

Most of the soils exhibited moderate to high abun-
dances of organic Se, with the exception of six Site C
soils and one soil from Site A, where they were not
detected. Comparisons between all site means indicated
that Sites A, C, D, and E were not considered statisti-
cally different. Sites B, C, and E were also not statisti-
cally different. The maximum organic Se level was
observed in Site B (44.2 mg Se kg−1 soil). Site C soils
were also high in organic Se along some segments of the
transect line as well, with a maximum content of
35.2 mg Se kg−1 soil.

Residual Se was the dominant fraction for most of the
soils sampled, having the highest abundance of Se. No
detectable Se for this fraction was observed in two of the
Site C soils, which were also below detection through-
out the entire SEP. Excluding those below detection,
seven of the Site C soils were below 10 mg Se kg−1.
Eight out of the sixteen soils sampled from Site B were
well above 200 mg Se kg−1 soil for residual Se, with a
maximum of 385 mg Se kg−1 soil observed. Soils from
Site B were considered to be statistically different from
the other 4 sites. One of the Site C soils from the first
northwest point along the transect exceeded 100 mg Se
kg−1 soil.

Soil selenium speciation

Selenium speciation was determined for soils extracted
with K2HPO4. This extraction includes both water-
soluble and exchangeable Se species (Zhao et al.
2005). Overall, selenite predominated with lower levels
of selenate present (Fig. 3). Highest levels of selenite
were observed in soils from Site B point NE2 (6.21 mg
Se kg-1 soil), and highest selenate levels were observed
in the center point of Site B (1.16 mg Se kg−1 soil).
Intermediate levels of selenite were observed in Sites A
and C soils. Lowest selenite levels were found in Sites D
(0.06 mg Se kg−1 soil) and E (0.07 mg Se kg−1 soil),
which are sites that have been reclaimed post-1996. No
selenate was detected in these soils.

Selenium speciation results were related to the water-
soluble and PO4

3−-extractable SEP fractions using sim-
ple linear regression. A statistically significant relation-
ship was observed for selenate and water-soluble Se
(R2 = 0.83; P = 0.0002; Fig. 4a), with no significant
relationship observed for selenite (R2 = 0.30;
P = 0.1007). Weak relationships were observed for
selenate and the PO4

3−-extractable Se fraction
(R2 = 0.49; P = 0.0244) and for selenite and the PO4

3

−-extractable Se fraction (R2 = 0.57; P = 0.0117;
Fig. 4b).

Plant shoot selenium

Selenium levels were determined for plant shoots found
at the five sites. The only plant species sampled that was
considered to be a hyperaccumulator was western aster,
which is a native perennial forb. Selenium levels in
western aster and other predominating plants found are
summarized in Table 3. Many of these species are
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considered Se secondary accumulators and can contain
hundreds of mg Se kg−1 in shoots (Ellis and Salt 2003).

Overall, Se levels were consistently higher in
plants throughout the Site B transect. Of the plants
sampled, the western aster species exhibited the
highest Se levels. The highest level was observed
at the center point of Site B (6823 mg Se kg−1DM).
In secondary accumulators, the highest Se level was
observed in crested wheatgrass (Agropyron cristatum
L.; 644 mg Se kg−1 DM). High alfalfa (Medicago
sativa L.) Se levels were also observed along all
three lines of this transect, especially at point NW3
(364 mg Se kg−1DM). The highest Se level in brome
grass (Bromus) was observed at the second southern
point along this transect (267 mg kg−1 DM).

The other two pre-1996 reclaimed sites, A and C,
also contained elevated Se levels in plant samples.
Western asters found at the center point of Site A were
elevated in Se levels (2635 mg Se kg−1DM), while those
sampled from Site C were highest at the center point
(1972 mg Se kg−1DM). Of the more predominant sec-
ondary accumulators, the highest Se levels were ob-
served in bulbous bluegrass (Poa bulbosa L.; 353 mg
kg−1DM) at the Site A center point. Elevated alfalfa
levels were also indicated at this same center point as
well (307 mg kg−1DM).

Lower plant Se levels were observed in the post-1996
reclaimed sites, D and E. Only two western aster plants
were sampled along the Site D transect and one along
the Site E transect. The maximum levels were 35.9 mg

Se kg−1DM in Site E and 17.5 mg Se kg−1DM in Site D
western asters, which also corresponds with lower Se
soil levels measured in these sites.

Western aster Se and soil Se fractionation relationship

The relationship between the hyperaccumulator, west-
ern aster, shoot Se levels, and Se levels in the six SEP
fractions was evaluated using simple linear regression.
Multiple linear regression was not used for this analysis
due to high multicollinearity between fractions. For
non-detectable Se where no values could be determined
by ICP-AES, a proxy value of the limit of detection
(LOD) divided by the square root of two was used in the
analysis. This is a standard replacement technique for
values below the quantification level, when they are
considered small but not known (Hopke et al. 2001).
This technique has been shown to reduce the overall
error caused by replacement, compared to methods such
as replacement with LOD/2 or with zero (Croghan and
Egeghy 2003).

A bivariate regression analysis was completed that
involved a progressive summation of the six SEP frac-
tions together (Table 4). This was employed in order to
determine fractions that promote an increase in Se bio-
availability. For water-soluble Se alone, a highly signif-
icant relationship was observed (Table 4 and Fig. 5).
This suggests that 81% of Se found in western aster can
be explained by the water-soluble fraction of Se in soils.
For the summation of water-soluble and PO4

3−-

Fig. 3 Speciation for selenium in
soils from two points from each
transect. Insert shows maximized
view for Sites D and E. *A = Site
A; B = Site B; C = Site C; D = Site
D; E = Site E; CO = transect
center points. Refer to Fig. 2 for
sampling plan diagram for each
point
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extractable Se, a highly significant positive relationship
with a slight increase was also observed (85%).

Once carbonate associated Se was summed with the
previous two fractions, the relationship decreased
(79%). Further large decreases in the relationship were
observed once amorphous iron oxide-associated Se,
organic, and residual fractions were summed with the
previous fractions. Because the residual fraction acts as
a total Se value, this may explain the slight increase in
the observed coefficient of determination.

Discussion

Selenium sequential extraction procedure

Differences in soil topsoil materials used and soil prop-
erties were speculated to have an affect on Se behavior
and bioavailability. However, differences in SEP frac-
tions between site were only statistically significant for
Site B soils. Higher levels provide an explanation for the
correspondingly higher Se levels found in plant shoots,
particularly for the water-soluble and PO4

3−-extractable
forms of Se. Likewise, non-detectable Se in most of the
Sites D and E soils in these fractions also explains lower
plant levels as well. According to Zhao et al. (2005),
KH2PO4 extractions provide an estimate of Se that is
available for uptake. Competition from oxyanions, such
as phosphate or dissolved organic carbon (DOC) acids,
could cause Se to partition into more soluble phases
(Dhillon and Dhillon 2000). Above normal levels of
plant-available phosphorus have also been indicate by

Fig. 4 a and b: (a) Simple linear regression analysis demonstrat-
ing the relationship of soil selenate from speciation analyses and
the water-soluble selenium fraction from the soil sequential

extraction procedure (SEP) and (b) the relationship of soil selenite
and the phosphate (PO4

3−) extractable fraction from the soil SEP

Table 3 Selenium concentrations found in dominant plants ob-
served at the five sites

Astera Alfalfa Bulb. Brome. Dand. Wh.

mg kg−1 Dry Matter

A COb 2635 307 353 NP NP NP

A NW3 137 107 24.3 NP 80.3 NP

A S2 676 260 107 NP 72.4 NP

A NE1 662 100 34.0 NP 122 NP

B CO 6823 NP NP NP NP NP

B NW3 2927 364 NP 253 NP 644

B S2 2775 156 29.0 267 NP NP

B NE1 4189 321 NP 250 NP NP

C CO 1972 NP NP NP NP NP

C NW3 1639 NP NP NP NP NP

C SW2 1520 36.4 NP NP NP NP

C NE1 752 NP NP NP NP NP

D CO 17.5 23.4 NP NP 17.8 NP

D NE3 NPc 3.46 NP NP 62.8 NP

D SE2 3.88 7.42 NP 4.21 6.81 10.2

D W1 NP 15.5 NP NP 7.99 6.49

E CO NP 23.7 NP 2.24 NP NP

E SW3 NP 135.3 NP 21.1 NP NP

E SE2 NP 17.7 NP 12.9 NP 1.75

E N1 35.9 79.8 NP 9.62 NP NP

aAster (S. ascendens), Alfalfa (M. sativa), Bulbous Bluegrass (P.
bulbosa), Brome Grass (Bromus), Dandelion (Taraxacum),
Wheatgrass (Agropyron)
b A = Site A; B = Site B; C = Site C; D = Site D; E = Site E; Refer
to Fig. 2 for sampling diagram for each point.
c NP indicates plant not present
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Bond (1999) in phosphate mines in the western US.
Phosphate has been noted to compete with Se on soil
mineral surfaces (Balistrieri and Chao 1990; Goldberg
and Traina 1987; Neal et al. 1987).

An appreciable abundance of Se within the carbonate
SEP fraction indicates that carbonate minerals are pos-
sible means of Se sequestration via adsorption or co-
precipitation. Selenium is particularly high within this
fraction for many soils reclaimed pre-1996, which we
speculate may pertain to either high pH or a higher
abundance of Se overall. As indicated by Goldberg
and Glaubig (1988), selenite sorption increases from
pH 6 to 8 and plateaus from pH 8 to 9 on calcite
surfaces. The pH in all soils examined were within this

range and were especially high in soils from Site B.
According to Zhao et al. (2005), calcium carbonate
was the best determinant for decreasing Se bioavailabil-
ity in soils through Van der Waals surface attraction.

Data also indicate that amorphous iron oxides se-
quester Se in soils reclaimed pre-1996, particularly at
Sites B and C. In general, both selenite and selenate sorb
to oxyhydroxides surfaces (Chapman et al. 2010). Soils
generally do not sorb selenate above pH 7 on iron oxides
(Cornell and Schwertmann 2003). Work from Balistrieri
and Chao (1990) indicates that selenite is largely bound
by amorphous iron oxides at pH relevant to our soils
(pH 6–8) with subsequent decreases after pH 8. This
occurs as strong inner-sphere complexes according to

Table 4 Regression equations and correlation coefficients (R2) for predicting Se shoot concentrations using a progressive summation of the
six sequential extraction procedure (SEP) fractions

Equation R2 P-value

F1a Aster [Se] = 1595× + 321 0.81 <0.0001

F1 + F2 Aster [Se] = 1111× + 224 0.85 <0.0001

F1 + F2 + F3 Aster [Se] = 277× + 288 0.79 <0.0001

F1 + F2 + F3 + F4 Aster [Se] = 196× - 5.15 0.67 0.0002

F1 + F2 + F3 + F4 + F5 Aster [Se] = 81.3× + 173 0.57 0.0011

F1 + F2 + F3 + F4 + F5 + F6 Aster [Se] = 14.5× + 349 0.65 0.0003

a Sequential extraction procedure (SEP) summed fractions; F1,Water-Soluble; F2, PO4
3− -Extractable; F3, Carbonate-Associated; F4,

Amorphous Iron Oxide-Associated; F5, Organic; F6, Residual

 Aster [Se] = 1595x + 321 

R
2

 = 0.81 

Fig. 5 Simple linear regression
analysis demonstrating the
relationship of western aster shoot
Se levels with the water-soluble
fraction from a soil sequential
extraction procedure (SEP)
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Goldberg (2013). Because of this, we speculate that iron
oxide sorbed Se in the soils examined occurs as strong
complexes that are not likely bioavailable.

An abundance of Se in the organic fraction was noted,
possibly as selenide and/or selenite that are occluded with-
in organic matter (Martens and Suarez 1997). Residual
elemental Se was in the greatest abundance. The abun-
dance of the two aforementioned fractions indicates the
presence of Se that has not yet weathered from primary
minerals (Ryser et al. 2006). They are not as soluble, have
low oxidation potential, and hence, are generally not con-
sidered bioavailable (Jacobs 1989; Neal 1995). Because of
this, we believe that the proportion of both phases is
particularly important for soils reclaimed after 1996, sug-
gesting that Se is largely not bioavailable.

Selenium speciation

Selenite was the dominant species identified in K2HPO4

extracts, with appreciable quantities of selenate also
indicated in Sites A, B, and C. Selenate was not detected
in soils reclaimed after 1996. This corroborates with
high plant Se levels in Sites A, B, and C and lower
levels in those from Sites D and E. Higher levels of
selenite compared with selenate is also supported by
work from Ryser et al. (2006). Using μ-XANES and
fluorescence microprobe mapping, their results indicat-
ed that organic Se, elemental Se, and selenite were the
dominant species observed in soils from the Conda
Mine in Caribou National Forest, ID. Selenate was
only dominant in one of the sixteen points of interest
for the three soils examined. Ryser et al. (2006) indicate
that reduced Se species oxidize to selenate over time. It
was speculated that selenate was quickly lost in soils via
leaching and/or plant uptake (Ryser et al. 2006).

Strong relationships were identified using regression
between water-soluble Se from the SEP and selenate
from speciation analyses, indicated in Fig. 4a. The rela-
tionship with selenite was considered insignificant. This
corresponds with strong associations of selenite with
solid phases at pH <7, while selenate is typically more
soluble (Fordyce 2013). Our findings also suggest that
selenate comprises a large portion of the water-soluble
SEP fraction.

Plant selenium

Previous work from Zhao et al. (2005) has indicated that
Se bioavailability to plants can be verified by examining

plant uptake. Hyperaccumulators sampled fromSites A, B,
and C were highly elevated in Se. These species can
tolerate high quantities of Se and can accumulate thou-
sands of mg Se per kg−1 DM (White 2016). This is thought
to be because of the conversion of Se in plants to
methylselenocysteine (Freeman et al. 2006).
Methylselenocysteine is not as toxic as selenate, which is
also taken up by plants (Freeman et al. 2009; de Souza
et al. 1998; Neuhierl and Bock 1996). Secondary accumu-
lating plant species typically do not exceed several hundred
mg Se kg−1DM, and therefore, are expected to have lower
Se levels than hyperaccumulators (NAS-NRC 1983).

Highest plant Se levels in Site B soils were expected as
soils from this site also contained the highest Se levels out
of the five sites. The presence of more hyperaccumulating
than nonaccumulating/accumulating plants species in
highly seleniferous soils was expected. Nonaccumulators
generally do not inhabit seleniferous soils because they can
only tolerate levels between 10 to 100μg Se g −1

DM, while
secondary accumulators can only tolerate levels of around
1mg Se g −1

DM (Dhillon andDhillon 2009; Fordyce 2013;
Moreno Rodriguez et al. 2005; Rosenfeld and Beath 1964;
White et al. 2004; White 2016). Hyperaccumulator toler-
ance of Se may be related to the Se species stored and area
of storage within the plant (de Souza et al. 1998; Freeman
et al. 2006; Quinn et al. 2011; Van Hoewyk et al. 2005).
T h e s e s p e c i e s c a n s t o r e S e a s o r g a n i c
methylselenocysteine, while non-accumulators and accu-
mulators store Se as selenate (de Souza et al. 1998;
Freeman et al. 2006; Van Hoewyk et al. 2005).
Hyperaccumulators also store Se in leaf epidermis and in
pollen, ovules, and seeds, while plants that do not
hyperaccumulate store Se in leaf vascular tissues
(Freeman et al. 2006; Quinn et al. 2011). According to El
Mehdawi et al. (2012), hyperaccumulators exhibit im-
proved growth with increasing supply of Se from soils.
This may suggest that these species can benefit from Se
uptake via increased anti-oxidant activity (El Mehdawi
et al. 2012; Cartes et al. 2005; Hartikainen 2005).

Western Aster Se and a soil sequential extraction
procedure

The summation of Se in the first two SEP fractions
(water-soluble and PO4

3−-extractable Se) exhibited the
strongest relationship. Slight decreases in this relationship
were observed when carbonate-associated Se was
summed with the previous fractions. Work from Zhao
et al. (2005) showed a highly correlated relationship for
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PO4
3−-extractable Se with plant uptake, with an R2 value

of 0.91 for both field and greenhouse studies. Further
decreases in relationships were observed following the
inclusion of the amorphous Fe oxide-associated and or-
ganic Se. Their weak relationship suggests a possible
decrease in their contribution to Se bioavailability to
western asters and that this fraction is more recalcitrant.

The regression analysis suggests that Se bioavailabil-
ity increases when Se is water-soluble and PO4

3−-extract-
able, and begins to decrease with carbonate associations.
Carbonate fractions of Se are consideredmore recalcitrant
and require acidification for release. Therefore, the first
two fractions were identified as Bbioavailable fractions.^
Our Se speciation results also suggest that selenate is the
form of Se present in the water-soluble fraction, and
hence, the form taken up by western aster. Several studies
have indicated that soil selenate is immediately accumu-
lated by plants in comparison with selenite (Broadley
et al. 2006; Fordyce 2013; Pilbeam et al. 2015).
Selenate additions in soils have also resulted in ten-fold
more uptake in plant than selenite (Jacobs 1989; Neal
1995). Previous work from Sharmasarkar and Vance
(1995) have noted strong relationships between grass
species and selenate, suggesting that selenate is the main
solution species absorbed. Our regression analyses sug-
gest that other fractions of Se in the SEP (after carbonate
bound Se extractions) do not greatly contribute to Se
bioavailability. The water-soluble extract, in conjunction
with Se levels in shoots of western aster, can be used to
identify potentially problematic soil and predicting Se
levels in western aster. Simple water extractions can be
employed to assess areas where Se levels are particularly
toxic in plants to grazing livestock. This can be a useful,
quick tool during remediation efforts. For example, a soil
water-soluble extract value of 3 mg kg−1 would corre-
spond to a predicted Se level in western aster of approx-
imately 5000 mg kg−1 (Fig. 5). This level definitely sets a
warning threshold that indicates that these areas should be
avoided by grazing animals and targeted for remediation.

Conclusions

This study examined Se contamination in soils resulting
from previous phosphate mining reclamation practices.
Sequential extractions indicated that the dominant phase
of Se observed was in the residual fraction, followed by
the organic Se fraction. Notable amounts of carbonate-
and amorphous iron oxide-associated Se were also

observed in most soils, demonstrating that a portion of
Se was sequestered via adsorption or co-precipitation re-
actions. Lower levels of water-soluble and PO4

3−-extract-
able Se were indicated in the SEP. Findings associated
with higher abundances of bound forms of Se corroborate
with our speciation result because a higher level of selenite
was present. Selenite is typically bound or exchangeable.
Lower levels of the more soluble Se species, selenate,
were also present in speciation results. This corresponds
with low abundances of selenate in the water–soluble SEP
fraction. A highly significant relationship between selenate
and the water-soluble Se fraction was confirmed with a
lower, but still significant, relationship observed for sele-
nite and the PO4

3−-extractable Se fraction.
Plant shoot Se levels were reflective of soil Se levels.

High levels of Se were found in Se accumulating and
hyperaccumulating (western aster) vegetation sampled
from Sites A, B, and C, which were reclaimed before
1996, with lower levels noted for plants sampled from
Sites D and E reclaimed post-1996. This was especially
true for western aster. Regression data suggests that a
strong relationship exists for water-soluble and PO4

3−-
extractable Se with increasing plant uptake. This rela-
tionship decreases once other SEP fractions are factored
into the model and decrease even further with the inclu-
sion of organic Se fractions. Simple water extractions
could be beneficial tools, as indicated by the relationship
between the water-soluble SEP fraction and selenate
speciation and the water-soluble fraction and western
aster shoot Se. This work identifies a method for quick
assessment of Se bioavailability in soils and for relating
this to Se accumulation in western aster found in prob-
lematic locations.
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