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Chemical speciation determines Se solubility and therefore
its bioavailability and potential for transport in the
environment. In this study we investigated the speciation
of Se in soil developed on reclaimed mine sites in the U.S.
Western Phosphate Resource Area (WPRA) using micro-
X-ray absorption near-edge structure (µ-XANES) spectroscopy
and micro-X-ray fluorescence (µ-XRF) mapping. Selenium
was nonuniformly distributed in the soils and positively
correlated with Fe, Mn, Cu, Zn, and Ni. Sixteen points of
interest (POI) from three soil samples were analyzed with
µ-XANES spectroscopy. The XANES data indicated that
Se is present in the soils in at least three oxidation states,
Se(-II, 0), Se(IV), and Se(VI). Selenides or elemental Se
dominated 7 of the 16 POI. Selenate was the dominant species
at only one of the POI. The remaining eight POI were
composed of both Se(IV) and Se(VI), with minor Se(-II, 0)
contributions. The results of this research suggest that
the reduced Se species in the soil parent material are
oxidizing to Se(VI), one of the more mobile species of Se in
the environment. This information can be used to better
predict and manage Se availability in soils.

Introduction
Selenium enrichment is common in sedimentary rocks, and
consequently, extraction of coal, oil, and sedimentary ore
has displaced Se-bearing rocks into more rapid weathering
environments, resulting in increased Se levels in associated
ecosystems. One example of this is in the Western Phosphate
Resource Area (WPRA), located in southeast Idaho, northern
Utah, and western Wyoming. During phosphate ore removal,
rock that was not economically valuable was redeposited on
the surface as mine backfill. One of the mining byproducts,
known as middle waste shale, contains elevated levels of
reduced Se species (Se(-II) and Se(0)) (1, 2). As the middle
waste shale weathers, reduced Se phases are oxidized to Se-
(IV) and Se(VI) species, which are more soluble, bioavailable,
and mobile than reduced forms.

Selenium is an essential micronutrient for humans and
animals. Generally, diets containing 0.1-0.3 mg kg-1 Se are

adequate for various animals, while diets that are in excess
of 3-15 mg kg-1 can cause toxicity (3). Mortality of livestock
due to selenosis poisoning has been linked to elevated Se
levels in water and vegetation in the WPRA (4).

The uptake of Se by plant roots depends on soil oxidation
state, pH, chemical and mineralogical composition, and the
concentration of Se and competing anions such as sulfate
and phosphate in solution (5-7). A general characteristic of
Se that can be used to predict bioavailability is oxidation
state. Elemental Se(0) and metal selenides, such as Se(-II),
have low solubility and therefore low bioavailability and
mobility (8). Selenite (SeO3

2-) and selenate (SeO4
2-) are the

most soluble species (9). Selenite is thermodynamically
favored under mildly oxidizing conditions (10) and has a
strong affinity for sorption by Fe oxides such as goethite,
amorphous Fe hydroxides, and Al hydroxides (9, 11). Selenate
is the most soluble Se species and can be taken up by plants
and leached through the soil profile (10). Distribution of
selenite and selenate between the solid and solution phases
within soil is a function of pH and mineral species present.

Since plants growing on the WPRA reclaimed mine soils
contain elevated concentrations of Se (12), and selenate is
the most soluble Se species, it is expected that selenate is
present in the soils. Previous studies (13) observed that
selenate was the only detectable species in water from vadose
zone samples in reclaimed soils and in seeps and streams
directly impacted by waste rock impoundments. Bond (14)
conducted leaching and sequential extraction experiments
on unweathered waste rock fractions from the WPRA and
found that selenite was the primary leachable species and
that reduced Se compounds made up the remaining soil Se.
Hence, the mobilization of Se from these soils includes species
transformations arising from both abiotic and biotic weath-
ering processes.

Sequential extraction is one of the most widely used
methods to speciate Se in soil (15-17). Sequential extractions,
however, are operationally defined and results may be
inaccurate (18). X-ray absorption spectroscopy (XAS) can
detect Se species in the soil without any pretreatment or
extractions (19) and has been used to identify solid-phase Se
species in sediments (2, 20-22) and plant material (23, 24).
Pickering et al. (20) used X-ray absorption fine structure
(XAFS) spectroscopic techniques to determine that the major
Se phases present in evaporation ponds in Kesterson
Reservoir, CA were monoclinic elemental Se (red Se) and
some aqueous selenite. Micro-XAS (µ-XAS) techniques allow
for additional insights into the micromorphology and
chemical speciation of heterogeneous soil samples, allowing
for increased information on Se biogeochemical cycling in
soils (21, 22, 25, 26).

To date, most of the research on Se speciation in the
WPRA has focused on the Se species present in the middle
waste shale (1, 2, 27). Investigations of reclaimed soils in
which weathering and soil development have occurred will
allow for a better understanding of the cycling and fate of
Se throughout the WPRA. These data can then be used to
develop more comprehensive reclamation and management
plans that reduce exposure risks.

Materials and Methods
Soil Sample Collection. Soil samples were collected from
the Conda mine in the Caribou National Forest, ID. Three
soil samples were collected from two plots within a 13 m by
40 m research site. The site was reclaimed 20 years ago, when
it was seeded with brome grass (Bromus marginatus) and
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alfalfa (Medicago sativa) as primary species. There were no
observable differences between plots in vegetation density
or surface features. Soil samples 1 and 3 (S1, S3) came from
a depth of 0-20 cm, while soil sample 2 (S2) was taken from
the 21-40 cm section at the same location as S1. Soil
aggregates (generally less than 1 mm) from the samples were
dispersed between either Mylar X-ray film (S2 and S3) or
Kapton tape (S1).

The soils were sampled in October of 2003 under dry
conditions, and were allowed to further air dry in the
laboratory. Martens and Suarez (28) showed that air-drying
soil samples did not substantially alter the Se speciation in
soils from oxidizing environments. Thus, the Se speciation
measured in this study by XAS analysis represents in situ
conditions.

The clay size fraction was isolated and used to quantify
the amount and types of iron oxides present using selective
dissolution techniques (29). Total organic carbon was
measured on a soil sample leached with FeCl2 and 2 M HCl
on a CNS analyzer (Elementar Americas, Hanau, Germany)
(30). Total Se was measured by digestion in nitric, sulfuric,
and perchloric acids and analysis of the HCl-reduced digest
by hydride generation ICP.

X-ray Spectroscopy. Micro-XANES and fluorescence
microprobe mapping were done on beamline 10.3.2 at the
Advanced Light Source (ALS), Lawrence Berkeley National
Laboratory (Berkeley, California) (31). Samples were attached
to an XYZ stage oriented 45° to the beam, using double-
sided tape. For elemental mapping microsynchrotron X-ray
fluorescence (µ-SXRF) was used. The elemental distribution
maps were collected using a beam focused to 7 µm by 7 µm
(H × V) or 11µm by 7 µm using a 7-10 µm pixel size. Dwell
time per point was 100 ms. The beam energy was tuned to
12757 eV. The windowed (regions of interest) X-ray fluo-
rescence counts for As, Ca, Cr, Cu, Fe, Mn, Ni, Se, Ti, and Zn
were raster-scanned through the beam.

A Se oxidation state map was collected for sample S2. The
sample was mapped at two fixed incident photon energies
such that the ratio of the X-ray absorption between these
energies was most sensitive to the oxidation state of the Se,
owing to the chemical shift of the absorption edge. The two
energies correspond to maximum energies for Se(0)/Se(IV)
(12658.8 eV) and Se(IV)/Se(0) (12664.5 eV). The beam was
focused to 5 µm by 5 µm, and the step size was 3 µm. The
fluorescence data are presented as bicolor maps that allow
qualitative analysis of the oxidation state distribution when
the background signal is small compared to that of the Se
K-edge fluorescence.

Selenium salt standards were purchased from Alfa Aesar
or Sigma Aldrich, and select minerals were purchased from
the Excalibur Mineral Company (New York). Ferroselite was
synthesized following the procedures described by Warren
(32), and its structure confirmed using powder X-ray dif-
fraction. Monoclinic elemental Se was made by microbial
reduction of selenite. Standards were diluted in boron nitride.
Standards for selenite and selenate sorbed onto goethite were
prepared by sorbing either 0.01 mM sodium selenite (Na2-
SeO3) or sodium selenate (Na2SeO4) onto goethite at pH 4.5.
Selenite- and selenate-spiked ferrihydrite and calcite were
prepared in the same manner, except at pH 7.0.

All XANES spectra were collected at room temperature.
Selected Se standards were measured on beamline 10.3.2.
Additional Se standards were measured on beamline X-11b
at the National Synchrotron Light Source (NSLS) at Brook-
haven National Laboratory, Upton, New York. Transmission
spectra from Se standards diluted in boron nitride were
collected using an ionization detector. Orthorhombic el-
emental Se was run either between samples (beamline 10.3.2)
or in situ (X-11b) to correct for beam energy shifts. Scans of

elemental Se at both beamlines showed that the XANES
features were comparable between the two beamlines.

The XAS data were merged (3-7 scans), normalized, and
background subtracted using standard procedures in the
program ATHENA (33). Step size through the XANES regions
was 0.70 eV. Measurement of the standard deviation of the
edge energies from several points of interest (POI) with the
same XANES features between two separate beamtime runs
indicated that the edge energy precision was less than the
step size. Thus, we estimate that the calibrated data were
accurate to within 0.70 eV.

To provide quantitative information about the different
forms of Se linear least-squares combination fitting of the
XANES data was done using ATHENA (33). The experimental
spectra were fit with various linear combinations of Se
standards, and the best fit represents the composition of the
experimental spectra. The data were fit in the energy range
(20 eV from the Se(0) edge. Accuracy and sensitivity were
evaluated by comparing fit results to theoretical mixtures.

To test the effects of possible radiation-induced reduction
(RIR) on soil samples we collected several successive scans
of sodium selenite and sodium selenate sorbed onto goethite.
Goethite-sorbed selenite and selenate were placed on a
sample holder and either held in place by Kapton tape or
Mylar film. From six to eight successive scans of the samples
were collected, with each scan taking 5 min. RIR of selenate
but not selenite was observed on the goethite (Supporting
Information Figure S1). To monitor possible RIR of Se in the
soil samples, successive 5 min XANES scans were collected
on each point prior to longer scans needed for full XANES
data processing and analysis. RIR was not observed in any
of the successive scans of the soil samples.

Results and Discussion
Sensitivity of Se XANES Spectra. The absorption edge
energies (first inflection point) for Se(IV) and Se(VI) com-
pounds are 12662.0 and 12664.0 eV, respectively. Reduced
Se compounds have variable edge energies between 12657.5
and 12659.5 eV (Supporting Information Figure S2), depend-
ing on structural arrangement and the type of atoms in the
compound or mineral. Both allotropes of zero-valent Se have
edge energies of 12658.0 eV. For selenides the edge energies
range between 12656.0 and 12658.0 eV. Edge energies for
organic Se compounds range from 12657.5 to 12659.5 eV.

Linear combination fitting of all samples was done using
elemental Se (orthorhombic) and selenite and selenate sorbed
to goethite. Fitting lacked sensitivity for reduced Se com-
pounds (Se(-II, 0)) when selenite and selenate species were
present in the sample. As an example, sample S2 POI a was
fit using Se-cystine (Figure 1), selenite on goethite, and
selenate on goethite, resulting in 22% Se-cystine, 62% Se-
(IV), and 16% Se(VI). When Se-cystine was replaced with
elemental Se, the fit combination changed to 20% elemental
Se, 64% Se(IV), and 16% Se(VI), with an insignificant
difference in the residual error. There are several possible
reasons for this lack of sensitivity: (1) there is little difference
between the reference spectra (e.g., Se-spiked goethite and
Se-spiked ferrihydrite XANES are indistinguishable (Sup-
porting Information Figure S2)); (2) some of the spectral
features of the reduced Se compounds are not unique; (3)
heterogeneity in overabsorption (34); and/or (4) lack of
appropriate standards. Pickering et al. (24) modeled Se in
milk vetch (Astragalus bisulcatus) using linear combinations
of selenate and selenomethionine. In their results fitting was
robust because of the limited number of possible species
present and the absence of the intermediate Se(IV) in the
spectra.

The soil samples used in this study contain Se(-II, 0),
Se(IV), and Se(VI) species resulting in overlapping white lines
and edges. Additionally, there are several types of Se species
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that could be present in the soils. For these reasons, and
because linear combination fitting has limited sensitivity for
Se XANES, the accuracy of fitting complex unknown mixtures
such as soils is poor. Ostergren et al. (35) suggested that the
error in the linear combination (LC) fit results from extended
X-ray adsorption fine structure (EXAFS) fit data may be as
high as 25%, and the presence of species with LC contribu-
tions less than 10% is questionable. Despite lack of sensitivity
and accuracy in LC fitting for specific Se compounds or
mineral species, determining the presence of the oxidation
state based on linear combinations of the compound classes
Se(-II, 0), Se(IV), and Se(VI) was robust. Thus we have
interpreted the XANES spectrum from samples analyzed in
this research on a semiquantitative scale. If the LC fit resulted
in a particular oxidation state class which was greater than
45% of the XANES spectrum then it was classified as the
dominant contribution to the XANES spectrum, less than
45% but more than 25% was classified as medium, and less
than 25% but more than 10% was classified as a minor
component of the XANES spectrum. If the oxidation state
class contribution was less than 10% it was considered
negligible.

Soil Properties. The soils sampled in this study have silt
loam textures (14% sand, 61% silt, and 25% clay) for both the
surface and subsurface horizons. Iron in soils is an important
mineral for adsorption of Se, thus controlling its fate in the
environment. The average total Fe in the samples was 4.2%
(by mass) with 27% Fe as goethite, 11% as poorly crystalline
Fe (i.e., ferrihydrite), 3% bound to organic matter, and 59%
residual Fe in primary mineral form. The average amount of
organic carbon in the soils was 4.3%, and the average pH of
the soil was 7.7. Concentrations of Fe and organic carbon
and pH values are similar to results obtained by Bond (14)
from reclaimed soils at the nearby Smokey Canyon mine
site, southwestern Idaho. Total Se concentrations were 14,
70, and 26 mg kg-1 for samples S1, S2, and S3, respectively.

Elemental Distribution in the Soil. Microspectroscopic
analyses include collecting a µ-SXRF elemental map of a
selected region in a sample, selecting POI from the elemental
map, and collecting XANES data on each POI. A µ-SXRF
bicolor elemental distribution map for Fe and Se in S3 is
shown in Figure 2 (Fe and Se distribution maps for samples
S1 and S2 are shown in Supporting Information Figure S3).
Selenium was plotted with Fe because these elements are
commonly observed together in soils and the middle waste
shale parent material (1, 2). The Se distribution clearly shows

preferential partitioning of Se in the soils, indicating that Se
mineral concentrations exceed bulk soil Se concentrations.
Such information on Se partitioning is critical for evaluating
Se reactivity.

The elemental distribution maps showed that the soils
contained hotspots of Fe, As, Ca, Cr, Cu, and Zn. XRF from
two spots (data not shown) also showed that S and V were
present. The elements identified in the reclaimed soil have
been observed in the parent material (middle waste shale)
(36) and also in the reclaimed mine soils (14). To assess
whether there were significant correlations between Se and
elements of interest, paired elemental concentrations (in-
tensity) from the µ-SXRF xy-scan of the samples were plotted
against each other. Table 1 shows Pearson’s correlation
coefficients between Se and As, Ca, Cr, Cu, Fe, Mn, Ni, Ti,
and Zn. There were significant correlations between Se and
Fe, Mn, Cu, Zn, and Ni (although S2 correlations were lower

FIGURE 1. Linear combination fitting results for the S2 POI d fit with
Se-cystine, selenite, and selenate (fit a) and elemental Se, selenite,
and selenate (fit b) compared to standards.

FIGURE 2. Bicolor µ-SXRF map of the reclaimed mine soil sample
S3. The letters next to the circles indicate points of interest (POI).
The color bar indicates the degree of codistribution of the two
elements. Where the elements are not colocated the color is either
pure red (Fe) or pure blue (Se); when the elements are both located
at a pixel spot red and blue are mixed resulting in the colors indicated
in the color mixing bar.

TABLE 1. Pearson’s Correlation Coefficients between Selenium
and Other Elements for Soil Samples S1, S2, and S3a

element
S1

(n ) 13680)
S2

(n ) 11900)
S3

(n ) 10298)

As 0.484 0.708
Ca 0.337 0.025 0.440
Cr 0.670 0.270 0.657
Cu 0.965 0.329 0.779
FeKR1/MnKâ1 0.429 0.566 0.630
Mn 0.667 0.510 0.614
Ni 0.808 0.429 0.717
Ti 0.294 0.086 0.427
Zn 0.939 0.442 0.777

a Significant correlation at P ) 0.05.
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than those for S1 and S3). There was a low (nonsignificant)
correlation between Se and Ca for all soil samples, which
was also observed in the middle waste shale (1), suggesting
that Se does not associate with calcite minerals in the soils.
Perkins and Foster (2) observed that a Cu-V mineral
(sulvanite) in middle waste shale rock had the highest Se
concentrations. The highest correlation in the soils was
between Se and Cu; in addition, the XRF spectra showed
high concentrations of V at some POI, supporting the findings
of Perkins and Foster (2).

XANES Oxidation State Determination. The selenium
oxidation state was determined by comparing the XANES
derivative spectra (Figure 3 shows the spectra for S3; spectra
for S1 and S2 are shown in Supporting Information Figure
S4). Results from the linear combination fits of the Se XANES
spectra from the three soil samples are shown in Figure 4.
Six of the sixteen POI collected across the three samples
contained only Se(-II, 0) species. Selenite was the dominant
fit component in six of the POI XANES. The Se(VI) standard

was a dominant fit component in three POI XANES spectra
and only predominated in one spectrum, S3 POI d.

The presence of Se(-II, 0) was expected since metal and
organic selenides exist in the middle waste shale parent
material (1). Selenite has been observed in weathered shales
(2); however, Ryser et al. (1) did not find Se(IV) in unweathered
shale. Thus, we hypothesize that the Se(IV) observed in the
soil occurs from weathering and oxidation of the metal
selenides. Although near-neutral pH and oxic conditions
suggest that Se(VI) is thermodynamically stable (37), its
presence in WPRA reclaimed soils has not been confirmed.
In addition to being found in plants growing on the reclaimed
soils (12), elevated Se levels have also been found in water,
sediments, soil leachate, aquatic plants, invertebrates, and
fish in streams near the phosphate mining areas (38). The
presence of Se throughout the ecosystem indicates that Se
is mobile in the WPRA. Jayaweera and Bigger (39) observed
that when reduced rice paddy soils were subject to oxidizing
conditions the total soluble Se and Se(VI) continually
increased, while Se(IV) increased initially, but eventually
decreased (39). In the reclaimed WPRA soils the oxidizing
environment is such that the Se(VI) species is favored.
However, its minimal presence compared to that of Se(IV)
suggests that Se(VI) is quickly leached from the soils,
accounting for the presence of Se throughout the ecosystem.

Several POI were composed of multiple Se oxidation states.
To better resolve the oxidation state distribution, the region
surrounding S2 POI a was mapped at two different energies
sensitive to reduced and oxidized Se species: Se(-II, 0) and
Se(IV) (Figure 5A). Contributions from Se(VI) may be present
in the Se(IV) energy scan. Total relative Se and Fe spatial
distributions are also shown (Figure 5B). The advantage of
energy specific mapping, as opposed to scanning the XANES
energy region from a single spot, is that relative distribution
information on oxidation states can be obtained, allowing
for comparison of oxidation state distribution. From the
bicolor map it appears that there is a reduced (Se(-II, 0)
grain approximately 15 µm in diameter sitting on top of an
approximately 100 µm diameter iron oxide aggregate with
selenite adsorbed (Figure 5). The scatter plot of the Se(IV)
versus Se(-II, 0) intensities (Supporting Information Figure
5) shows a distinct decrease in the relationship at the higher
Se counts, indicating there are two populations of data; one
with more Se(IV) than Se(0), and visa versa, thereby
confirming the presence of two different mineral particles.
Oxidation state mapping has been successfully applied to
analyze the oxidation state of Se in plants (24). Sutton et al.
(40) mapped Se oxidation states in a flooded soil-root system
spiked with Se(VI) and observed that Se(0) and Se(IV) had
distinct distributions that corresponded to microbial activity.
Although we were only able to map one region, the spatial
distribution of the species gained from this research clearly
shows the potential for interpreting processes such as mineral
weathering and formation in natural heterogeneous envi-
ronments, such as soils.

Three Se oxidation states were identified from micro-
XANES data. Results from sequential extractions and leaching
experiments on reclaimed mine soils in the WPRA indicated
that extractable Se in the unweathered waste rock fractions
primarily exists as selenite, with the remaining species present
in the soil as either selenides or elemental Se (14). The micro-
XANES from this study indicated that Se(VI) was present,
although it does not appear to be as prevalent as Se(IV). Neal
and Sposito (41) showed that selenate adsorption in four
soils was insignificant between pH 5.5 and 9. Thus, based on
the 7.7 pH of the reclaimed soils, we expect very little selenate
retention, i.e., when Se(IV) is oxidized to Se(VI) it will be
either taken up by plants or leached out of the profile.

Below pH 7 selenite will be primarily sorbed to iron oxide
surfaces, while above pH 8 selenite adsorption is minimal

FIGURE 3. Selenium micro-XANES spectra for sample S3. The figure
contains the spectra for all points of interest (POI) and standards.

FIGURE 4. Ternary diagram showing LC fit results using elemental
selenium and selenite and selenate adsorbed on goethite for all
POI from samples S1, S2, and S3. The labels to the right of the dots
correspond to the POI labeled in Figure 3 and Figure S3 in the
Supporting Information.
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(11). The neutral to alkaline pH of the soils suggest that
selenite may be available for leaching or plant uptake. Selenite
adsorption on iron oxides is also dependent on the presence
of other anions. If strongly bound anions such as phosphate
or organic acids are present in high concentrations compared
to that of selenite, then competition would cause Se to
partition into the aqueous phase, thus making selenite mobile
in the environment (42). Bond (14) reported that reclaimed
soils in the WPRA contained plant-available phosphorus at
slightly higher than normal concentrations, suggesting that
selenite would have to compete with phosphate for adsorp-
tion sites in these soils. Competition with phosphate for
adsorption sites could potentially increase selenite bioavail-
ability.

The presence of reduced Se species together with selenite
in the reclaimed mine soils suggests that primary Se-bearing
minerals still exist. Because these soils are relatively young,
and the kinetics of oxidation of reduced Se species is slow
(43, 44), oxidation and mobilization will continue. Speciation
results from this research will improve risk assessment and
remediation strategies for the WPRA environment. Addition-
ally, insights gained from the research provide new knowledge
that can be applied to understanding biogeochemical cycling
of Se in environments where Se-bearing sedimentary rocks
are present.
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