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Abstract

The Sb speciation in soil samples from Swiss shooting ranges was determined using Sb K-edge X-ray absorption spectroscopy (XAS)
and advanced statistical data analysis methods (iterative transformation factor analysis, ITFA). The XAS analysis was supported by a
spectral data set of 13 Sb minerals and 4 sorption complexes. In spite of a high variability in geology, soil pH (3.1–7.5), Sb concentrations
(1000–17,000 mg/kg) and shooting-range history, only two Sb species were identified. In the first species, Sb is surrounded solely by other
Sb atoms at radial distances of 2.90, 3.35, 4.30 and 4.51 Å, indicative of metallic Sb(0). While part of this Sb(0) may be hosted by
unweathered bullet fragments consisting of PbSb alloy, Pb LIII-edge XAS of the soil with the highest fraction (0.75) of Sb(0) showed
no metallic Pb, but only Pb2+ bound to soil organic matter. This suggests a preferential oxidation of Pb in the alloy, driven by the higher
standard reduction potential of Sb. In the second species, Sb is coordinated to 6 O-atoms at a distance of 1.98 Å, indicative of Sb(V). This
oxidation state is further supported by an edge energy of 30,496–30,497 eV for the soil samples with <10% Sb(0). Iron atoms at radial
distances of 3.10 and 3.56 Å from Sb atoms are in line with edge-sharing and bidentate corner-sharing linkages between Sb(O,OH)6 and
Fe(O,OH)6 octahedra. While similar structural units exist in tripuhyite, the absence of Sb neighbors contradicts formation of this Fe
antimonate. Hence the second species most likely consists of inner-sphere sorption complexes on Fe oxides, with edge and corner-sharing
configuration occurring simultaneously. This pentavalent Sb species was present in all samples, suggesting that it is the prevailing species
after weathering of metallic Sb(0) in oxic soils. No indication of Sb(III) was found.
� 2006 Elsevier Inc. All rights reserved.
1. Introduction

Antimony is the 9th most exploited metal worldwide
with 140,000 mg being mined each year. It is used in non-
metal products as antimony trioxide (Sb2O3), primarily in
flame retardants, but also as a catalyst in plastics, for the
fining of glassware, and as pigment in paints and lacquers.
Metallic Sb is used to harden Pb alloys for the manufacture
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of products such as acid–lead batteries, bearings and
ammunition (Adriano, 1986; Krachler et al., 2001). Global
emissions of Sb to the atmosphere from both natural and
anthropogenic sources are estimated to be 6000 mg per
year (Filella et al., 2002). Important sources of uncon-
trolled release of Sb into the environment are road traffic
(dust from break linings and tires), older battery producing
plants and shooting ranges. Antimony concentrations up
to several thousand milligrams per kilogram have been
reported for soils influenced by mining activities (Filella
et al., 2002). In the soils of shooting ranges, Sb concentra-
tions of up to 100 g kg�1 have been found, which is 6 or-
ders of magnitude above the natural background of
0.1 mg kg�1 (Fahrenhorst and Renger, 1990; Basunia and
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Landsberger, 2001; Knechtenhofer et al., 2003; Johnson
et al., 2005). The Pb cores of Swiss army bullets contain
2–5% of Sb. Since approximately 500 mg of these bullets
are deposited on shooting ranges per year in Switzerland
alone, 10–25 mg of Sb are emitted, representing a major
emission path.

The toxicity of Sb is thought to be similar to that of As.
It is therefore to be expected that Sb does not have a strong
ecotoxicological effect, but may be mutagenic. Trivalent
compounds have a ten times higher acute toxicity than pen-
tavalent species (Krachler et al., 2001). Even more critical
due to its radiotoxicity is the gamma-emitting radionuclide
125Sb. This radionuclide, which is a fission product of 253U
with a half-life of 2.8 years, is found at nuclear waste dis-
posal sites (Anonymous, 1998). In spite of the common
usage and probable substantial toxicity, little is known on
the speciation and geochemical fate of Sb in soils and sed-
iments (Krupka and Serne, 2002). Superficially deposited
Sb seems to be retained in the topsoils, since concentrations
rapidly decline with soil depth (Ainsworth et al., 1990;
Fahrenhorst and Renger, 1990; Knechtenhofer, 2002).
However, Johnson et al. (2005) found evidence that
Sb(V) may be quite mobile in contaminated soils. The oxi-
dation state has a critical influence on the mobility of Sb in
soils. Under oxic conditions, the pentavalent Sb species
SbðOHÞ6� should prevail in soil solution at pH > 2.5. This
anionic hydrolysis species is adsorbed by Fe oxides at low
pH, but should be mobile above their point of zero charge,
i.e., at neutral and basic pH values (Crecelius et al., 1975;
Legoux et al., 1992; Blay, 2000). Under reducing condi-
tions, the trivalent neutral complex, SbðOHÞ30, is expected
to be the most stable species, which sorbs to Fe oxides over
a wide pH range, hence is expected to be rather immobile
even in neutral soils (Crecelius et al., 1975; Blay, 2000).
Making predictions of Sb mobility even more complicated,
significant fractions of Sb(V) have been found in anoxic
waters, and Sb(III) has been found in oxic waters (Filella
et al., 2002), in line with slow reduction and oxidation
kinetics (Leuz and Johnson, 2005).

Antimony speciation attempts of bulk soil and sediment
samples have been made early on by selective sequential
extraction, suggesting association of Sb with Fe oxides
(Crecelius et al., 1975; Blay, 2000); however, this method
is prone to a range of pitfalls (Kim and Fergusson, 1991;
Bunzl et al., 1999; Calmano et al., 2001). In situ analysis
of species by EXAFS spectroscopy has proven to be a pow-
erful tool for metal speciation in soils (Manceau et al.,
1996), especially if supplemented by synchrotron micro-
beam techniques such as l-XRF, l-XAS and l-XRD
(Manceau et al., 2000; Roberts et al., 2002), by advanced
statistical analysis tools (Wasserman et al., 1999; Rossberg
et al., 2003; Scheinost et al., 2005), or by chemical extrac-
tions (Scheinost et al., 2002). XAS has only rarely been ap-
plied to Sb speciation, with a prime focus on the
determination of Sb complexation with chloride and sulfide
in aqueous solutions (Oelkers et al., 1998; Mosselmans
et al., 2000; Sherman et al., 2000). Therefore, this is the first
attempt to apply XAS spectroscopy to solve Sb speciation
in soil samples. A spectral data base of Sb mineral phases
and sorption complexes was established to interpret the soil
data. Shooting-range soils were selected because the Sb
concentrations are sufficiently high for XAS analysis, and
because shooting activities are an important emitter of Sb
into the environment.

2. Materials and methods

Nine soils samples were collected at six shooting ranges
in Switzerland, representing a wide range of geochemical
conditions including pH, organic and inorganic carbon
content and mineralogy, and representing a range of Sb
pollution levels (Table 1). The predominant ammunition
used at these sites are two calibers of rifle bullets, 6.5 mm
(GP11) and 7.5 mm (GW Pat 90), consisting of a metallic
core of Pb hardened with 2–5% Sb, encased in a cupronick-
el-clad steel jacket. Soil samples were collected at the stop
butts (Quartino, Davos, Goldau, and Oberuzwil) and
behind the stop butts (Losone and Zuchwil) in various
depths as indicated, air dried and sieved (<2 mm or
<0.5 mm). The elemental composition was determined by
energy-dispersive X-ray fluorescence spectrometry (Spectro
X-LAB 2000).

The Sb mineral samples sénarmontite, valentinite, stibic-
onite, and cervantite were provided by M.O. Figueiredo,
Crystal and Mineral Centre, Lisboa, Portugal. Cubic
Sb2O3 and Sb2O5 were reagent grade chemicals from Fluka
and Aldrich, respectively. Roméite, bindheimite, tripuhy-
ite, brizziite, Al antimonate, Cu antimonate and K antim-
onate were precipitated from aqueous solutions at room
temperature and then aged at 70–80 �C for 2 weeks. The
phase identity of all solids was confirmed by powder
XRD. Sorption samples were prepared by reacting
9 mg L�1 Sb and 3 g L�1 goethite. Sb3+ sorbed goethite
was prepared from a Sb(III) standard solution
(1002 mg L�1 Sb2O3, CertiPUR) in 2 M HCl, and Sb5+

sorbed goethite was prepared from KSb(OH)6. The pH
was adjusted to 3.2. The samples were shaken in the dark
for 4 days, then filtered with Whatman filter <0.45 lm
and freeze-dried. For the Sb3+ sorbed humic acid, 20 mL
of the Sb(III) standard solution was titrated with NaOH
to pH 5, and then 5 g of humic acid (Aldrich) was added.

Antimony K-edge XAS spectra were collected at the
Rossendorf Beamline (BM20) at the ESRF. Both the
X-ray absorption near-edge spectroscopy (XANES) region
around the absorption edge, and the extended X-ray
absorption fine structure (EXAFS) region above the
absorption edge were recorded. The Si(111) monochroma-
tor energy was calibrated relative to the Sb K-edge of
metallic antimony (30,491 eV). Soil samples were measured
in fluorescence mode using a 4-element Ge detector. Refer-
ence samples were diluted in Teflon powder, pressed to pel-
lets and measured in transmission mode. Sample cooling to
20 K using a He cryostat greatly improved spectral quality
due to reduction of the thermal contributions to the
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Fig. 1. Coordination of Sb(III) and Sb(V) in oxide minerals. Oxygen
atoms are indicated by the smaller balls. For both oxidation states, SbAO
distances largely overlap (1.92–2.04 Å for Sb(III) and 1.98–2.10 Å for
Sb(V)).

Table 1
Soil sample properties

Sample Depth (cm) pH CaCO3 (g/kg) Corg (g/kg) Sb (mg/kg) Pb (mg/kg) Cu (mg/kg)

Losone N4 16 3.6 0 150 1300 21,300 43
Losone J-1 1 3.2 0 330 4000 80,900 189
Quartinoa 0–5 9.4 73 72 17,500 >500,000 4450
Davosa 0–5 7.8 133 6 1900 35,000 920
Oberuzwil 0–5 0–5 6.9 0 300 8000 171,000 2720
Oberuzwil 5–15 5–15 7.1 13 220 3400 76,000 2080
Oberuzwil BC 25–45 7.1 53 220 8600 175,000 5100
Goldaua 0–5 8.2 335 29 6000 111,000 3050
Zuchwil 0–5 5.8 0 50 1600 21,000 2750

a <0.5 mm fraction.
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Debye–Waller factors, and was routinely applied. Each
single scan of a sample was corrected for energy using a
simultaneously monitored Sb(0) foil, and was corrected
for the dead time of the fluorescence detector with SixPack
(http://www.stanford.edu/~swebb) before averaging the
scans. Quantitative speciation was performed by applying
iterative transformation factor analysis (ITFA) to the set
of k3-weighted chi spectra (Rossberg et al., 2003; Scheinost
et al., 2005). To determine the short-range structure of
extracted species, EXAFS shell fitting was performed using
FEFF 7 and WinXAS (Ankudinov and Rehr, 1997; Ress-
ler, 1998). Based on the fits of reference minerals, the error
of the first shell coordination numbers is better than ±25%,
and the error of distances is ±0.01 Å. The monitored
XANES region has a relatively poor energy resolution
due to the core hole lifetime of Sb (3 eV) and due to the res-
olution of the Si(1 11) monochromator crystal (4 eV) at
30.4 keV, hence only one main inflexion point was deter-
mined at the absorption edge by the knot of the second
derivative. Lead L-III edge EXAFS spectra of soil samples
and of reference compounds were collected on beamline
X-11A (National Synchrotron Light Source, Upton, New
York) and on the Rossendorf Beamline (ESRF), using a
Lytle-type detector for fluorescence detection, and sample
cooling with liquid nitrogen.

3. Results and discussion

3.1. Local structure of Sb references

Antimony has the electron configuration [Kr]4d105s25p3,
which explains the stability of oxidation states Sb(III) and
Sb(V). The lone electron pair 5s2 of Sb(III) is strongly
localized; hence Sb(III) coordination is asymmetric, similar
to Pb(II).Three bonds point away from the lone electron
pair, forming a trigonal pyramidal coordination (Fig. 1).
This rule seems to be broken only by nadorite, where
Sb3+ binds to 4 oxygen atoms (Giuseppetti and Tadini,
1973). In contrast, Sb(V) is octahedrally coordinated to 6
oxygen atoms, in line with the symmetric 4d10 electron con-
figuration (Fig. 1). Hence Sb(III) and Sb(V) species are eas-
ily discriminated by their O-coordination numbers.

Since little work exists on how chemical Sb species can
be identified based on their local structure, we compiled
structure data of 28 Sb compounds, which may occur in
shooting-range soils based on their oxidation state
(0, III, V) and elemental composition (Fig. 2) (Anonymous,
2004). The pentavalent and mixed oxidation state com-
pounds (Fig. 2, top) show a particularly wide variety of
nearest and next-nearest metal distances, ranging from
3.05 Å in spinel and rutile-like structures, up to 4.9 Å in
the insular structures of brandholzite and bottinoite. In
general, an unequivocal identification of specific Sb com-
pounds seems to be possible only, if the local structure
can be determined for radial distances up to 5 Å, a condi-
tion that commonly requires dampening of thermal oscilla-
tions by cryostatic temperature during data acquisition.
Furthermore, we measured XAS spectra of 18 reference
phases in order to establish a spectral data base and to
check the reliability of the EXAFS fit procedure.

3.1.1. Simple oxides
Fig. 3 and Table 2 give the XANES and EXAFS

spectra and fit results of simple trivalent, pentavalent
and mixed Sb oxides. The XANES spectra of the triva-
lent oxides (Sb2O3 Fluka, sénarmontite and valentinite)
have a lower edge energy (30,493 eV) and a less pro-
nounced white line in comparison to the pentavalent
oxide (30,497 eV). The corresponding characteristics of
the mixed oxides stibiconite and cervantite are closer to
those of the pentavalent oxide. The three trivalent oxides
are clearly separated from the higher oxides by their
small O-peaks in the EXAFS Fourier transforms (at

http://www.stanford.edu/~swebb
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Fig. 2. Radial distances between Sb atoms (squares) and between Sb and other major atoms (stars) in Sb minerals and solids. The reference phases are
grouped according to oxidation state and then sorted along the distances of next-nearest neighbor atoms.
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Fig. 3. Sb K-edge XAS spectra of Sb(III), Sb(III,V) and Sb(V) oxides.
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about 1.6 Å not corrected for phase shift) and by fitted
O-coordination numbers close to three (Table 2). The
pentavalent Sb oxide shows a larger O-peak and a coor-
dination number close to six. Of the mixed oxides, only
stibiconite has an intermediate O-coordination number of
4.7, while that of cervantite is close to six. These results
confirm that the tri- and pentavalent oxidation states of
Sb can be reliably discriminated based on a difference
of 4 eV at the absorption edge and based on their
O-coordination numbers.



Table 2
XAS results of Sb(III), Sb(III,V) and Sb(V) oxides in comparison with their crystallographic structure

Sample Formula E0 (eV) Coordination shell Metal shells DE0
a

(Å)
v2

res%
b Coord. shell XRD Metal shells XRD

CNc Rd (Å) r2e

(Å2) CN R (Å) r2 (Å2) CN R (Å) CN R (Å)

SbIIIoxide
(Fluka)

Sb2O3 cubic 30,493 3.3 O 1.99 0.0023 4.7 Sb 3.65 0.0021f 12.5 7.4 3 O 1.98 3 Sb 3.62
2.7 O 2.90 0.0050 4.9 Sb 3.95 0.0021f 3 O 2.92 6 Sb 3.95

3.0 Sb 4.25 0.0021f 3 Sb 4.27

Sénarmontite Sb2O3 cubic 30,493 3.3 O 1.97 0.0027 4.0 Sb 3.63 0.0032f 16.0 4.0 3 O 1.98 3 Sb 3.62
2.4 O 2.88 0.0073 3.0 Sb 3.92 0.0032f 3 O 2.92 6 Sb 3.95

2.2 Sb 4.23 0.0032f 3 Sb 4.27

Valentinite Sb2O3

orthorhombic
30,493 3.4 O 1.98 0.0030 0.5 Sb 3.41 0.0025f 7.1 7.3 3 O 1.98–2.02 2 Sb 3.39

1.4 Sb 3.62 0.0025f 2 Sb 3.68–3.74
6 Sb 3.94–4.09

Stibiconite Sb2O4 cubic 30,496 4.7 O 1.96 0.0021 3.9 Sb 3.62 0.0016 1.0 12.3 6 O 2.02 12 Sb 3.64
5.5 Sb 6.32 0.0052 6 Sb 5.15
8.9 Sb 7.35 0.0035 24 Sb 6.30

12 Sb 7.28

Cervantite Sb2O4

orthorhombic
30,497 5.9 O 1.98 0.0033 0.4 Sb 3.08 0.0020 5.9 10.5 6 O 1.93–2.02 3 Sb 3.54

0.4 Sb 3.37 0.0024f 2 Sb 3.61–3.64
1.4 Sb 3.63 0.0024f 5 Sb 3.91–4.02

3 O 1.86–2.17 2 Sb 3.42
1 Sb 3.54
7 Sb 3.61–4.02

SbV oxide Sb2O5 cubic 30,497 5.6 O 1.95 0.0034 4.0 Sb 3.62 0.0031f 3.9 5.7 3 O 2.04 3 Sb 3.32
1.8 Sb 3.83 0.0031f 3 O 2.39 6 Sb 3.62

3 Sb 3.90
3 Sb 4.91

a Phase shift.
b Fit error.
c Coordination number and element.
d Radial distance.
e Debye–Waller factor.
f Parameter correlated during EXAFS fit.
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Only the Fourier transform of the well crystalline, cubic
Sb(III) oxide (Fluka) shows the expected splitting of the
first metal coordination shell (3–4 Å, not corrected for
phase shift) into three subshells, corresponding to 3 Sb at
3.62 Å, 6 Sb at 3.95 Å, and 3 Sb at 4.27 Å (Fig. 3) (Svens-
son, 1975). A reliable EXAFS fit of these three subshells
was possible when the Debye–Waller factors were fitted
as correlated variables. In comparison to the synthetic
Sb(III) oxide, the Fourier transform of the natural, cubic
Sb(III) oxide sénarmontite is less resolved. Nevertheless,
three Sb distances could be reliably fitted. In the ortho-
rhombic Sb(III) oxide valentinite, each Sb3+ is surrounded
by 10 Sb atoms at distances of 3.39, 3.68, 3.74, 3.94 and
4.09 Å (Svensson, 1974). Of these 5 Sb distances, only the
first two at 3.41 and 3.62 Å could be fitted.

The cubic Sb(III, V) oxide stibiconite has a pyrochlore-
like structure with Sb3+ in pyramidal and Sb5+ in octahedral
coordination (Dihlstroem and Westgren, 1937). Both Sb5+

and Sb3+ centers are surrounded by an identical arrange-
ment of 4 Sb distances out to 7.28 Å (Table 2). The EXAFS
fit shows three of these distances. The largest distance of
7.35 Å could be fitted, while an intermediate one expected
at 5.15 Å could not be fitted. In the orthorhombic mixed
oxide cervantite, the Sb3+ and the Sb5+ centers are sur-
rounded by 10 Sb atoms at various distances between 3.42
and 4.02 Å (Thornton, 1977). Only 2 Sb atoms at the short
distances of 3.37 and 3.63 Å, representing most likely the
next metal neighbors of Sb3+ and Sb5+, respectively, were
detected by EXAFS. An additional Sb distance of 3.08 Å
could be attributed to an ordoñezite impurity in the sample
detected by XRD. This impurity may be responsible for the
prevalence of pentavalent Sb as indicated by edge energy
and O-coordination number (see above).

Cubic Sb2O5 has not been found in nature, but was used as
the only available standard for pure Sb(V) oxide. Each Sb
atom is surrounded by 15 Sb atoms at the distances 3.32,
3.62, 3.90 and 4.91 Å. Although XRD confirmed the phase
identity and revealed a high crystallinity, only two Sb dis-
tances of 3.62 and 3.83 Å could be determined by EXAFS,
while the shortest and the longest distances are missing.

Only for the two cubic Sb(III) oxides the structural
determination by EXAFS was completely successful,
including approximately correct coordination numbers
for the metal shells. For the other oxides, metal shell coor-
dination numbers were generally too small, and some shells
were completely missing. The causes of these significant dif-
ferences between crystallographic data and EXAFS spec-
troscopy are not clear at this time.
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3.1.2. Antimonates

Fig. 4 and Table 3 give the XANES and EXAFS
spectra and fit results of Sb(V) antimonates, which are
likely to form in shooting-range soils due to their com-
position (except for the Na antimonate brizziite). All
XANES spectra reveal a similar shape of the white line
and an edge energy of 30,497 eV consistent with a penta-
valent oxidation state of Sb. Both bindheimite (Gasperin,
1955) and roméite (Natta, 1933) have a pyrochlore-type
structure and similar EXAFS spectra (like the third
pyrochlore-type structure stibiconite shown again for
comparison). The tunnels formed by Sb(V)O6-octahedra
are occupied by Pb and Ca, respectively. Indicative of
the excellent quality of the EXAFS spectra, path lengths
beyond 7 Å could be fitted, and distances are generally
consistent with the crystallographic values. However,
we could fit neither the two shells consisting solely of
Pb and Ca, respectively, nor the contribution of these
two atoms to the mixed Sb/Pb or Sb/Ca shells. In the
Fe antimonate tripuhyite, which has a rutile-type struc-
ture (Bystroem et al., 1942), Sb is surrounded by one
Fe and one Sb atom at a distance of 3.07–3.08 Å, and
by 4 Fe and 4 Sb atoms at 3.61–3.62 Å. Hence, the
two FT peaks at 2.6 and 3.2 Å (uncorrected for phase
shift) arise each from two types of atoms, Sb and Fe.
A fit with free running values for distances, coordination
numbers and Debye–Waller terms resulted in physically
meaningless values, requiring fit constraints. Hence the
ratio of Fe/Sb coordination numbers was fixed at 1,
based on the observation that the deviations from this
4 6 8 10 12

χ(
k)

 k
3

k [Å-1]

30.5 30.6

 Energy [keV]

 N
or

m
al

iz
ed

 A
bs

or
pt

io
n

Fig. 4. Sb K-edge XAS spectra
ratio are generally to small to be detected by EXAFS-de-
rived coordination numbers (Berlepsch et al., 2003). Fur-
thermore, the Debye–Waller terms for both Sb shells and
for both Fe shells were correlated. With these constraints
a reliable fit was achieved. The distances of 3.06 and
3.59 Å for Fe atoms and of 3.09 and 3.56 Å for Sb
atoms deviate only slightly from published XRD data,
and the coordination numbers are in agreement with
the XRD data (Table 3).

The Al, Cu and K antimonate samples have a very
low crystallinity, which prevented the unequivocal phase
identification by XRD. The Al antimonate has three
broad peaks at around 27, 35 and 55�2h (Cu radiation),
in line with the rutile-like structures of tripuhyite, ord-
oñezite and squawcreekite. The XRD patterns of the
Cu antimonate and K antimonate sample are similar,
but due to even wider lines the peaks at 27 and 35�2h
fall together, hence their patterns revealed only two
broad lines. The EXAFS spectra of these three samples
are close to that of tripuhyite, suggesting a similar local
structure. In line with this observation, two similar Sb
distances could be fitted, while it was not possible to
determine the position of Al, Cu and K, respectively.

In the ilmenite-like structure of brizziite, Na(SbO3),
sheets of edge-sharing SbO6 octahedra alternate with simi-
lar sheets of NaO6-octahedra (Olmi, 1994). The EXAFS
data of the oxygen coordination shell (6 O at 1.99 Å) and
those of the first metal shell (3 Sb at 3.07 Å) are in
agreement with the corresponding XRD values. The fol-
lowing Na atoms (1 Na at 3.19 Å, 3 Na at 3.73 Å, 3 Na
14 16 0 1 2 3 4 5 6 7 8
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Table 3
XAS results of Sb(V) antimonates in comparison with their crystallographic structure

Sample Formula E0 (eV) Coordination shell Metal shells DE0 (Å) v2
res% Coord. shell XRD Metal shell XRD

CN R (Å) r2 (Å2) CN R (Å) r2 (Å2) CN R (Å) CN R (Å)

Bindheimite
synthetic

Pb2(Sb2O6)O 30,497 5.7 O 1.97 0.0023 3.3 Sb 3.65 0.0023 4.6 23.2 6 O 2.00 12 Pb,Sb 3.68
2.0 Sb 6.40 0.0047 6 Pb 5.20
6.8 Sb 7.34 0.0039 24 Pb,Sb 6.37

12 Sb 7.35

Roméite
synthetic

Ca2(Sb2O6)O 30,497 5.9 O 1.96 0.0023 5.3 Sb 3.63 0.0021 4.8 13.2 6 O 2.11 12 Ca,Sb 3.63
7.1 Sb 6.34 0.0069 6 Ca 5.13

13.5 Sb 7.37 0.0051 24 Ca,Sb 6.28
12 Sb 7.25

Cu antimonate 30,497 6.1 O 1.97 0.0031 0.3 Sb 3.10 0.0022 5.0 6.9
1.6 Sb 3.60 0.0034

Al2(Sb2O6)3 30,497 6.0 O 1.96 0.0035 0.4 Sb 3.10 0.0042 3.7 7.6
1.0 Sb 3.57 0.0020

K antimonate K(SbO3) 30,497 6.0 O 1.97 0.0028 1.1 Sb 3.07 0.0028 3.3 8.4
1.6 Sb 3.60 0.0067

Tripuhyite
synthetic

FeSbO4 30,497 6.1 O 1.98 0.0035 0.8 Fea 3.06 0.0031a 5.6 4.4 6 O 1.97–1.99 1Fe 3.07
0.8 Sba 3.09 0.0072b 1 Sb 3.08
3.6 Feb 3.59 0.0031a 4 Fe 3.62
3.6 Sbb 3.56 0.0072b 4 Sb 3.61

Brizziite
synthetic

Na(SbO3) 30,497 6.0 O 1.99 0.0024 2.7 Sb 3.07 0.0013 5.1 5.5 6 O 1.97–2.01 3 Sb 3.07
10.2 Na 3.77 0.0087 6 Na 3.73–3.83
2.6 Sb 5.30 0.0006 6 Sb 5.30
4.3 Sb 6.11 0.0018 9 Sb 6.13

a,b Parameters correlated during fit.
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at 3.83 Å) are lumped together to one Na peak, which
could be fit with 10 Na atoms at 3.77 Å. Antimony atoms
as far as 5.30 and 6.13 Å could be fitted, again in excellent
agreement with the XRD data.

3.1.3. Sorption complexes

Fig. 5 and Table 4 show the XANES and EXAFS spec-
tra and fit results of Sb(III) and Sb(V) sorption complexes
with likely sorbents in soils, goethite and humic acid. The
4 6 8 10
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Fig. 5. Sb K-edge XAS spec
XANES shape and edge position (30,497 eV) of Sb5+

sorbed to goethite, and its O-coordination number of six
confirm the conservation of the pentavalent oxidation
state; likewise, the edge energy of 30,493 eV and the coor-
dination number close to three confirm conservation of the
trivalent oxidation state after sorption. The edge energy
and coordination number of the mixed Sb5+/Sb3+ sorption
sample are intermediate. The Fourier transforms of Sb(V)
goethite and of Sb(V, III) goethite show a small backscat-
12 0 1 2 3 4 5 6 7 8

Sb(III,V) goethite

Sb(III) goethite

Sb(III) humic acid

Sb(V) goethite
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Table 4
XAS results of Sb(V) and Sb(III) sorption species

Sample E0 (eV) Coordination shell Metal shell DE0 (Å) v2
res%

CN R (Å) r2 (Å2) CN R (Å) r2 (Å2)

Sb(V) goethite 30,497 6.1 O 1.99 0.0042 1.0 Fe 3.08 0.0030 7.7 9.2
Sb(III,V) goethite 30,494 5.2 O 1.97 0.0031 0.9 Fe 3.09 0.0030 6.9 9.8
Sb(III) goethite 30,493 3.7 O 1.96 0.0035 1.9 Fe 3.46 0.0072 8.1 10.3
Sb(III) humic acid 30,492 3.7 O 1.98 0.0031 8.7 10.0

3306 A.C. Scheinost et al. 70 (2006) 3299–3312
tering peak at 2.8 Å (uncorrected for phase shift), which
was fitted with one Fe atom at a distance of 3.08–3.09 Å.
This distance is in line with an Sb(OH)6 octahedron sharing
an edge with an Fe(OH)6 octahedron, hence suggesting for-
mation of edge-sharing innersphere sorption complexes at
the goethite surface. For Sb(III) goethite, the Fourier
transform peak is at 3.0 Å, corresponding to a fitted dis-
tance of 3.46 Å. This distance and the coordination num-
ber of two suggests formation of a bidentate, corner-
sharing complex. Finally, the Sb(III) humic acid does not
reveal any backscattering peaks beyond that of the O-coor-
dination sphere. Assuming the complexation of the Sb(III)
ion with carboxylate groups of humic acid, the backscatter-
ing signals of C atoms at a distance of 3–3.5 Å would be
expected. The absence of such a peak may indicate that a
substantial amount of Sb3+ remained as aqueous
SbðOHÞ30 complex rather than being sorbed. However,
an ill-defined distance of the binding C groups as well as
the generally weak backscattering of C may mask existing
complexation (Schmeide et al., 2003).
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Fig. 6. Sb K-edge XAS spectra of the soil samples from six different sho
components (red lines, only EXAFS spectra and their Fourier transforms).
3.2. Antimony speciation of soil samples

3.2.1. Iterative target test factor analysis

The EXAFS spectra of soil samples are shown in Fig. 6
(full lines). The k3-weighted EXAFS spectra and Fourier
transforms shown in the upper part (Losone) reveal heavy
backscatterers at long distances, which indicates the pres-
ence of a solid Sb phase. The spectra in the lower part
(Zuchwil, Goldau), are dominated by backscattering from
the first coordination sphere (low frequency oscillations)
with only a minor influence of backscattering atoms
beyond the coordination sphere. Fourier transform peak
heights of the first coordination shell (at �1.5 Å, uncorrect-
ed for phase shift) increase from top to bottom, while those
of more distant shells (at 2.7, 3.2, 4.0 Å) decrease. Differ-
ences between samples are gradual, suggesting variable
mixtures of several species.

In order to determine the number of spectral compo-
nents necessary to reconstruct the sample spectra, we per-
formed an Eigenanalysis using the ITFA program
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package (http://www.esrf.fr/UsersAndScience/Experiments/
CRG/BM20/Software/). The indicator value reached a
minimum for 2 components, suggesting that all nine spec-
tra are mixtures of two spectral components (not shown).
In line with this, only the first two Eigenvectors show
strong EXAFS oscillations, while the small amplitudes of
the next two Eigenvectors reveal their weak contribution
to the spectral reconstruction (Fig. 7). In addition to the
statistical noise characterized by high frequencies, the
Eigenvectors 3 and 4 contain also smaller frequencies
typical for EXAFS spectra (Fig. 7, left). The Fourier
transforms of these Eigenvectors support, however, that
these frequencies do not arise from additional backscatter-
ing shells not already accounted for by Eigenvectors 1 and
2. The Fourier Transform magnitude peaks especially of
Eigenvector 3 follow largely those of Eigenvector 2,
suggesting that they are due to small variations of the
amplitudes of the backscattering waves, which may be
generated by small variations of coordination numbers,
structural disorder and/or by variations of the spline
background subtraction. Finally, deviations between
experimental spectra (black lines in Fig. 6) and the recon-
structions based on two components (red lines in Fig. 6)
are very small. In fact, the reconstructions appear as
noise-filtered spectra (see also Fig. 8). In conclusion, the
statistical and visual analysis of the nine spectra strongly
suggests that only two systematic spectral components
are present, hence all nine samples contain variable ratios
of only two chemical species.

Component 1 showed a maximum abstract concentra-
tion for sample Losone N4, while component 2 showed a
maximum abstract concentration for sample Zuchwil.
Assuming that these components represent the relatively
pure species, we performed VARIMAX rotation and itera-
tive target test. The output of this procedure are the spec-
tral representations of the two components, i.e., the spectra
3 4 5 6 7 8 9 10

χ(
k)

 k
3

k [Å-1]

Fig. 7. Eigenvector analysis of the Sb K-edge EXAFS spectra of the nine soil s
Transforms.
of the two species (Fig. 8), and the relative concentrations
of both components in the samples, i.e., their speciation
(Table 5).

3.2.2. Species identification

Fig. 8 shows the spectral representations of species 1 and 2
in comparison to the spectra of the soil samples with the
purest occurrence of each species (Losone N4 and Zuchwil,
respectively), and in comparison to the most similar refer-
ence spectra. The spectrum of species 1 contains most spec-
tral features of Losone N4 with two exceptions: a Fourier
transform peak at 1.6 Å indicative of an O-coordination
shell is missing, while all other peaks are more pronounced.
A comparison with species 2 demonstrates that these differ-
ences are due to the spectral mixture of species 1 and 2 in sam-
ple Losone N4 (Table 5).

Of all references, the spectrum of species 1 is closest to
that of metallic Sb (Fig. 8). The multi-shell fit confirms that
in species 1 each Sb is surrounded solely by other Sb atoms
at distances consistent with those of a metal reference foil
measured in transmission mode (Table 6) and with crystal-
lographic structure data (Fig. 2) (Barrett et al., 1963). For
both, species 1 and the reference foil, the EXAFS-derived
coordination numbers of the first two shells are below the
expected value of 3. However, the close agreement of the
spectral features and the fitted structure data of species 1
and the reference foil demonstrate unequivocally that spe-
cies 1 is metallic Sb.

The spectral representation of species 2 is, apart from
less noise, almost identical to that of sample Zuchwil, in
line with the pure composition of this soil sample (Fig. 8,
Table 5). The edge energy of sample Zuchwil (30,497 eV)
suggests a pentavalent oxidation state. Of all available ref-
erence spectra, the spectrum of species 2 is most similar to
Sb(V) sorbed to goethite, and to the Fe antimonate trip-
uhyite. The most significant difference between species 2
0 1 2 3 4 5 6
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amples (see Fig. 6). Shown are the first four Eigenvectors and their Fourier
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Fig. 8. ITFA-derived Sb K-edge EXAFS spectra of the two Sb species in the soil samples (black lines). For comparison are shown the experimental
spectra of the soil samples with the largest fraction of the respective species (red), and of selected reference species (blue and green).

Table 5
Fractional distribution of the two Sb species in the soil samples and edge
energy of the XANES spectra

Sample Species 1 Species 2 Sum E0 (eV)

Losone N-4 0.75 0.26 1.01 30,491
Losone J-1 0.64 0.29 0.93 30,493
Quartino 0.50 0.52 1.02 30,493
Davos 0.41 0.44 0.85 30,493
Oberuzwil 0–5 0.37 0.55 0.92 30,494
Oberuzwil 5–15 0.25 0.66 0.91 30,495
Oberuzwil BC 0.07 0.84 0.92 30,496
Goldau 0.04 0.90 0.94 30,497
Zuchwil 0.00 1.00 1.00 30,497
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and these references is the absence of a Fourier transform
peak at 3.2 Å for the sorption sample, and its more pro-
nounced expression for tripuhyite, suggesting an intermedi-
ate local structure for species 2.

To elucidate the structure of species 2, multi-shell fit was
performed. Antimony is octahedrally coordinated to O,
corroborating the pentavalent oxidation state already sug-
gested by the edge energy (Fig. 1, Table 2). The two small
backscattering peaks in the Fourier transform at distances
above 2 Å (Fig. 8, uncorrected for phase shift) were
attempted to fit with Fe shells, Sb shells, Pb shells, and with
combined Fe and Sb shells as performed for the tripuhyite
sample. Only the fit with two Fe shells resulted in a good fit
of the spectrum and in physically meaningful values of dis-
tance, coordination number, Debye–Waller factor and
phase shift. The fitted distances of 3.10 and 3.56 Å together
with coordination numbers of 0.9 and 1.4 (Table 6) suggest
a local structure where an Sb(O,OH)6 octahedron shares
one edge with an Fe(O,OH)6 octahedron, and simulta-
neously shares corners with one or two Fe(O,OH)6 octahe-
dra as shown in Fig. 9.

While the EXAFS fit results of Sb(V) sorbed to goethite
reveal only the edge-sharing sorption complex (Table 4),
higher surface loadings may cause the formation of cor-
ner-sharing in addition to edge-sharing complexes (Spadini
et al., 1994). Furthermore, ferrihydrite exposing a higher
variety of surface sites as compared to goethite tends to
form both types of sorption complexes, as has been demon-
strated for Cd, Se and As (Manceau and Charlet, 1994;
Spadini et al., 1994). If the ratio of the fractions of edge
and corner-sharing arrangements would change between
samples, a total of three different species would have been
observed by ITFA (including the metal species). Since this
was not the case, both arrangements seem to occur at the
same ratio in all samples in spite of the wide range of
pH, Sb concentration and other physicochemical soil
parameters (Table 1). This suggests that the formation of



Table 6
Local structure of species 1 and 2 and of Sb(0) metal

Sample Coordination shell Metal shells DE0 (eV) v2
res%

CN R (Å) r2 (Å2) CN R (Å) r2 (Å2)

Species 1 2.1 Sb 2.90 0.0013 2.1 Sb 3.35 0.0027 6.6 7.5
6.7 Sb 4.30 0.0045
6.1 Sb 4.51 0.0039

Sb metal 1.8 Sb 2.91 0.0014 2.4 Sb 3.33 0.0021 9.2 11.3
5.7 Sb 4.29 0.0048
6.1 Sb 4.49 0.0060

Species 2 5.4 O 1.98 0.0033 0.9 Fe 3.10 0.0036 7.6 4.4
1.4 Fe 3.56 0.0039
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Fig. 9. Structural model of species 2 (left) and of tripuhyite, FeIIISbV04 (right). Sb octahedra are shown in pink, Fe octahedra in orange.
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both sorption complexes is controlled by surface sites,
indicative of preferential sorption to ferrihydrite rather
than to more crystalline goethite (Manceau and Charlet,
1994).

An alternative explanation would be the formation of a
solid Sb and Fe hosting phase like the Fe antimonate trip-
uhyite, FeSbO4. In this structure, SbO6 and FeO6 octahe-
dra share edges along the chains, and corners between
chains, revealing a structural arrangement similar to that
of species 2 (compare both structures in Fig. 9). The dis-
tances of first (3.06–3.08 Å) and second metal shells
(3.61–3.63 Å) reported for several tripuhyite samples are
in fact similar to those of species 2 (Berlepsch et al.,
2003). However, a fit of both SbAFe and SbASb backscat-
tering paths as in tripuhyite failed, and only Fe backscat-
tering paths could be reliably fitted. To further confirm
the absence of backscattering Sb atoms, we performed a
comparative wavelet analysis of the spectra of species 2
and tripuhyite, following the procedure developed by
Funke et al. (2005). The detail wavelet plots of the radial
distances 2.4 6 r 6 3.5 Å using the optimized Morlet
parameters g = 6 and r = 1 revealed only a peak at smaller
k indicative of Fe, but no peak at higher k indicative of Sb
for species 2, hence the presence of Sb backscatterers can
be excluded (data not shown). While one could assume that
the structure of species 2 represents small clusters of an Fe-
rich tripuhyite, based on the small coordination numbers
for the second metal shell and on the prevalence of Fe
neighbors, the tripuhyite samples investigated by Berlepsch
et al. (2003) show only a small deviation from the ideal
Fe-to-Sb ratio of one (site occupancy factor, SOF, of Sb:
0.47–0.53). Furthermore, our attempts to synthesize an
antimonate with less Sb (SOF < 0.4) failed and led to the
precipitation of Fe and Sb oxides as separate phases.
Therefore, we have to reject the hypothesis that species 2
is tripuhyite of low crystallinity.

However, it cannot be excluded that species 2 is Sb(V)
occluded in the structure of an Fe oxide rather than being
Sb(V) sorbed to Fe oxide surfaces. In the case of indepen-

dent edge and corner-sharing sorption complexes with Fe
coordination numbers of 1 and 2, respectively, the spectral
mixture of both complexes should result in fitted coordina-
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tion numbers of 0.5 and 1.0, while they are in fact 0.9 and
1.4. Hence the higher coordination numbers may suggest
formation of such an occlusion, but—considering the large
error observed for some of references—cannot prove it.

In conclusion, two types of sorption complexes, edge-
sharing and corner-sharing, occurring in about equal
proportions in all samples, are the most consistent
interpretation of species 2.

3.2.3. Quantitative speciation and geochemical implications

The relative concentrations of Sb(V) sorbed to Fe oxides
and of metallic Sb as derived by ITFA are given in Table 6.
The Sb(V) species is present in all samples, confirming the
strong association between Sb(V) and Fe oxides suggested
earlier by selective sequential extractions (Crecelius et al.,
1975; Blay, 2000). Samples from Goldau and Zuchwil have
the highest proportions of Sb(V).

The remaining sites, Davos, Quartino and Losone, have
significant proportions of metallic Sb. This metallic Sb may
stem from small fragments of unweathered bullet cores.
Such bullet fragments could have formed through abrasive
forces during bullet impact into the soil, and may not have
been eliminated from the samples by sieving. This interpre-
tation is consistent with a high percentage of Sb(0) in the
Quartino sample, which has been collected from a stop butt
constructed with ash-filled tires, and may have a smaller
weathering potential than soil. It is also consistent with a
small percentage of Sb(0) in a bullet crust collected at
Oberuzwil (Oberuzwil BC), where metallic bullet parts
could be easily separated. However, the very high percent-
age of Sb(0) in the Losone samples suggests a different
scenario.

The Losone samples originate from behind the stop
butts and contain significant quantities of chestnut leaf
mould. The soil at this site is very acidic, organic matter-
rich, and has a very low bulk density. Pb concentrations
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were as high as 80,900 mg kg�1 (Knechtenhofer et al.,
2003). The surface of a bullet found at this site was
bright-metallic from surface dissolution, and it did not
show a weathering crust, suggesting rapid bullet weather-
ing. This shooting range was only rarely used in the last
5 years before sampling, making the existence of small,
unweathered bullet fragments unlikely. Pb LIII-edge XAS
spectroscopy indicated that this sample does not contain
Pb(0), but Pb(II), which is predominantly bound to soil
organic matter (Fig. 10). The presence of Sb(0) and the ab-
sence of Pb(0) therefore strongly suggest, that metallic
Sb(0) remained undissolved during Pb oxidative dissolu-
tion. In line with the standard reduction potentials of Sb
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and Pb (EH = 0.204 V for Sb(0) fi Sb(III), EH = �0.125 V
for Pb(0) fi Pb(II) at acidic pH), Sb(0) should act as an
oxidizer for Pb(0), hence explaining why Sb(0) clusters
within the PbSb alloy have a much higher resistance
against weathering than the Pb(0) clusters. Considering
the excess of Pb, even a reduction of already oxidized Sb
seems to be possible.

No indication of a third, Sb(III) species was found by
XAS spectroscopy and ITFA. According to our experi-
ence, the lower detection limit of ITFA for an additional
species is 1–5%, considering the given spectral quality.
Furthermore, the XANES edge energies of the soil sam-
ples do not show a systematic deviation from the line link-
ing the energies of the Sb metal and antimonate references
(Fig. 11). Hence a separate Sb(III) species, like Sb(III)
complexed by soil organic matter, would account for less
than 5%. While beam-induced sample oxidation was
observed when collecting Sb L-edge XANES of some of
the references at room temperature (data not shown),
the higher energy of the Sb K-edge and the sample cooling
to 20 K prevented redox changes. Hence oxidation or
reduction of Sb(III) during the measurement can be
excluded. Although substantial proportions of Sb(III)
were found in oxalate extracts of some of the same sam-
ples investigated here (Johnson et al., 2005), more recent
experiments suggest that oxalate releases not only Sb asso-
ciated with amorphous Fe oxides, but dissolves Sb(0);
hence the previously found Sb(III) may be an artifact of
the extraction procedure. Therefore our results clearly
demonstrate that Sb(III) species do not significantly con-
tribute to the speciation of bulk soil. While Sb(III) may
be formed as an intermediate product during the oxidation
of Sb(0), the Sb(III) oxidation kinetics seem to be much
faster in soils than in (oxic) surface waters, hence prevent-
ing the enrichment of Sb(III) (Filella et al., 2002; Leuz and
Johnson, 2005). This difference between soils and waters
might be explained by the redox-catalyzing surfaces pres-
ent in many soils.

4. Conclusions

In spite of a substantial soil variation in terms of parent
material, pH, Sb concentrations and range history, only
two Sb species were found in shooting-range soils: first,
Sb(V) sorbed to Fe oxides by forming both edge-sharing
and corner-sharing inner-sphere sorption complexes. Sec-
ond, metallic Sb(0), which may be part of unweathered bul-
let fragments. In one case, however, metallic Sb(0)
remained even after complete oxidation of metallic Pb,
pointing to a higher resistance of Sb(0) against weathering.
The results show that Sb(V) is the prevailing oxidation
state after weathering of metallic Sb(0) in oxic soils, while
Sb(III) was not detected. In confirmation, a recent XANES
investigation on soils contaminated by Sb and Sb2O3 smelt-
er emissions showed also predominantly Sb(V) (Takaoka
et al., 2005). Therefore, the more toxic Sb(III) seems to
play only a minor role in oxic soils.
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