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Abstract: Antimony (Sb) is an understudied pollutant with potentially toxic effects at particularly
low concentrations. The fate of Sb in the environment is complicated because of its many chemical
forms at varying oxidation states. Here, we validated an extraction method and an analytical
technique to quantify inorganic and methylated Sb in bulk soil and soil solution. We identified and
quantified trimethylantimony (TMSb) in shooting range soils for the first time, up to a concentration
of 1.35 mg kg−1. Then, we evaluated the release of Sb species from soil to soil solution as well as
the influence of manure addition upon flooding in an incubation experiment with fresh soils from
shooting ranges. This incubation experiment showed an immediate and exhaustive Sb release into
the soil solution (within 6 h), reaching over 3000 µg L−1 for one site, followed by a sharp decline and
again a slow increase at the end of the incubation in Sb concentrations in the soil solution for two of
the three sites. TMSb was also formed in the soil solution after 4 to 10 days. High dissolved organic
carbon (DOC) concentrations and the dissolution of Fe- and Mn-(oxy-)hydroxides were the main
drivers of Sb release, while the addition of organic matter (OM) drove TMSb formation.

Keywords: antimony; trimethylantimony; biomethylation; shooting range; HPLC–ICP–MS; mobility

1. Introduction

Strongly elevated antimony (Sb) concentrations, caused by recent human activities and the
associated increased exposure of biota, have recently come into the focus of public interest. Sb is
now considered a pollutant of primary concern by the Council of the European Communities and
the US Environmental Protection Agency [1,2]. Global consumption of Sb was estimated to be about
188,000 tons in 2016, owing primarily to an increased use of flame retardants and heat stabilizers for
plastics. Because of its compatibility with lead (Pb), Sb is also used as a hardening agent in batteries
and ammunition [3]. Sb in shooting range soils can pose an environmental risk, since the weathering
of bullets will gradually release Sb into the environment [4]. Furthermore, mining activities of Sb
are a major source of soil contamination in Sb-producing countries [5]. Unfortunately, compared
to other pollutants, such as arsenic (As) and mercury (Hg), Sb is much less studied. Nonetheless,
it can be more mobile than other pollutants such as As and Pb [6,7]. Recent studies even show that
Sb mobility in soils was underestimated in early studies, especially in contaminated areas [8–12].
This lack of knowledge is attributable to the fact that Sb is a redox-sensitive element with a complex
biogeochemical cycle. Sb(III) and Sb(V) are the two forms that are mostly found in the environment.
Sb(V) is the predominant and stable species in oxic systems, while Sb(III) is predominant under
reducing conditions [13], although recent work shows that in contaminated sites, even under reducing
conditions, Sb(V) can be dominant, because of thermodynamic constraints of the conversion of Sb(V)
to Sb(III) [14]. In soils, Sb(III) is reported to be less mobile because of the immediate sorption onto
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iron (Fe), manganese (Mn), or aluminum (Al) (oxy-)hydroxides [15–17]. However, both Sb species
bind to Fe- and Mn-(oxy-)hydroxides [15,18]. Since Fe- and Mn-(oxy-)hydroxides are widespread in
soils of all climate zones [19], a low Sb mobility is expected under aerobic conditions [20]. This entails
that under waterlogged (anoxic, reduced) conditions, Sb might be released by reductive dissolution of
Fe- and Mn-(oxy-)hydroxides. However, anoxic conditions can also lead to the reduction of Sb(V) to
Sb(III), in spite of the above-mentioned restrictions, and to precipitation and adsorption processes [21].
Hockmann and Schulin [22] showed a reduced sorption capacity of Sb onto Fe (oxy-)hydroxides
when Sb(V) is added together with dissolved organic carbon (DOC), although the effects were less
pronounced when Sb(V) was allowed to equilibrate with the Fe-(oxy-)hydroxides before the addition of
DOC. Heier et al. [23] found a close correlation between Sb and DOC concentrations in soil solution of
a contaminated peatland area in Norway. Furthermore, if the sorption of Sb is controlled by the metal
(oxy-)hydroxide surfaces, other components competing for binding sites, such as DOC, can enhance
Sb mobility [22]. The sorption to solid organic matter (OM) [24] and clay minerals [16] is hypothesized
to play only a minor role in the retention of Sb in soils. Nonetheless, several recent studies have
highlighted the fact that Sb can be mobilized in surface waters, even under oxic conditions [14,25–27].

Furthermore, Sb is subject to biomethylation under oxic and anoxic conditions [28–30].
This microbiological process transforms inorganic Sb to methylated Sb species. The products of
Sb biomethylation are mono-, di-, and trimethylantimony (MMSb, DMSb, and TMSb, respectively).
Despite the broad spectrum of microorganisms that are able to methylate Sb [29–31] and the
inherent effects on Sb mobility [5,29], information about these processes in soils are still very scarce.
Duester et al. [32] determined methylated Sb concentrations in different locations of the Ruhr basin in
Germany and found that MMSb was the most abundant of all organic Sb species in agricultural and
garden soils. Frohne et al. [33] revealed a linear correlation between decreasing MMSb concentrations
and increasing redox potential (−300 to 600 mV). Another study about the occurrence of organic
Sb investigated soils in farmlands and forests of an old mining area in China and found high
concentrations of TMSb which contributed a large part to the total Sb concentrations in soils. [34].
Several other studies found methylated Sb mostly under anaerobic conditions [30,35,36]. The current
hypotheses to explain the formation of TMSb in soils are the same as for the formation of methylated
As compounds: either TMSb is formed as a by-product of the methane production or there is an active
mechanism of methylation by microorganisms using S-adenosylmethionine of methylcobalamin as
the methyl donor. Still, methylated Sb species are not well-studied, and this is related to the lack
of user-friendly extraction and analysis methods. Furthermore, the lack of commercially available
standards for MMSb and DMSb prevented us from validating our extraction and HPLC method for
these two compounds.

In this study, we investigated the mobility and spatial distribution of Sb and other trace elements,
such as As, Cu, Fe, and Mn, as well as the presence of TMSb in three Swiss shooting range soils that
are prone to flooding and therefore to changing redox conditions. To do so, we tested and validated
an extraction technique to measure TMSb concentrations in soils. This method was already used for
plants and is compatible with the speciation analysis of Sb(III), Sb(V), and TMSb by HPLC–ICP–MS
used in this study [37]. Furthermore, we conducted flooding experiments in order to understand the
dynamics leading to the release of Sb from the soil solid phase into soil solution and the formation of
TMSb in such soils. Such experiments are pertinent for several reasons. Firstly, Sb use and emission in
the environment is a global issue, not restricted to shooting ranges soils [38]. Furthermore, it is known
that Sb release is influenced by changing redox conditions in many soils such as wetlands and rice
paddies [9,39] as well as by heavy precipitation [25–27]. Finally, climate change is thought to result in
an increase in the frequency of extreme weather events including floods, in the future [40,41].
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2. Materials and Methods

2.1. Reagents

Sb stock solutions were prepared from salts of potassium antimony (III) tartrate
hydrate (C8H4K2O12Sb2x3H2O, 99.95%), potassium hexahydroxoantimonate(V) (KSb(OH)6, 99%),
and trimethylantimony(V)dibromide ((CH3)3SbBr2) produced by Sigma–Aldrich (Buchs, Switzerland).
These compounds were used to validate the extraction recoveries. For the total element concentration
analysis, a multi-element standard from Roth (1000 mg L−1, Karlsruhe, Germany) was used.
Soil extraction solutions were prepared with citric acid (99.5%), ascorbic acid (99.7%), and oxalic
acid (99%) from Merck Millipore Inc. (Burlington, MA, USA). Ammonium tartrate (99.5%) from Sigma
Aldrich (St Louis, MO, USA) and methanol (99.9%) form Merck Millipore Inc. (Burlington, MA, USA)
were used for the HPLC eluent. Hydrochloric acid (HCl, 35%, supra), nitric acid (HNO3, 69%, supra),
and hydrogen peroxide (30%, pure) were obtained from Roth (Karlsruhe, Germany). Water from an
ultrapure water system (MilliQ, Merck Millipore Inc., Burlington, MA, USA) was used throughout
the study.

2.2. Field Sites and Sampling

Several 25-, 50- and 300-m shooting ranges in Switzerland were evaluated in order to find three
appropriate sites for this study. The final selection was based on the following criteria: soils should
be physically undisturbed and allow coring to at least 35 cm depth. The area should be flat and
water-influenced (nearby streams and high chance of flooding events). The three chosen sites were
characterized by contrasting soil properties such as soil pH and OM concentration, offering three
different scenarios for studying Sb behavior (Table 1). The first two shooting ranges were situated
in the vicinity of Laupen (Site A) and in the municipality of Seedorf (Site B), both in the canton of
Berne, and were bordered by a stream. The third Sb-polluted soil was near the city of Embrach (Site C)
in the canton of Zurich and was situated across a groundwater-fed peatland, with the target area,
however, situated on a mineral soil under pasture. According to the soil texture definition of the World
Reference Base for Soil Resources (WRB) [42], the soils at Sites A and C were defined as loam, whereas
the soil at Site B was classified as sandy loam.

Table 1. Site properties (mean ± standard deviation, sd). Soil properties refer to the average of 0–5,
5–15, 15–25, 25–35 cm depth layers if not mentioned otherwise.

Site A Site B Site C

City (Canton) Laupen (Bern) Seedorf (Bern) Embrach (Zurich)

GPS coordinates N46◦55.015–E7◦14.518 N47◦0.991–E7◦21.042 N47◦30.457–E8◦36.939

Year of establishment 1969 1970 1889

Shooting activity Combat + 300 m,
small-calibre + assault rifle 25 + 50 m, small-calibre 300 m, assault rifle

Number of targets 16 7 12

Soil pH (Min.–Max.) 7.2–7.7 4.8–5.9 7.1–7.5

Dominant grain size (µm) 63–200 63–200 6.3–63

Texture: loam sandy loam loam

Sand (%) 48.8 ± 4.9 (n = 3, 0–20 cm) 51.9 ± 4.6 (n = 3, 0–20 cm) 34.1 ± 4.2 (n = 3, 0–20 cm)

Silt (%) 32.7 ± 3.1 (n = 3) 30.7 ± 2.6 (n = 3) 38.4 ± 2.8 (n = 3)

Clay (%) 18.5 ± 1.9 (n = 3) 17.4 ± 2.4 (n = 3) 27.5 ± 1.4 (n = 3)

Moisture content (mass %)
at the time of sampling 18.5 ± 8.8 (n = 6) 16.0 ± 1.4 (n = 6) 19.7 ± 5.3 (n = 6)

Bulk density (g/cm3) 1.23 ± 0.27 (n = 3, 0–10 cm) 1.16 ± 0.12 (n = 3, 0–10 cm) 0.97 ± 0.11 (n = 3, 0–10 cm)

Organic C (g kg−1) 2.1 ± 1.1 (n = 6) 1.8 ± 0.4 (n = 5) 3.2 ± 1.1 (n = 4)
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At each site (A, B, and C), three soil cores were sampled in the areas near the targets. The cores
were 7.5 m apart at sites A and C, while they were only 1.5 m apart at the narrower Site B. Three
further cores were taken at each site to measure Sb as well as TMSb concentrations away from the
targets, in a gradient. These cores were taken in the middle of each field and were 3, 8, and 14 m away
from the front core at Site A, and 3, 11, and 25 m at Sites B and C. Details can be found on the sampling
plan (Figure S1). The cores were collected with a Pürckhauer corer (Ø 2 cm). The plant cover was
removed, and the soil samples were divided into four depths (0–5 cm, 5–15 cm, 15–25 cm, 25–35 cm).
The soil samples were dried for 10 h in an oven at 70 ◦C. The dried soils were sieved (<2 mm mesh size)
to remove ammunition residues, stones, and larger organic particles. The dried and sieved samples
were ground using a mortar and pestle. Additionally, 1–2 kg of soil was sampled for the incubation
experiment from a 0–20 cm depth, sieved to 2 mm, and homogeneously mixed. The samples were kept
fresh (no drying) at 4 ◦C for a maximum of 5 days prior to the start of the incubation experiment.

2.3. Microwave-Assisted Digestion for Total Concentrations

Microwave digestion (Ethos, contFLOW 1600, MLS, Leutkirch, Germany) was used to determine
total element concentrations in the solid phase. After digestion, the pressurized vessels were allowed
to cool before they were opened to prevent possible loss of volatile Sb. The digests were diluted with
ultrapure water and stored at 4 ◦C until analysis. Different acid compositions were tested, since Sb
is challenging to digest [43,44]. The acid composition finally used for digestion was a mixture of
7.5 mL HNO3 and 2.5 mL HCl. The details of the microwave digestion procedure can be found in
Table S1. Certified reference materials (CRM, National Research Council Canada, PACS-3 with 17.4
mg/kg Sb) were digested with each batch and showed consistent recoveries of 70.3% ± 4.7% (n = 13).
The blanks were also digested with each batch to check for possible contamination. The method limit
of detection of Sb for this digestion procedure was calculated at 0.24 mg kg−1 (average blanks plus 3x
standard deviation).

2.4. Soil Extractions for Methylated Sb Species

Different extraction methods for methylated Sb species were tested. The procedures are described
in part 3.1, if different from the procedure of Potin-Gautier et al. [45]. Samples consisting of 100 mg
of soil were precisely weighed and filled into a 20 mL borosilicate glass vial (Wheaton, Millville, NJ,
USA), then 10 mL of 200 mM oxalic acid (OA) mixed with 100 mM ascorbic acid (AA) was added.
Sample and liquid were shaken by hand to mix them uniformly. The glass vials were then sonicated
for 30 min (Sonorex Super RK 106, Bandelin, Berlin, Germany). After the ultrasonic bath, the extraction
solution was separated from the soil using a centrifuge (Z323, Wehingen, Germany) at 3500 rotations
per minute for 5 min (relative centrifugal force: 6000× g at 20 ◦C). The extraction solution was finally
diluted in 150 mM ammonium tartrate (AT) and stored at 4 ◦C prior to analysis. We spiked a selected
soil with low native Sb concentration (0.7 ± 0.01 mg kg−1, n = 3) with different Sb species in order
to validate the extraction method. The extracts of the spiked soil were then analyzed to assess the
recoveries and possible species conversion. The method limit of detection of methylated Sb for the
chosen extraction was 50 µg kg−1.

2.5. Incubation Experiments

Eighteen Erlenmeyer flasks (250 mL) filled with fresh soil from the shooting range sites (<2 mm
sieved and homogenized), were placed in a growth chamber (KBW 720, Binder, Tuttlingen, Germany)
at an average Swiss summer temperature of 18 ◦C and a humidity level of 70%. Nine Erlenmeyer
flasks were filled with 78.4 g field-fresh soil from the three different shooting ranges (3x A, B, and
C) and supplemented with 1.6 g (2%) OM in the form of cow dung (Hauert HBG Dünger AG,
Grossaffoltern, Switzerland, dried and finely chopped). The remaining nine flasks were filled with
field-fresh and homogenized shooting range soil without any further supplementation (80 g). All flasks
were equipped with a Rhizonsampler (Rhizonsphere Research Product, Wageningen, Netherlands:
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Rhizon flex, 5 cm porous material, pore size 0.2 µm, 2.5 mm outer diameter, complemented with
20 cm polyvinyl chloride/polyethylene (PVC/PE) tubing and injection needle) in order to sample soil
solutions. The Erlenmeyer flasks were closed with a plastic lid to avoid dust contamination and water
loss. At the start of the experiment, all 18 Erlenmeyer flasks were flooded with 120 mL of ultrapure
water. For 15 days, the soil solution was sampled 10 times (after 6 h, 1, 2, 3, 4, 6, 8, 10, 12, and 15 days).
The soil solution was sampled by applying a vacuum to the Rhizon sampler using a 5 mL vacutainer
(Plastipak, Becton Dickinson, Franklin Lakes, NJ, USA). The sampled volume was distributed into
three subsamples (1: total Sb and other trace elements, diluted in 1% HNO3; 2: Sb species, diluted in
150 mM AT; 3: DOC analysis, diluted in ultrapure water). The remaining soil solution in the vacutainer
was used to determine redox potentials and pH values. The soil solution samples were stored in a
fridge at 4 ◦C prior to analysis. The soil used for the incubation experiment was analyzed for total
element concentration and Sb speciation before and after the experiment. The soils remained fully
water-saturated for the duration of the experiment.

2.6. Soil Characterization

The organic matter concentration in the soils was measured by loss on ignition (550 ◦C for
two hours in a muffle furnace). The pH was measured in a solution containing 10 g of soils and 25 mL
of 0.01 M CaCl2 after equilibration for two hours. The texture was determined after treatment with
H2O2 to remove the organic matter. The moisture content was obtained by weighing the soil before
and after drying to constant mass. The bulk density was measured using 100 cm3 stainless steel rings.

2.7. Analysis

The total concentration of trace elements (Sb, Pb, Cu, As, Fe, and Mn) in the digests of the solid
and the soil solution samples was determined by Inductively-Coupled Plasma Mass Spectrometry
(ICP–MS 7700x ICP-MS, Agilent Technologies, Waldbronn, Germany). The instrument’s settings are
presented in Table S2. Indium (m/z 115) was used as an internal standard and injected continuously
through a T-piece. Sb was measured at m/z 121. Further analytical details concerning rinsing between
samples to avoid carryover of Sb can be found in Mestrot et al. [37]. The concentrations of Sb species
(Sb(III), Sb(V) and TMSb) were measured through coupling a High-Pressure Liquid Chromatograph
(HPLC 1200 Series, Agilent Technologies, Santa Clara, CA, USA) to the ICP–MS. The details of the
method, initially developed by Ge and Wei [46], are presented in Mestrot et al. [37] and in Table S2.
Briefly, the mobile phase was 150 mM AT with 4% methanol at pH 5 and was used at a flow rate of
1 mL/min. Because of the high salt content of the mobile phase, the HPLC flow was split (1:1) with
a microsplitter (P-451 Idex, H&S, Middleborough, MA, USA). In this way, 50% of the flow went to
the waste, while the rest was mixed online with a solution of 1% HNO3. The calibration standards
were prepared daily by diluting the Sb stock solution of each species in 150 mM AT. The C, N, and S
concentrations were measured on milled soils using an elemental analyzer (vario El cube, Elementar
Analysensysteme, Langenselbold, Germany). DOC concentrations in soil solution were measured
using a vario TOC cube (Elementar Analysensysteme, Langenselbod, Germany). Redox potential
and pH were measured using a SenTix ORP electrode and a pH meter (pH 330i), both from WTW
(Dinslaken, Germany). The texture was measured with a MasterSizer 2000 (Malvern Panalytical Ltd.,
Malvern, UK) after dispersion of the sample with pyrophosphate (NaP2O7).

3. Results and Discussion

3.1. TMSb Extraction Method Validation

First, we assessed the extraction of Sb species from the soils by different methods from the
literature [45–47], using a sediment CRM (PACS-3: 14.7 ± 2.2 mg kg−1 Sb, Figure 1a). The total Sb
recovery from the CRM with 200 mM AT as an extractant was 21.4 ± 1.8% (n = 3), while, when using
a mixture of 200 mM OA and 100 mM AA, it was 45.2 ± 4.6% (n = 4). The OA+AA method was
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chosen because of the better extraction efficiency of total Sb. The experimental conditions were further
modified to improve the extraction efficiency. Using 200 mg instead of 100 mg of CRM in 10 mL or 5 mL
led to lower recoveries: 32.8 ± 4.0% (n = 3) and 31.1 ± 2.7% (n = 3), respectively. An extraction time of
2 h was also tested but did not significantly improve the recoveries (49.0 ± 2.5%, n = 3). The 30-min
extraction was therefore chosen to keep the sample processing time short. The extraction efficiency
of single species was also tested with soil spiking experiments (Figure 1b). The OA+AA extraction
provided high recoveries for Sb(III)-spiked soil (83.2 ± 4.3%, n = 3), Sb(V)-spiked soil (76.8 ± 4.7%,
n = 3), TMSb-spiked soil (78.9 ± 11.0%, n = 3), and for a mixture of all three (85.6 ± 5.3%, n = 3).
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Figure 1. (a) Recovery of the certified total Sb concentrations in the Certified Reference Material (CRM)
PACS-3 (mean ± sd, n ≥ 3); (b) Extraction recovery after spiking Sb(III), Sb(V), TMSb, and a mix of
these three Sb species in a low-Sb soil (left column, total Sb by ICP–MS). The percentage of the spike
species remaining after extraction (right column) was measured by HPLC–ICP–MS (mean ± sd, n = 3).
AT: ammonium tartrate, OA: oxalic acid, AA: ascorbic acid, TMSb; trimethylantimony.

The higher recovery from the soil spiking experiment compared to the total Sb recovery from
the CRM is attributable to the amount of Sb that is contained in fractions that are not available in the
PACS-3 CRM. Indeed, most of the Sb recovered from the soil used for the spiking experiment was
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added. The speciation analysis revealed conversions of Sb(III) to Sb(V) and of Sb(V) to Sb(III) during
the extraction (Figure 1b). However, the TMSb standard did not transform into inorganic species.
Therefore, the method is well-suited for TMSb analysis in soils. The blank values (n = 14) for the
extraction method were below the detection limit of the HPLC–ICP–MS (0.2 µg L−1) for all species.

3.2. Total Sb Concentrations in the Shooting Range Soils

The total concentrations of Sb and Pb in the soil at all three sites were high (up to 2000 mg kg−1

for Sb and 60,000 mg kg−1 for Pb), and most of the samples situated near the surface exceeded
the Swiss remediation values (50 mg kg−1 Sb and 1000 mg kg−1 Pb). For Sb, these concentrations
are well above soil background values of 0.3–8.6 mg kg−1 [48]. However, they are in line with
previously found concentrations of Sb in shooting range and mining sites that range up to
17,500 mg kg−1 [5,8,22,34,49,50]. It must be noted, however, that extremely small bullet residues
(<100 µm) can be present in the soil [4]. This is possibly the reason for high relative standard deviations
(RSD) of the total Sb and total Pb concentrations in replicate digests (as high as 15.8% and 19.1%,
respectively), although we did not directly assess the presence of such small bullet residues. Conversely,
concentrations of naturally occurring Fe and Mn are characterized by low Relative Standard Deviation
(RSD) values (2.1% and 2.7%, respectively). As a result, it is difficult to assess the mobility of Sb and Pb
down the soil profile for Site A because the observed concentration changes fell into the error margin
of their measurement (Figure 2a). The analysis also revealed that the percentage of Sb from the bullets
(1–5% Sb, 95–99% Pb) is conserved in the soil profiles of all three sites with Sb percentages of 1 to 5.2%
calculated as 100 × Sb/(Sb + Pb). This result is similar to previously found ratios in shooting range
soils [12,50]. Compared to the surface concentrations, the decreasing Sb and Pb concentrations with
increasing depth in the soils at Sites B and C indicate that both elements are strongly bound in the
OM-rich topsoil and little leached down the soil profile. This decrease in concentration with depth
was also found in previous studies [27,51–55]. Nonetheless, Sb and Pb concentrations were elevated,
even at a depth of 30 cm (20 to 130 mg kg−1 Sb and 800 to 5600 mg kg−1 Pb). The concentrations at
30 cm were higher than the remediation values for Sb at Site C and for Pb at Sites B and C.
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Sb and Pb down the soil profile for Site A because the observed concentration changes fell into the 
error margin of their measurement (Figure 2a). The analysis also revealed that the percentage of Sb 
from the bullets (1–5% Sb, 95–99% Pb) is conserved in the soil profiles of all three sites with Sb 
percentages of 1 to 5.2% calculated as 100 × Sb/(Sb + Pb). This result is similar to previously found 
ratios in shooting range soils [12,50]. Compared to the surface concentrations, the decreasing Sb and 
Pb concentrations with increasing depth in the soils at Sites B and C indicate that both elements are 
strongly bound in the OM-rich topsoil and little leached down the soil profile. This decrease in 
concentration with depth was also found in previous studies [27,51–55]. Nonetheless, Sb and Pb 
concentrations were elevated, even at a depth of 30 cm (20 to 130 mg kg−1 Sb and 800 to 5600 mg kg−1 
Pb). The concentrations at 30 cm were higher than the remediation values for Sb at Site C and for Pb 
at Sites B and C. 
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3.3. TMSb in Shooting Range Soils

TMSb was detected in 15 of the 48 extracted samples as a distinct peak in the HPLC–ICP–MS
chromatograms at all three sites (Figure 3).
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Figure 3. Chromatograms of a soil extract compared to that of the standard Sb mixture.

However, the low concentration of TMSb in most of the samples meant that this peak could not
be quantified. The reason for the small peak was a high dilution necessary to prevent the buildup
of inorganic Sb in the HPLC–ICP–MS system. In order to quantify the TMSb concentration present
in the samples showing the highest peak, a subset of five soil samples were measured again but at a
lower dilution. Since these were only five, the lower dilution did not lead to a buildup of Sb in the
instrument. This allowed for a proper quantification of TMSb in these samples, where it represented
up to 0.6% of the total Sb (Table 2).

Table 2. TMSb concentrations in selected soil samples from Sites A, B, and C. The instrumental limit of
detection (LOD) was 0.3 µg L−1.

Site Distance from Target (m) Depth (cm) Sb (mg kg−1) TMSb (mg kg−1) % TMSb

A 0 0–5 11.2 0.06 0.53
A 0 25–35 20.0 <LOD -
B 3 0–5 23.1 <LOD -
B 0 15–25 34.9 0.21 0.6
C 0 15–25 223.3 1.35 0.6

Our results showed that TMSb was present in shooting range soils at concentrations of up to
1.35 mg kg−1. Because of the lack of information regarding the mobility and toxicity of this compound,
further research is necessary to understand the implications of these findings.

3.4. Sb Mobility under Flooded Conditions

The change in the total Sb concentration in the soil solutions of the incubated soils was similar in
all three fields and in both treatments (with and without manure amendments). It followed two distinct
phases in the three studied soils, with a third phase present only at Sites A and B. The Sb concentrations
were elevated at the beginning of the experiment, with values around 250 µg L−1 at Sites A and B
and 3000 µg L−1 at Site C (Figure 4a,b). Then, for a duration of 3 to 8 days, the concentration of Sb
stayed high or slightly increased (Phase I). After this period, a sharp decrease was observed when Sb
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concentrations diminished to 30–50 µg L−1 at Sites A and B, and to 800–1000 µg L−1 at Site C (Phase II).
Thereafter, Sb concentrations slightly increased again at Sites A and B (Figure 5a,b) for the remainder
of the experiment (Phase III). During the incubation period, the pH showed a slight increase (from 7.4
to 7.8 for Site A and Site A with 2% OM, from 6 to 6.9 for Site B and Site B with 2% OM, and from 7.2
to 7.6 for Site C and Site C with 2% OM, respectively).
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Figure 4. Course of Sb concentrations (a,b), redox potential (c,d), dissolved organic carbon (DOC)
concentrations (e,f) and Cu concentrations (g–i) in soil solutions during the flooding experiment.
The left panels (a,c,e,g,h) represent Sites A and B. The right panels (b,d,f,i) represent Site C (mean ± sd,
n = 3 incubators). OM: organic matter.
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Figure 5. Course of Sb (a,b), As (c,d), Fe (e,f), and Mn (g,h) concentrations in soil solutions during the
flooding experiment: (a) Sb concentrations in the soil solution from Site A (zoomed in from Figure 4a);
(b) Sb concentrations in the soil solution from Site B (zoomed in from Figure 4a). The left panels (a,c,e,g)
represent Site A. The right panels (b,d,f,h) represent Site B (mean ± sd, n = 3 incubators).

Phase I: The Sb contained in these contaminated soils is released into solution, presumably mainly
by simple dissolution. The increasing concentrations with time can be attributed to kinetic restrictions
of the dissolution reactions or diffusion from locations away from the solid soil–solution interface.
Importantly, the amount of Sb released into soil solution, which can be considered to be mostly
available to plants, microorganisms, and animals, was high and sudden (from 228 to 3089 µg L−1

within the first 6 h, Figure 4a,b). The high mobility of Sb in shooting range soils has already been
established in the field [11,12,50] and in column experiments [56]. Clausen and Korte [50] reported
up to 330 µg/L of Sb in the soil solution from the target area of a shooting range. The column
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experiments of Okkenhaug et al. [56] showed a high initial Sb release, similar to our experiment,
with Sb concentrations in the hundreds of µg L−1 in soil solution. Furthermore, a field study on the
same soils as used for the column experiment by Okkenhaug et al. [56] also showed soil solution
concentrations of Sb in the hundreds of µg L−1 [12]. Hockmann et al. [57] found a similar pattern in a
lysimeter experiment with shooting range soils, although at much lower concentrations. However,
a direct comparison of the results of Hockmann et al. [57] with ours is difficult, because their study
was run for a much longer time than ours (i.e., months versus days). Others measured an increase
of Sb concentrations in streams draining shooting ranges after heavy precipitation events, reaching
concentrations of several tens of µg L−1 [25–27]. Another incidence of high Sb release to soil solution
upon flooding was reported in the study of Okkenhaug et al. [9]. The researchers flooded a Sb-impacted
rice paddy and measured Sb concentration in the soil solution after 2, 4, 6, and 8 weeks. They found
concentrations ranging from 500 to 2500 µg L−1, which is similar to our results, but Okkenhaug et
al. [9] even reported increasing Sb concentrations over time. High Sb mobility in soils can, however, not
be generalized, since there are also studies showing a limited mobilization of Sb upon flooding [18,58].
In our case, we believe that using fresh soil, instead of dried or frozen soil, provided a more accurate
picture of the environmental processes involved, since the microbial communities were less disturbed,
as shown in previous studies investigating the effect of soil drying on microbial communities [59,60].

The high DOC concentration in the soil solution also suggests a possible competition of organic
molecules with Sb for binding sites on the metal (oxy-)hydroxides (Figure 4e,f), which would explain
why Sb is not immediately readsorbed to the soil. Indeed, both Sb and DOC are known to form inner
sphere complexes with metal (oxy-)hydroxides [21,49,61–64]. Furthermore, our results show a close
positive correlation between the concentration of Sb and DOC in the two experimental treatments
(both p < 0.0001, Figure S2a,b). This is similar to previous findings from Hockmann et al. [57] during
a leaching experiment of a shooting range soil (non-waterlogged calcareous soil). Additionally,
the Sb concentrations in a stream draining a contaminated shooting range in Norway also correlated
closely positively with the DOC concentrations [23]. However, a microcosm study of waterlogged
shooting range soil lacked the correlation of Sb and DOC in soil solution. Instead, a fairly stable DOC
concentration was measured in combination with a high initial concentration increase of Sb [64]. In the
present study, the DOC is defined as the 0.2 µm-filtered organic carbon fraction. We did not differentiate
between macromolecules or colloidal particles, and this might be the reason for the differing research
findings, although the usual definition of dissolved organic carbon includes a filtration < 0.45 µm [65].

Phase II: The second phase, characterized by a sharp decrease in Sb concentrations in the soil
solutions, has already been described in column experiments [56]. This behavior can possibly
be explained by two mechanisms. [A] Reduction of Sb(V) to less soluble Sb(III) and subsequent
immobilization by adsorption. Indeed, most of the Sb in the soil solutions was found as Sb(V) at the
beginning of the incubation experiment, while Sb(III) concentrations remained low and relatively
stable in the soil solutions during the whole experiment, most likely because of the adsorption to metal
(oxy-)hydroxides (Figure S3). However, without solid-state speciation analysis by determining the
X-ray absorption near edge structure (XANES), this hypothesis cannot be confirmed. Our assumption
is nonetheless supported by the finding that Sb(III) was the major Sb species in the soil measured by
XANES in the solid phase after flooding incubations [57,58]. [B] Another hypothesis for the sudden
decrease in soluble Sb is the formation of colloids, defined as solid particles with a diameter between
1 nm and 1 µm [66]. Unfortunately, our setup did not allow for accurate colloid measurements, since we
only sampled soil solutions with a rhizon sampler (diameter < 0.2 µm). Therefore, we could not assess
whether colloids of a diameter > 0.2 µm were formed. Although detailed studies of Sb colloids are
scarce, Klitzke et al. [67] found over 12% of total dissolved Sb in colloidal form in batch studies with
shooting range soils. Furthermore, the release pattern of Sb matched that of Cu (Figure 4g–i) which is
known for forming colloids under similar redox conditions [68].

Phase III: For Sites A and B, the increase of Sb concentrations corresponded to a simultaneous
increase of Fe and Mn concentrations in the soil solutions (Figure 5). Here, we hypothesize that the
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reductive dissolution of Fe- and Mn-(oxy-)hydroxides is the responsible mechanisms for the release of
Sb into the soil solutions. Indeed, (oxy-)hydroxides provide binding sites for many trace elements,
and, under low redox potential (e.g., during flooding), they are dissolved, and the associated metals
are released [18]. Here, Site A provided enough data points in Phase III to perform a regression
analysis of Sb on Mn and Fe concentrations (Figure S3c–f). The Sb concentrations in the soil solution
of Site A after four days of incubation correlated with both Fe and Mn concentrations, especially
when no OM was added (r = 0.996, p < 0.0001 and r = 0.962, p < 0.005, respectively). Our hypothesis
was further supported by similarities between the release patterns of As, an element whose mobility
is mainly linked to Fe- and Mn- (oxy-)hydroxides and Sb (Figure 5c,d). Interestingly, although the
redox potential was lower at the end than at the beginning of the experiment (Figure 4c,d), it did
not continuously decrease and did not reach the Eh values needed for reductive dissolution of Fe-
and Mn- (oxy-)hydroxides, corresponding to 150 and 400 mV, respectively (Figure 5e–h). We suggest
that this is the result of soil heterogeneity, leading to Fe and Mn being released in minute anaerobic
pockets, while the redox potential was measured in a bigger volume of soil solution, also reflecting
less anaerobic microsites (2–3 mL).

3.5. TMSb Formation under Flooded Conditions

Dissolved TMSb was detected in soil solution after four days of waterlogging in Site A soils,
while in Site B and Site C soils, it was only detected after 10 and 12 days, respectively. Furthermore,
the increase of TMSb formation in OM-amended incubators was significant for Sites A (p < 0.005) and
B (p < 0.05). Up to 3.5 µg L−1 of TMSb was found in the OM-amended soil from Site A after six days
of incubation, which corresponded to 7.8 ± 1.1% (n = 3) of the total amount of Sb found in the soil
solution. This constitutes the first report of TMSb formation in the soil solution of a Sb-polluted soil.
We assume a higher TMSb production rate because of the lower redox potentials towards the end of
the experiment (Figure 4). This is in accordance with previous experiments showing an increased
formation of MMSb under lower redox potential [33]. Also, the higher production rate of TMSb in
OM-amended soils (Figure 6) highlights the influence of C source and nutrient availability and the
role of microorganisms. These two results therefore confirmed the hypothesis that methylated Sb
compounds are formed by microorganisms under low redox potential and in the presence of OM.
Furthermore, TMSb concentrations were below the detection limit in the soil extracts performed with
our new method before and after the incubation. This, however, does not mean that all the TMSb
formed was in the soil solution, but rather that if any TMSb was bound to the soil, its amount was too
low to be detected.Soil Syst. 2018, 2, x FOR PEER REVIEW  13 of 17 
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4. Conclusions

To better understand the chemical transformations and mobility of Sb in soils, it is important to
investigate the occurrence and properties of the different Sb species, including the methylated ones.
To this end, our new method allowed for a differentiation between organic (TMSb) and inorganic
(Sb(V)/Sb(III)) Sb species in soils. Using this method, we were able to demonstrate for the first time
the presence of TMSb in all the examined shooting range soils.

In our incubation experiment, the Sb release was fast and immediately reached a high Sb
concentration. The release kinetics can be described by three distinct phases. The formation of
TMSb was detected for the first time during an incubation experiment of polluted soils and was more
pronounced in OM-amended soils. The incubation experiment provided valuable information about
key processes driving Sb release into soil solution under waterlogged conditions and highlighted the
need for further studies. Such studies are highly relevant, since Sb is a global pollutant found in many
environments that are prone to changing redox conditions, such as wetlands, floodplains, shooting
ranges, landfills, and rice paddies. The processes controlling Sb release into soil solution in response to
flooding must be assessed thoroughly in the future, especially since climate change is likely to bring
more extreme weather events and will therefore increase the number of floods which might ultimately
lead to elevated concentrations of these elements in soil solution, ground, and surface waters.

Supplementary Materials: The following are available online at http://www.mdpi.com/2571-8789/2/2/34/
s1, Table S1: Microwave programming for the digestion procedure, Table S2: ICP–MS and HPLC–ICP–MS
instrumental settings for Sb analysis, Figure S1. Sampling plan. A 2 cm diameter core was taken at each sampling
point. The core was divided into four depth layers: 0–5 cm, 5–15 cm, 15–25 cm and 25–35 cm, Figure S2.
Relationships between the concentrations of Sb in soil solutions and those of (a) DOC in the treatment without
addition of OM (cow dung); (b) DOC in the treatment with addition of 2% OM; (c) Fe (without OM); (d) Fe
(with OM); (e) Mn (without OM); (f) Mn (with OM). (a) and (b): data from the whole experiment duration were
used. (c), (d), (e), and (f): only data from after four days of incubation were used, Figure S3. Course of the soil
solution concentrations during the flooding experiment (mean ± sd, n = 3 incubators): (a) Sb(III) concentrations
in the soil solutions from Sites A and B; (b) Sb(III) concentrations in the soil solution from Site C; (c) Sb(V)
concentrations in the soil solutions from Sites A and B; (d) Sb(V) concentrations in the soil solution from Site C.
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