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ABSTRACT

Little is known about the problem of soil contamination with antimony in Poland. Soil samples
examined in this study represented two different kinds of Sh-enriched areas: military shooting
ranges and historical mining sites in south-western Poland. Total Sb concentrations in soils,
determined after fusion with lithium borate, were in the range 17.3-427 mg kg'. The amounts
of Sb recovered as “near total concentrations” were determined after soil digestion with concen-
trated nitric acid and aqua regia. The study confirmed very low recovery of Sb in soils digested
with nitric acid (mean 20.9% of total), significantly lower in mine soils (7.6 +3.4%) than in sho-
oting range soils (34.2+17.5%). Aqua regia digestion proved to ensure satisfactory recovery of Sb,
circa 90% of its total concentrations, independently of the soil origin. Additionally, toxicity cha-
racteristic leaching procedure (TCLP), developed by the US EPA, was applied to determine le-
achability of Sb from soils. The concentrations of Sb in TCLP leachates: 0.001-0.281 mg L, re-
mained at a level considered as ecologically safe, but considerably exceeded the threshold values
for underground and drinking water. The amounts of Sb leached from the shooting range soils
in the TCLP procedure, expressed as percentage of total Sb, were determined as 6.2+2.0%, i.e.
significantly higher compared to mine soils (0.74+0.42%). These results should be considered as
a premise for further risk- and remediation-oriented examination of shooting range soils.
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INTRODUCTION

Soil enrichment with heavy metals has already been well recognized in
the areas affected by ongoing ore mining and processing (MEDYNSKA et al.
2009, Jaworska, DABKOWSKA-NASKRET 2012, Miskowikc et al. 2015), as well as
in some historical sites such as Ztoty Stok or Miedzianka (KARCZEWSKA et al.
2006, 2013). There are, however, several other sites of historical ore mining
in the Sudetes where the problem of soil contamination with heavy metals,
including antimony, is hardly known. Similarly, the knowledge on soil pollu-
tion with metals within shooting ranges in Poland remains insufficient, de-
spite the increasing interest in this issue across the world (EVANGELOU et al.
2012). Shooting range soils are often highly enriched with metals, in partic-
ular antimony and lead. Antimony, a potentially toxic metalloid, attracts
increasing attention (FILELLA et al. 2009, MaHER, 2009, WiLsoN et al. 2010,
CLEMENTE 2013). It occurs in the environment at trace concentrations, usual-
ly in association with arsenic or various metallic elements, sometimes more
toxic than Sb itself (TSCHAN 2009). The median Sb content in European top:
soils is 0.60 mg kg and the concentrations range from 0.02 to 31.1 mg kg
(SALMINEN et al. 2005). The most spectacular cases of soil enrichment with
antimony are those found in sites of contemporary or historical mining and
processing of antimony or arsenic ores (CLEMENTE 2011, OKKENHAUG et al.
2011). Literature reports also high concentrations of antimony in soils in
areas affected by mining, processing and metallurgy of other metals, in mil-
itary and sport shooting ranges (EvANGELOU et al. 2012, SANDERSON et al.
2014), as well as in the environs of landfills and waste incinerators (FILELLA
et al. 2009). The data on antimony concentrations in Polish soils are quite
scarse. A general geochemical survey of farmlands in Poland (PasiEczNa
2012) revealed Sb concentrations in the range 0.06-1.3 mg kg, and did not
indicate any soils highly enriched with Sb. The data obtained from a local
study on farmland soils affected by industry in southern Poland were in the
range 0.34-2.26 mg Sb kg! (Loska et al. 2004). However, the local occurrence
of soil enrichment with antimony may be expected for instance in several
sites of Sudety Mountains where stibnite (antimonite) was acquired in the
past (Maczka, Stysz 2008) and in the areas of former arsenic ore mining and
processing, such as Zloty Stok, Czarnéw and Radzimowice (KARCZEWSKA et al.
2007, 2013, Krysiak, Karczewska 2007). Soil enrichment with antimony may
also be expected in numerous Lower Silesian areas of military and sport
shooting ranges, but there are few published data concerning environmental
contamination in such sites in Poland (RAUucKYTE et al. 2009). This work pres-
ents preliminary results of a study aimed to identify the sites in south-west-
ern Poland where soils are considerably enriched with Sb.

Geochemical interpretation of environmental enrichment with particular
elements should based on their total concentrations, which means that either
the silicate matrix should be fully dissolved by mixed acid digestion before
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instrumental analysis, or the techniques capable to analyse solid samples,
such as X-ray fluorescence, need to be used. However, the methods most
commonly used in environmental chemistry that address legal requirements
are those that provide the data on “near total” or “pseudototal” concentra-
tions, based on soil digestion with concentrated nitric acid or aqua regia.
These methods, believed to provide the data on the maximum concentrations
of elements that can be liberated in the natural environment, have been ap-
proved as international or national standards: ISO 11466 (aqua regia), US
EPA 3050 (hot-plate, aqua regia), 3051 (microwave, HNO,), and 3051a
(microwave, aqua regia), and are commonly used for geochemical surveys
(SALMINEN et al. 2005, PasieczNa 2012). The recovery of Sb, determined in
soils by these methods, remains sometimes very low, particularly when nitric
acid is used alone (KivMBrOUGH, WAKAKUWA 1989, CHEN, MA 1998), mainly
because of the formation of insoluble Sb-silicate complexes or other insoluble
compounds (NasH et al. 2000). HEwitt and CraciN (1991) pointed out that
the more HCI is present in the digestion mixture, the better the recoveries.
However, no systematic study has been performed to indicate the factors
that determine the amounts of Sb recovered from soils as “near total” con-
centrations. Low or variable recoveries of total antimony from solid samples
may additionally result from the loss of antimony by volatilization, and
therefore a closed vessel methods of digestion should be used (NasH et al
2000, HJORTENKRANS et al. 2009).

It is obvious that ecological effects of heavy metals and metalloids pres-
ent in soils depend both on their total concentrations and potential and pres-
ent solubility or leachability. Numerous investigations have been carried out
to examine the relationships between extractability of toxic elements from
soils and their bioavailability, toxicity and environmental hazards (McLauGH-
LIN et al. 2000, Rao et al. 2008), and various standard methods have been
worked out based on those investigations. They include a TCLP procedure
(US EPA 1311), prepared originally for waste materials, but often used for
contaminated soils (Cao et al. 2003, Sun et al. 2006). In fact, Sb in not on the
list of elements with permissible TCLP values, although the knowledge of its
leachability may be useful as an indicative parameter of an environmental
hazard.

The aim of this study was to compare total and digestion-based, referred
to as “near total”, concentrations of Sbh, in soil samples highly enriched with
Sb, collected from historical mining sites and shooting ranges in south-west-
ern Poland. Additionally, the leachability of Sb from those soils, determined
according to the TPLC procedure, was examined and discussed.
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MATERIAL AND METHODS

Soil samples examined in this study were chosen from a larger collec-
tion, gathered under the project: “Antimony speciation in soils of selected
areas in Lower Silesia, as related to environmental risk”, which was carried
out in south-western Poland. Based on the analysis of the data set, twelve
soil samples with the highest content of Sb were selected, which represented
two different sources of antimony in soils. Six samples were collected from
shooting ranges in a military complex in Wroclaw and six others were obta-
ined from three historical mining sites situated in various ranges of the
Central Sudetes: Debowina in the Bardzkie Mts., Bystrzyca Goérna in the
Sowie Mts., and Czarnéw in the Rudawy Janowickie Mts. (Figure 1)

Fig. 1. Location of soil sampling sites

Samples 1 and 2 represented the surface (0-10 cm) layer of soils at firing
posts, classified according to the FAO-WRB (2014) as Urbic Technosols (Are-
nic, Brunic, Skeletic), samples 3 to 5 — the surface (0-10 cm) and subsoil (10-
25 c¢m) layers of earthy stop butts (Protic Arenosols, Technic, Transportic),
and sample 6 — the surface layer of soil (Urbic Technosol, Arenic, Skeletic) in
front of a wooden bullet protecting screen (first stop butt) — Table 1.

Soil samples 7-12, which represented historical mining sites, were collec-
ted both from the native soils and from mine spoils remaining in the vici-
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Table 1

Basic properties of soils and total concentrations of Sb and selected elements, determined after
fusion with lithium borate, followed by aqua regia digestion

Sample Depth pH Corg | Clay | Fe,O, | ALO, | SiO, Sb 7 As 7 Pb 7
(cm) |AMKCD| (%) | (%) | (%) | (%) | (%) |(mgkg') | (mgkg") | (mgkg’)
Shooting ranges
1 0-10 6.5 2.6 4 2.5 3.7 86 23.5 5.1 47.9
2 0-10 5.6 1.9 4 1.8 3.6 87 26.8 3.9 47.9
3 0-10 7.5 1.3 6 2.0 2.9 89 67.3 2.3 9350.1
4 0-10 6.5 3.5 4 2.8 3.6 85 30.6 5.0 3637.2
5 10-25 6.8 5.8 3 3.6 5.3 79 90.7 9.5 5860.9
6 0-10 6.1 2.7 4 3.4 4.2 81 116.1 8.1 >10 000
Mining sites
7 0-10 3.0 13.5 1 5.1 11 48 42.6 615.1 210.4
8 0-10 3.2 17.4 1 3.6 8.1 43 186.3 473.7 401.5
9 10-25 3.3 4.0 7 6.5 13 61 427.1 2839.7 231.2
10 0-10 5.4 1.5 3 5.4 12 53 82.8 62.0 >10 000
11 0-10 4.4 0.5 6 5.1 15 65 81.2 160 6088.4
12 0-10 2.9 2.8 0 20 8.9 45 17.3 >10 000 | 309.7

nities of adits. Soil samples 7 - 8 were collected from the top soil (0-10 cm) in
two sites of Reiche Silber Glick: next to the entrance to an adit, and the
sample 9 represented the subsoil (15-25 cm) in one of those sites. The second
historical mine of interest, Bystrzyca Gérna (Beathe mine), provided the fol-
lowing samples: soil samples 10 and 11 collected from the top layer (0-10 cm)
of soils that developed on mine spoils situated close to the upper and middle
adits of Beathe mine, on a hill called Widna Goéra. Soil sample 12 was collec-
ted from the third mining site, Czarnéw, from a site apparently changed by
the mining activity and waste rock disposal, in a forested area. All the soils
from historical mining sites were classified as Spolic Technosols (Dystric,
Skeletic), partly with Umbric features FAO-WRB (2014).

Soil material was air-dried and sieved to 2 mm prior to the experiment
and analyses. Basic soil properties: grain size distribution, pH, organic car-
bon and total Fe content, were determined with common methods The con-
tent of organic carbon in soils was determined by wet oxidation, according to
the Walkley-Black method. Total concentrations of Sb, as well as total con-
centrations of some other elements: Al, Fe, Si, Pb and As (Table 1), were
determined after fusing the samples with lithium borate, which effectively
decomposes mineral soil matrices, including those considered as refractory.
Lithium borate fusion was followed by aqua regia digestion, and the concen-
trations of Sb and other elements in the digests were determined by ICP-MS.
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The analysis was performed by AcmeLabs (Bureau Veritas Commodities
Canada Ltd.). “Near total” (“pseudototal”’) concentrations of Sb were determi-
ned by ICP-MS, after microwave digestion of samples according to two proce-
dures: in concentrated nitric acid and in aqua regia (suprapure, Merck).
Analytical quality control was performed by the analysis of three certified
reference materials provided by Sigma-Aldrich. The toxicity characteristic
leaching procedure (TCLP), developed by the US EPA, was used to determi-
ne leachability of Sb from soils. Soil samples were shaken overhead for 18 hr
with CH,COOH (m:v 1:20) at pH 4.93+0.05. The results were expressed as
the concentrations in leachates (mg L), and re-calculated to determine the
amounts of Sb leached from soils, mg kg'.

The percentage of Sb recovered from soils by all the procedures was cal-
culated versus the total soil Sb. The recovery of Sb in two groups of soils:
shooting range and mining sites, were compared. Statistical analysis (T-stu-
dent test for comparison of the means) was carried out using Statistica (Stat-
Soft) software. The differences between the groups of samples were conside-
red statistically significant at P < 0.05.

RESULTS AND DISCUSSION

Two sets of soils representing shooting ranges and mining sites, differed
in their basic properties. The soils from the shooting ranges represented the
textural groups of sands and loamy sands, with the clay content of 3-6%,
whereas the soils from the mining sites contained various amounts of skele-
ton (gravels and stones), and their fine fractions were predominantly classi-
fied as sands and sandy loams, containing 0 - 7% of clay (Table 1). The orga-
nic carbon content was relatively high in the mining site soils, up to 17%,
which should be attributed to the specific conditions typical for forested
mountain soils. The content of Corg in the shooting range soils was lower
(1.3 - 5.8%). Soil samples 7 - 12, mainly of weathering origin, collected from
the former mining areas, contained much higher amounts of iron and alum-
inum oxides than soils 1 - 6, developed from alluvial and fluvioglacial sands,
from which iron compounds were apparently washed out. The two groups of
soils differed also significantly in their pH values: neutral in the samples
from the shooting ranges and acidic in the samples collected from the mining
sites.

The samples analysed in this study were chosen from a larger collection
on the basis of their highest total content of antimony. The concentrations of
Sb in the shooting range soils were in the range 23.5-116.1 mg kg and in
the soils collected from historical mining sites ranged from 17.3 to 427.1 mg
kg!. All the soils, regardless of their origin, contained also high, or even
extremely high, concentrations of lead, up to over 10 000 mg kg'. The mining
site soils were also very rich in arsenic (62->10 000 mg kg), thus confirming
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the knowledge about the co-occurrence of Sb and As in ores. Arsenic concen-
trations in the shooting range soils were much lower (2.3-9.5 mg kg'), altho-
ugh slightly enhanced in comparison to unpolluted areas. Very high total
concentrations of Sb and Pb in the soils of the shooting ranges provide more
evidence to the well-documented data on soil contamination of these areas.
Similar data were achieved elsewhere, e.g. OKKENHAUG et al. (2016) reported
even higher concentrations of Sb in Norwegian and Australian shooting ran-
ges, up to 123 and 325 mg kg'!, respectively, and very high concentrations of
Pb reaching 12 000 mg kg!'. Proportions between concentrations of both me-
tals varied considerably among the samples. The maximum concentrations of
Sb in soils of our historical mining sites, although higher than those in the
shooting ranges, remain much lower than the ones reported in the world li-
terature from the surroundings of antimony mines, which sometimes exceed
1% (OKKENHAUG et al. 2011).

The concentrations of Sb in our soils should be assessed as very high
compared to the geochemical background. It is not easy, however, to estima-
te potential environmental effects that may be caused by such enrichment
and potential hazards posed to the human health or soil biota, as such ef-
fects obviously depend on the solubility and bioavailability of toxic elements
rather than on their total concentrations. Moreover, the data on Sb threshold
values or standards in soils, if established, differ among the countries. Rela-
tively low “intervention value” of 15 mg kg, established in the modified
Dutch list (VROM 2000), is much lower than the minimum hazardous con-
centrations of Sb provided by ecotoxicological studies. OorsT et al. (2008) and
OorsT and SMOLDERS (2009) proved that the lowest concentrations of chronic
Sb toxicity to biota were at least 370 mg kg or even higher. Various authors
pointed out, however, that antimony can pose a threat to ecosystems at
much lower concentrations in soils because of its proneness to leaching and
potential bioavailability being highly dependent on soil properties and con-
ditions such as redox potential, pH value or the content of carbonates (WiL-
SoN et al. 2004, CorNELIS et al. 2012, HockMANN et al. 2014).

The “pseudototal” concentrations of antimony in soils, determined after
microwave digestion with concentrated HNO, and alternatively with aqua
regia, differed considerably. The mean recovery of Sb after digestion with
HNO, was very low, i.e. 20.9% of total (Table 2), and did not exceed 12.5% in
the mine soils. Such results stay in agreement with previous findings by va-
rious authors, who reported very low recovery of Sb, in some cases below
10%, in samples digested with concentrated nitric acid (HeEwitt, CRAGIN 1991,
CHEN, MA 1998, HyorTENKRANS et al. 2009). Comparison of two soil groups:
shooting range versus mining site soils (Figure 2) shows that Sb recovery in
the latter group was much lower (mean: 7.6%) than that in the former one
(mean: 34.2%), and this difference proved statistically significant. This ob-
servation confirms relatively high potential solubility of Sb of missile- and
ammunition-related origin and, reversely, low digestibility of Sb minerals
present in its ores. The recovery of Sb from all the soils in the digestion tre-
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Table 2
Mean recovery of Sb from soils in various procedures, and results of the TCLP test
Aqua regia digestion | Nitric acid digestion TCLP
smle (mg kg™) of(z/s)t)al (mg kg™) of( z/f)t)al l?frlfgh i&is (mg kg™) of(tnﬁzal
1 17.4 74.0 16.4 69.8 0.078 1.55 6.60
2 22.1 82.5 7.97 29.7 0.059 1.18 4.42
3 48.7 72.4 7.73 11.5 0.281 5.62 8.35
4 28.1 91.8 15.4 50.3 0.150 3.01 9.83
5 89.6 98.8 17.03 18.8 0.152 3.04 3.35
6 93.4 80.5 29.1 25.1 0.265 5.29 4.56
7 35.1 82.4 4.68 11.0 0.021 0.43 1.00
8 178.6 95.9 20.1 10.8 0.141 2.83 1.52
9 437.2 102.3% 11.25 2.6 0.180 3.60 0.84
10 80.8 97.6 5.02 6.1 0.001 0.03 0.04
11 79.8 98.3 2.39 2.9 0.011 0.23 0.28
12 16.6 95.9 2.13 12.3 0.007 0.13 0.75

* The asterisk indicates a value with a mean recovery >100%. In this case, the result obtained for
one of three replicates was exceptionally high, which may be explained by high heterogeneity of
mine waste material and likely presence of Sb-rich mineral grains in some sub-samples.

atment with aqua regia was much higher, with the mean value 89.4% of to-
tal, and did not differ significantly between the two soil groups of various Sb
origin (Figure 2).

The concentrations of Sb in leachates obtained from TCLP tests were in
a broad range of 0.001 - 0.281 mg L}, and the highest results were reported

a
100 a
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20 <h
C c d
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AR HNO, TCLP

[ shooting ranges

W mining sites

Fig. 2. Mean recovery of Sb in various analytical procedures (n = 12): AR — microwave
digestion with aqua regia, HNO, — microwave digestion with concentrated nitric acid,
TCLP — leaching according to TCLP procedure. The data expressed as a percentage of total Sh,
determined by ICP-MS after fusing the samples with lithium borate, and subsequent digestion
with aqua regia. Error bar indicates confidence intervals, p = 0.95. Same letters stand
for the groups that do not differ significantly at p = 0.95
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for the soils from the military area with the highest total Sb (Table 2).
Regrettably, US EPA has not included Sb in the list of contaminants for
which permissible concentrations in TCLP leachates are defined, therefore
our results cannot be juxtaposed with such values. However, they may be
operationally related to the data of underground or drinking water standards
or to the results of ecotoxicological tests. Our results of TCLP tests were by
3 orders of values lower than the extreme values (up to 203 mg L) reported
by Guo et al. (2014) in leachates of slag material that contained 31.6% of Sb.
The results of our study were generally slightly lower than those reported by
SANDERSON et al. (2015) from Australian military ranges, and lower than the
concentrations of ca 1 mg L! referred to as those suppressing microbiological
activity in natural water (FLYNN et al. 2003, Oorts, SMOLDERS 2009). On the
other hand, however, the comparison of Sb concentrations in TCLP leachates
from this study with permissible Sb concentrations in drinking water esta-
blished by US EPA (0.006 mg L) or by the Directive 98/83/EC for EC coun-
tries, including Poland (0.005 mg L), may raise some concern. In spite of
the fact that only some of antimony leached by TCLP procedure could be
actually released into underground water, the amounts of Sb leachable from
shooting range soils should be considered as relevant.

The amounts of Sb leached in the TCLP procedure, expressed as a per-
centage of total Sb, were significantly higher in soils from the shooting ran-
ges than in those collected from the former mining sites, as illustrated by the
mean values: of 6.2% and 0.76%, respectively (Figure 2). Relatively high
amounts of Sb leached from the shooting range soils indicate that there is a
need to examine those soils with particular focus on rationally designed re-
mediation. On the contrary, low amounts of Sb potentially leachable from
soils of the historical mining sites, confirm that antimony remains in chemi-
cally stable forms, probably bound in primary or secondary minerals, stron-
gly associated with Fe and Al-oxides. Similar results, and very low contribu-
tions of the potentially soluble Sb fraction in mine soils, were reported by
other authors: GaL et al. (2007), DEnys et al. (2008) and OKKENHAUG et al.
(2011).

CONCLUSIONS

Considerable enrichment with Sb is observed locally in soils of Lower
Silesia, in the shooting range soils and in soils of former mining sites. The
results of this study confirm very low recovery of Sb determined in soils after
digestion with concentrated HNO,, which was much lower in mine soils than
in shooting range soils. Aqua regia digestion proved to ensure satisfactory
recovery, of circa 90%, independently of Sb origin. Although Sb concentra-
tions in soil leachates obtained in the TCLP procedure remained at a level
considered to be safe for soil biota, they considerably exceeded the values of
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permissible Sb concentrations in underground and drinking water. This fact,
as well as a relatively high percentage of Sb leached from the shooting range
soils in the TCLP procedure, creates a strong premise for further risk- and
remediation-oriented examination of those soils.
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