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Abstract. The article presents the current distribution of arsenic in agricultural soils of Slova-
kia. The current concentration of arsenic (extracted with aqua regia) was measured and evalu-
ated based on 318 monitoring sites of national soil monitoring system in Slovakia. Based on the
obtained results, one can state that the average content of arsenic is lower than the valid hygien-
ic limit for arsenic (25 mgkg') for predominated sandy-loamy and loamy soils in Slovakia.
Increased values of arsenic were determined only for the Horna — Upper Nitra region (anthropo-
genic impact) — 24.5 mg.kg' and for the Stredny — Central Spi$ region (mixed anthrophogenic
and geogenic impact) — 129.5 mg.kg'. These regions belong to the most arsenic-affected regions
in Slovakia, where the content of bioavailable forms of arsenic is also increased in the range
of 0.013-0.997 mg.kg"'. The hygienic limit for bioavailable arsenic in soils of Slovakia is 0.4
mg.kg!. Finally, there is a serious risk of arsenic transport from soil into the plants and food chain
especially in case of acid soils. A higher risk of As presence seems to be in anthropogenically
affected soils.
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INTRODUCTION

Soils contaminated with arsenic (As) are relatively frequent. The contami-
nation is connected with the coal combustion (e.g. Hornd — Upper Nitra), where
the content of As in Novaky coal mine ranges from 800 to 1,530 mg.kg"' (Ver-
bich 1998), as well as with metal processing and pesticides utilization (Curlik
and Sef¢ik 1999). Much greater attention is paid to arsenic transport on the sur-
face or in groundwater that subsequently leads to stream and bottom sediments
contamination in rivers, water reservoirs and lakes. This transport can influence
also agricultural land and soils — above all alluvial plains in the following soil
sequence Fluvisols — Gleyic Fluvisols — Gleysols (FAO 2014). An important
natural source of arsenic are mostly sulfidic minerals (Table 1). In Slovakia, the
most frequent mineral is arzenopyrite (FeAsS).

Table 1. Occurence of significant As minerals in soils of Slovakia (Zsolnai 2011)

Minerals Chemical formula Origin
Arzenopyrite FeAsS hydrothermal, metamorphic
Niccolite NiAs hydrothermal, magmatic
Geocronite 5PbS.AsSbS, hydrothermal
Enargite Cu,AsS, hydrothermal
Gersdorffite NiAsS hydrothermal
Cobaltinen CoAsS hydrothermal and metamorphic
Auripigment As,S, hydrothermal
Realgar AsS, hydrothermal
Euchroite Cu,(AsO,)(OH).3H,0 secondary in oxidation zone of Cu deposit
Clinoklase Cu,(AsO,)(OH), secondary in Cu deposits
Arsenolite As,0O, product of As oxidation in minerals

An average content of arsenic in world soils is 10 mg.kg" (Curlik 2011), in
the USA itis 7.2 mg.kg' (Adriano 2001) and in case of European soils, an average
content of arsenic in topsoil is 7.03 mg.kg!, whereas in subsoil it is 6.02 mg kg
(de Vos et al. 2006). In some mining areas, the content of arsenic can be very
high (10,000-20,000 mg.kg"' — Smith et al. 1998). Although As minerals are solu-
ble, their migration is limited by the influence of strong sorption by clay, hydrox-
ides, oxides and organic matter (Curlik and Sef¢ik 1999). In addition, the risk of
its leaching into the groundwater (as well as its bioavailability) is relatively low
(Kobza et al. 2007). Behaviour of As is similar to that of phoshorus and charac-
terises with a strong fixation in the surface layer of soil, which can be temporarly
evaluated as a positive hygienic ability of soil but, on the other hand, there are
created conditions for increased accumulation of As in soil, which could be rather
problematic in the future (Kobza et al. 2019a). In addition, As creates volatile
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compounds which allows remote wind transmission on the soil by dry or even
wet deposition (especially anthropogenic influence by industry). Content of As in
these depositions mostly ranges from 800 to 900 mg kg™ (Curlik 2004).

In the regions characterized by geochemical anomalies, the content of As in
the soil increases with depth where the highest content of As is found in the deeper
part of the soil profile. Practically, the content of As is high to very high in all soil
profiles in this case. By the weathering and oxidation of As, ores (most frequently
arsenopyrite FeAsS) can penetrate arsenic oxidic compounds: H,AsO.°, H AsO,,
HAsO.*, AsO, H,AsO,°, H AsO,* and AsO,*. Increased As concentration is
often measurable in mountainous and submountainous regions mostly on crystal-
line and volcanic rocks and also particularly in soils on calcium carbonate rocks —
Cambisols and Rendzic Leptosols (FAO 2014, Kobza 2011, Kobza et al. 2019a).

As concentration in soils depends on its oxidation state. In reducing soil con-
ditions, As methylation and alkylation conducted by microbial activities, takes
place. Methylation can influence higher As migration and fluxes among the envi-
ronmental compartments (Fergusson 1990, Kabata-Pendias and Pendias 1992).

Based on described factors in soil, one can state that the concentration range
and spatial distribution of As are very heterogenous and show relation to natural
and anthropogene contamination (Curlik and Seféik 1999). Oats and tobacco are
among the plants which can accumulate arsenic if they are cultivated especially
by arsenic-based pesticides (Melicher¢ik and Melicher¢ikova 2010). In addition,
the residues of As from fertilizers, pesticides, emissions, sewage sludge, bottom
sediments, etc. could be accumulated in the surface horizon of agricultural soils
(Berrow and Burridge 1980). Natural and anthropogenic impact of arsenic affects
the current As content of the soil which is evaluated in this paper.

MATERIALS AND METHODS

Arsenic was measured in topsoil (0—10 cm) and subsoil (35—45 cm) of agri-
cultural soils (318 monitoring sites of the national soil monitoring network),
including the main soil types in Slovakia (Fig. 1). There were analysed and sta-
tistically evaluated the main soil types — 29 soil profiles of Chernozems, 31 soil
profiles of Luvisols, 36 soil profiles of Fluvisols, 89 soil profiles of Cambisols,
18 soil profiles of Rendzic Leptosols and 8 soil profiles of Regosols from the
national soil monitoring network.

In addition, the regions which are most vulnerable to arsenic (Horna —
Upper Nitra and Stredny — Central Spis) were also sampled (36 soil samples in
Hornéa — Upper Nitra and 14 soil samples in Stredny — Central Spis have been
taken in the agricultural land) and analysed. The soil samples were air-dried
in laboratory. After drying, the samples were crushed, homogenized and dry-
sieved through a 0.125-mm sieve.
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Monitoring sites

Fig. 1. Soil monitoring network in Slovakia with regions affected by As (Horna — Upper Nitra
and Stredny — Central Spis)

Arsenic was extracted with aqua regia using microwave radiation on atom-
ic absorption spectrophotometer (AAS) according to Act No. 220/2004 (MP SR
2004) and Regulation No. 59/2013 (MPRV SR 2013) on protection and agri-
cultural land use. In monitoring sites where the content of As exceeds the valid
hygienic limit specified with aqua regia for Slovakia (25 mg.kg™' for predom-
inated sandy-loamy and loamy soils) (MPRV SR 2013), there were also deter-
mined the bioavailable forms of As extracted with IM NH,NO, and using AAS.
The measurement of As is performed with the help of electrothermal atomi-
zation in the optical axis of the instrument by dosing the sample into a graph-
ite cuvette. Methodical and analytical procedures regarding the issue of As are
described in more detail by Kobza et al. (2011). Chemical procedures with the
use of arsenic were performed in the chemical laboratory of the National Agri-
cultural and Food Centre — Soil Science and Conservation Research Institute in
Bratislava. Soil monitoring network map (Fig. 1) and mathematical/statistical
evaluation of obtained data have been evaluated in GIS.

RESULTS AND DISCUSSION

The current concentration of As in agricultural soils in Slovakia is given in
Table 2. The mean values of As do not exceed the valid hygienic limit for Slo-
vakia neither in topsoil nor in subsoil (MP SR 2004, MPRV SR 2013). In terms
of the measured values of As, coefficient of variation is rather high — 61.35%
in topsoil and 65.26% in subsoil. High variability of As in soils of Bangladesh
was also observed — from 34.85% to 69.36% (Kabir et al. 2016). It was also
confirmed that variability of As is similar in all soil profiles of agricultural soils
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in Slovakia (Curlik and Seféik 1999). Arithmetic mean and median values are
lower than the valid hygienic limit for soils in Slovakia (Table 2) (MPRV SR
2013). Concentration of As in soil depends on geology and soil type (Curlik and
Seféik 1999, de Vos et al. 2006). Distribution of As (extracted with aqua regia)
in predominated soil types (in topsoil) of Slovakia is given in Table 3.

Table 2. Basic statistical indicators of As (mg.kg-1) extracted with aqua regia in agricultural
soils of Slovakia

Basic statistical indicators

Depth in cm n X, X X median  Sd___ CV (%)
0-10 318 266 5170 1016 891 714 6135
3445 318 2018 3933 956 861 640 6526

Explanations: n — frequency, X _. —minimum value, X — maximum value,
X — arithmetic mean, Sd — standard deviation, CV — coefficient of variation

Table 3. Basic statistical indicators of As (mg.kg-1) extracted with aqua regia in topsoil
(0—10 cm) of the main soil types of Slovakia

Basic statistical indicators

Soils

n X X X median Sd CV (%)
1 29 4.40 26.50 10.00 9.30 3.90 38.6
2 31 3.13 15.50 9.22 9.40 2.45 26.54
3 36 2.50 34.60 10.80 9.60 6.00 55.4
4 89 1.00 223.00 14.81 9.99 2.44 171.77
5 18 2.32 28.84 13.11 11.93 6.90 52.63
6 8 1.54 4.79 3.37 3.51 1.07 31.93

Explanations: 1 — Chernozems, 2 — Luvisols, 3 — Fluvisols, 4 — Cambisols, 5 — Rendzic
Leptosols, 6 — Regosols, n — frequency, X . — minimum value, X —maximum value,
X — arithmetic mean, Sd — standard deviation, CV — coefficient of variation

Based on the obtained results, average values of As in main soil types is
lower than valid hygienic limit for Slovakia (MP SR 2004, MPRV SR 2013).
An increased average value of As was determined in Cambisols with the highest
maximum value (223 mg.kg!), which is caused by the occurrence of these soils
in mountainous and submountainous regions affected often by the occurrence of
geochemical anomalies (especially Cambisols situated on crystalline and volcanic
rocks). Therefore, the content of As is rather variable in Cambisols (coefficient
of variation is 171.77%) — Table 3. The lowest content of As was determined in
Regosols. These soils are characterised by the lowest content of all risk elements,
which has already been confirmed in some previous works (Berghofer et al. 1997,
Wilcke et al. 2005). Regosols are characterised by the shallow A horizon with: the
low content of humus (< 1%), low quality (C,,/C,, <1) and low sorption capacity
(Kobza et al. 2019a). Described Regosols are situated on quarzite eolic sands in
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the western part of Slovakia with average pH/KCI 4.89 (Kobza et al. 2019a). The
process of acidification can accelerate the migration of As in the soil profile with
potential contamination of groundwater. Arsenic is present in soils mostly as As*",
in reduction environment change into As** form which can be easily transported
into the deeper part of the soil profile as well as to groundwater (Curlik 2011).
Higher concentrations of As are found in alluvial soils and in soils rich in organic
matter (Shacklette and Boerngen 1984). Based on our results, concentration of As
in Fluvisols, Chernozems, Rendzic Leptosols and Cambisols oscilates between
10 and 14.81 mg.kg! (Table 3), except Regosols (3.37 mg.kg™!). This is consistent
with Curlik and Sef¢ik (1999) who state that the background concentrations of As
in “natural soils” are generally low, and for various soil types, vary from 1 to 95
mg.kg!. Distribution of As (extracted with aqua regia) in the main soil types (in
subsoil) of Slovakia is given in Table 4.

The mean values of As in subsoil are similar as in topsoil of main soil types
in Slovakia (from 3.30 to 12.55 mg.kg") (Table 4). The highest variability of As
was measured in Cambisols (CV = 115.57%). These ones are the most wide-
spread soils in Slovakia with various geological bedrock, often affected by the
occurrence of geochemical anomalies with high to very high content of risk ele-
ments, including arsenic (mostly on crystalline and volcanic rocks). Therefore,
the maximum values of As were determined in Cambisols in Slovakia. Regosols
are characterised by the low content of As not only in topsoil but also in subsoil
(3.37-3.30 mg.kg') (Tables 3, 4).

Table 4. Basic statistical indicators of As (mg.kg') extracted with aqua regia in subsoil
(35-45 cm) of the main soil types of Slovakia

Basic statistical indicators

Soils n X X_ X median sd CV (%)
1 29 1.40 38.10 9.70 9.00 6.20 63.9
2 31 2.96 15.60 9.13 8.83 2.79 30.53
3 36 2.28 45.00 10.74 9.06 7.82 72.77
4 89 151 100.00 1255 9.82 1451 11557
5 18 542 20.73 11.74 11.72 472 40.22
6 8 0.77 7.68 3.30 3.19 2.10 63.73

Explanations: 1 — Chernozems, 2 — Luvisols, 3 — Fluvisols, 4 — Cambisols, 5 — Rendzic
Leptosols, 6 — Regosols, n — frequency, X . — minimum value, X - maximum value, X —
arithmetic mean, Sd — standard deviation, CV — coefficient of variation

These obtained values of As in soils of Slovakia are similar with the con-
tent of As in soils of Europe where an average content of As in topsoil is 7.03
mg.kg!, whereas in subsoil — 6.02 mg.kg"' (de Vos et al. 2006). The average
content of As in non-contaminated soils of the world is 10 mg.kg™! (Berrow and
Reaves 1984). Based on the obtained results in Slovakia, it may be said that
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the content of As is similar when compared with other non-contaminated soils
in other countries (Boyle and Jonasson 1973, Kitagishi and Jamane 1981, Van
Michelen et al. 1995, Adriano 2001, Eriksson 2001, Kabata-Pendias and Muk-
herjee 2007). As for the difference of As content between topsoil and subsoil, it
is not significant in the main soil types of Slovakia (Fig. 2).
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Fig. 2. Difference of As between topsoil (0—10 cm) and subsoil (35-45 cm)
in the main soil types of Slovakia

Explanations: 1 — Chernozems, 2 — Luvisols, 3 — Fluvisols, 4 — Cambisols,
5 — Rendzic Leptosols, 6 — Regosols

A slight difference of As content between topsoil and subsoil was deter-
mined only in Cambisols and Rendzic Leptosols (FAO 2014) where the meas-
ured values of As are rather variable in all soil profiles which is characteristic of
the mountainous and submountainous regions with varied mineralogical com-
p(v)sition (mostly Arsenopyrite — FeAsS, Auripigment — As.S,, Realgar — AsS)
(Curlik 2011, Zsolnai 2011). What is also interesting is the index of anthropo-
genic enrichment (Ex) — comparison of As concentration between topsoil and
subsoil (Fig. 2). Calculated values of As in evaluated soils are even-tempered:
for Chernozems 1.03, Luvisols 1.00, Fluvisols 1.00, Cambisols 1.18, Rendzic
Leptosols 1.12 and Regosols 1.02. In general, it refers to a slight anthropogenic
impact of As on agricultural soils of Slovakia.

However, the fact that the strong anthropogenic impact can affect the con-
centration of As in soil (e.g. combusting of fossil fuels, old mining activities,
waste deposits from energetic industry, etc.) has only regional significance
(Simon 1997). One can mention here “hot-spots” regions. In this paper, they
are presented on the example of the two main different regions affected by As
(the Horna — Upper Nitra region — anthropogenic impact and the Stredny — Cen-
tral Spis region — mixed anthropogenic and geogenic impact). These regions are
marked on the map of Slovakia (Fig. 1).

The Hornd — Upper Nitra region is situated in the central part of Slovakia
(Fig. 1) in the Hornonitrianska kotlina (basin) with an area of about 428 km?,
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built on neogene sediments bordered by volcanic (Viacnik and Kremnicke
vrchy) and by calcium carbonateous (Strdazovské vrchy) mountains (Bobro and
Hancul’ak 1997). The most widespread soils (FAO 2014) are Cambisols (8,573
ha — 41.8% of agricultural land of evaluated region), Retisols and Planosols
(7,216 ha — 35.2%), Fluvisols and gleyic Fluvisols (3,162 ha — 15.4%) (Kobza
et al. 2012). The main sources of As impact in this region is coal combusting,
which is rich in arsenic (about 1,400 g As.t!) (Verbich 1998), as well as electric
and energetic industry (Kobza et al. 2012).

Basic statistical indicators of As in agricultural soils of the Horna — Upper
Nitra region are given in Table 5. Mean values of As in topsoil and subsoil are
lower than the valid hygienic limit for Slovakia (MPRV SR 2013). A higher val-
ue of As in topsoil can refer to an anthropogenic impact. The variability of As in
topsoil (more in subsoil) is very high (coefficient of variation ranges from 152 to
213.1 %) (Table 5). This could be due to the various distribution of As in small
area. Maximum values of As were determined on alluvial deposits along the Nitra
river as a result of rupture of a gray ash dam in the surroundings of electric power
caused by the storm in 1965. As a result, As was washed away by the Nitra river
stream to agricultural land, and very high content of As was found in agricultural
soils. Distribution of agricultural soils, strongly affected by gray ash rich in As,
often used for agricultural production, is shown in Figs. 3a, b. Buried ash grey
layer occurs at the depth of 30—50 cm. The determined content of As in this layer
is very high — 947 mg.kg!'! The content of As in topsoil is 202 mg.kg!, which is
about 700% higher in this case in comparison with the valid hygienic limit for As
in Slovakia (MPRV SR 2013)! According to Act 220/2004 on soil protection and
land use (MPRV SR 2013), if the As hygienic limit (using aqua regia extraction)
is exceeded in Slovakia, it is necessary to determine also bioavailable forms of
As (extracted with IM NH,/NO,) that may easily enter the plant and food chain,
especially in case of acid soils. Based on our results, the content of bioavailable
forms of As ranges between 0.016 and 0.997 mg.kg! (hygienic limit for bioavail-
able forms of As in soil is 0.4 mg.kg"! for Slovakia) (MPRV SR 2013). It turns
out that the soils with the strong anthropogenic impact by As are sensitive also to
the increased concentration of its bioavailable forms with potential risk for con-
tamination of crop production and food chain, as well.

The Stredny — Central Spis region is situated in the eastern part of Slovakia
(Fig. 1), in the eastern part of the Slovak Ore Mountains (Slovenské rudohorie).
This region is covered mostly by extensive grassland and forest. Cambisols are
the dominant soil type, mostly on metamorphic rocks with the area of 1,552 ha
(87% of agricultural land of evaluated region). The main sources of As in this
region is metalurgy (anthropogenic impact) and the occurrence of geochemical
anomalies (geogene — natural impact) (Petro 1991).
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Table 5. Basic statistical indicators of As (mg.kg™"') extracted with aqua regia in agricultural soils
of the Horna — Upper Nitra region

Basic statistical indicators

Depth in em —— X X X median Sd CV (%)
0-10 36 6.5 2020 245 137 37.3 152.0
3445 36 1.9 246.0 163 10.5 348 2131

Explanations: n — frequency, X . —minimum value, X — maximum value, X — arithmetic
mean, Sd — standard deviation, CV — coefficient of variation

Fig. 3a. Agricultural land affected by arsenic in the Hornd — Upper Nitra region

Fig. 3b. Occurrence of grey ash in the soil profile (at the depth of 30-50 cm) after the storm acci-
dent and destruction of waste deposit from energy industry in 1965 (Fluvisol) — Horna — Upper
Nitra region (the same field above)
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Basic statistical indicators of As in agricultural soils of the Stredny — Cen-
tral Spi$ region are given in Table 6. Mean values of As are much higher in
topsoil and subsoil than the valid hygienic limit for As (extracted with aqua
regia) in Slovakia (25 mg.kg"! for predominated sandy-loamy and loamy soils).
Arsenic is more variable in subsoil (coefficient of variation is 143%) (Table 6).
It could be due to the heterogenous mineralogical composition of geochemi-
cal anomalies rich in As (Petro 1991) with anthropogenic inputs, mostly from
industry. The whole evaluated agricultural region is covered by extensive grass-
land without arable land, particularly by abandoned agricultural land. Based on
the obtained results, the area of As-contaminated agricultural soils (extracted
with aqua regia) is 1,628 ha, i.e. 91% of the total area of agricultural land in the
evaluated region (Kobza et al. 2019b).

Table 6. Basic statistical indicators of As (mg.kg") extracted with aqua regia in agricultural soils
of the Stredny — Central Spi$ region

Basic statistical indicators

Depth i
CPHLIR Em X X X median sd V(%)
0-10 14 166 2590 1295 1210 855 66.0
34-45 14 170 5330 1015 524 1452 143.0

Explanations: n — frequency, X . —minimum value, X —maximum value, X — arithmetic

mi

mean, Sd — standard deviation, CV — coefficient of variation

In addition, the content of bioavailable forms of As (extracted with 1M
NH,NO,) in agricultural soils of the evaluated region varies in the range 0.013—
0.063 mg.kg'! (Kobza et al. 2019b) which is lower than the valid hygienic limit
for bioavailable forms of As (0.4 mg.kg™') in Slovakia (MPRV SR 2013).

CONCLUSIONS

The distribution of As in agricultural soils of Slovakia clearly reflects the
parent material distribution affected often by the occurrence of geochemical
anomalies with anthropogenic inputs (coal combusting, metalurgy, electrical
and energetic industry, etc.). An average content of As (extracted with aqua
regia) in agricultural soils of Slovakia is 10.16 mg.kg"' (low content). Evidently,
low As contents are demonstrated in quartz eolic sands (Regosols) situated in
the western part of the country. On the other hand, soils developed on acid-
ic granitic and metamorphic rocks (mostly Cambisols) are typical with high to
very high content of As.

Differences in As content between topsoil and subsoil are often evident.
Anthropogenically affected soils have often higher content of As in topsoil, on
the other hand, geogene-affected soils have often higher content of As in sub-
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soil. However, the soils affected by mixed — anthropogenic and geogene — fac-
tors are characterised by the high content of As in all soil profiles. Based on the
research results, the content of bioavailable forms of As seems to be higher in
case of anthropogenically-affected soils. There may be a risk of As transport,
especially from acid soils into the plants and crop production as well as to the
food chain. Finally, strongly contaminated soils can be recommended for the
change of agricultural land use (e.g. for afforestation, resp. plantation of ener-
getic trees — willow, poplar, paulownia, etc.).
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