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This assessment of the environmental degradation by toxic chemical elements within the Upper Silesian Industrial Agglom-
eration of Poland encompasses the impact of mining for base metals and coal and non-ferrous metallurgy, as well as the
discharge of industrial and municipal sewage causing strong degradation of the natural environment in the area over the
years. The content of the following elements: Ag, Al, As, Ba, Ca, Cd, Co, Cr, Cu, Fe, Hg, Mg, Mn, Mo, Ni, P, Pb, S, Sn, Sr, Ti,
V and Zn has been assessed both in the topsoil (0.0-0.3 m) and the subsoil (0.8—1.0 m) of the study area. Concentrations of
the elements in the <2 mm soil fraction were analysed using the ICP-OES method after Aqua regia extraction. The soil con-
tamination was assessed based on the enrichment factor (EF) and geo-accumulation index (lge0). The tests revealed ele-
vated contents of several metals, arsenic and sulphur, exceeding the regional geochemical background levels. Unusually
high concentrations of the following elements: As (up to 5,300 mg/kg), Cd (up to 388.8 mg/kg), Cr (up to 1,638 mg/kg), Cu (up
to 13,230 mg/kg), Hg (up to 23.44 mg/kg), Mo (up to 93.7 mg/kg), Pb (up to 54,940 mg/kg), Sn (up to 701 mg/kg) and Zn (up to
88,120 mg/kg) were recorded. The highest concentrations of these elements were found in the proximity of smelters and res-
idential areas. The spatial distribution of metals is shown as interpolated data on maps and compared with the locations of
mining and industrial sites.
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INTRODUCTION

Degradation of the natural environment is at the present time
the most acute problem of humanity. Pollution of soil by metals in
industrial districts all over the world is one of the most serious is-
sues that are directly affecting human health and biota (Basta
and Gradwohl, 1998; De Volder et al., 2003; Wong et al., 2006;
Wuana and Okieimen, 2011; Barbieri et al., 2014). Pollution of
urban residential areas adjoining the sites of current or former
base metal mines, steelworks of iron and nonferrous metal
smelters has been shown to be highly hazardous (Basta et al.,
2001; Basta and McGowen, 2004; Nachtegaal et al., 2005;
Kachenko and Singh, 2006; Pelfréne et al., 2011). Many ele-
ments and compounds hazardous to human and animal health
have been found in the soils of these areas (Everhart et al., 2006;
Filippelli and Laidlaw, 2010; Filippelli et al., 2012; Nannoni et al.,
2011). Worsening crop conditions and the growth of deleterious
microorganisms have also been documented (Fernandez-Turiel
etal., 2001; Cui et al., 2004; Friesl-Hanl et al., 2009; Nagajyoti et
al., 2010; Klimek et al., 2016).
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Mining of base metals and the metallurgy industry cause
dramatic increases in soil contamination in many agglomera-
tions across the world, and among the greatest hazards is the
impact of waste from this activity (Fuge et al., 1993; Swennen et
al., 1994; Adamo et al., 2002; Cappuyns et al., 2005; Navarro et
al., 2006; Taylor et al., 2010; Acosta et al., 2011). Potentially
toxic elements (PTE) hazardous to ecosystems and human
health penetrate soil as a result of weathering of metallurgy
wastes and due to discharges of industrial sewage to water
bodies and aquifers (Paulson, 1997; Gabler and Schneider,
2000; Alloway, 2012). The harmful effects of arsenic, chro-
mium, nickel, mercury, cadmium, copper, lead, zinc and of
many organic compounds of ores and auxiliary raw materials of
the steel industry, such as coke, have been demonstrated
(Alloway, 2012; Filippelli et al., 2012). PTE are bound to soil
components in various ways, which determines their mobility
and availability (Kabata-Pendias and Mukherije, 2007), and the
characteristic feature of anthropogenically contaminated soils is
the presence of 30—60% of heavy metals in readily available
forms (Karczewska et al., 1998).

The Upper Silesian Agglomeration of Southern Poland
serves as an example of this phenomenon. Centuries of indus-
trial activities in this area, which have included mining for coal
and base metals as for Pb and Zn, as well as non-ferrous metal-
lurgy, have caused strong degradation of the natural environ-
ment and can cause extremely negative effects on the natural
environment of this most populated agglomeration in Poland
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(~370 residents/km® compared to the country’s average of
124 residents/km?). Reclaimed post-industrial soils of consider-
able thickness and extent (Michalik, 2003; Sordon-Kulibaba,
2010) that cover artificial slopes, heaps and some allotment
gardens, as well as cultivated alluvial plains (Duriasz and
Cupiat, 2009) are among the most vulnerable.

Mining for base metals, and the metallurgy of lead-zinc
ores, has played the greatest role in the Upper Silesia economy
since the 1800s (Lis and Pasieczna, 1995; Piwocki and
Przeniosto, 2004). In the 1900s the iron technologies took over
in the region and became one of the leading industries in Eu-
rope (Szulc, 2013). Exploitation of base metals and utilization of
coal produced piles of gangue; slag and other waste stored in
the immediate vicinity of smelters and residential areas caused
pollution of the soils and aquifers. The ubiquitous presence of
pollutants in the surface environment is detectable even several
hundred years after the cessation of the initial industrial activity.

This study identifies and evaluates the sources of anthro-
pogenic contamination, and interprets the distribution patterns of
heavy metals, arsenic and sulphur in soils of the central part of
the Upper Silesian Agglomeration that includes parts of the cities
of Zabrze, Bytom, Ruda Slgska, Swietochtowice, Chorzéw,
Siemianowice Slgskie and Katowice.

OCCURRENCES AND COMPOSITION
OF ECONOMIC MINERALS

The study area is located in the Polish part of the Upper
Silesia Region (Fig. 1). The region is known largely for the rich
Upper Carboniferous coal deposits (Buta and Kotas, 1994;
Jureczka et al., 2005) excavated in many underground mines.
The quality parameters of the coal are highly diverse. Its ash
contentis in the range of 2-44% and the sulphur content is from
0.08 to 2.5%. There are traces of As, Be, Cd, Co, Cu, Mn, Pb
and Zn in the mineral fraction of coal, and Hg and Mo in the or-
ganic matter.

Besides the coal there are many Zn-Pb ore deposits exca-
vated in many locations across the district. The large Zn-Pb ore
deposits, of the Mississippi Valley type, exploited in the past
from Triassic ore-bearing dolomites, belonged among the rich-
est ones in the world (Gorecka, 1993, 1996; Szuwarzynski,
1996; Viets et al., 1996; Heijlen et al., 2003; Kucha, 2003). Bog
iron has also been locally exploited by surface mining (Molenda,
1972; Grzechnik, 1978). Nowadays, it is still possible to find
traces of old mining excavations and waste heaps.

The mineral composition of the sulphide and oxidized ores
exploited is relatively simple and includes sphalerite (ZnS), ga-
lena (PbS), marcasite and pyrite (FeS,; Gorecka, 1996;
Sass-Gustkiewicz, 1997). Trace amounts of lead-arsenic
sulphosalts in the form of jordanite and gratonite are also noted
(Haranczyk, 1962; Zietek-Kruszewska, 1978; Goérecka, 1996;
Viets et al., 1996; Cabata, 1996, 2009). Gangue minerals in-
clude carbonates, silica and clay minerals (Cabata, 2009). Nu-
merous trace elements are associated with the ore minerals.
Zinc sulphide contains cadmium, silver, cobalt, copper, thallium
and germanium. The galena is wusually argentiferous
(Haranczyk, 1962; Ekiert, 1971). The ores also contain arsenic
and antimony compounds. The cadmium concentration in the
sphalerite of the Silesian—-Krakow deposits attains
5,000-10,000 mg/kg (Viets et al., 1996; Cabata, 2009). Iron
sulphides may contain up to 1,000 mg/kg thallium and
~500 mg/kg arsenic (Paulo and Strzelska-Smakowska, 2000).
Silver is found within the crystal structure of sulphides, but most
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Fig. 1. Location of the study area

often it is associated with sphalerite (up to 3310 ppm) and much
less with galena (up to 730 ppm; Mikulski et al., 2020). The
main components of the oxidized deposits (galman) are car-
bonate minerals of zinc (smithsonite, monheimite) and lead
(cerussite). They are accompanied by limonite aggregates and
in places by sulphate minerals (jarosite, melanterite),
hydrozincite and calcite (Zabinski, 1960; Cabata, 2009). In the
northwestern part of the study area, barite has been found in
fractures within Carboniferous rocks, as well as in sulphide and
galman ores (Gatkiewicz and Sliwiriski, 1985).

HISTORY OF POLLUTION AND DEGRADATION

Considerable anthropogenic pollution has been recorded
across the entire study area occupied by mining. Due to the lo-
cation of industrial facilities, extensive infrastructure and in-


https://gq.pgi.gov.pl/article/view/8458

990 Anna Pasieczna, Agnieszka Konon and Weronika Nadtonek

tense urbanisation, agricultural soils occur over very small ar-
eas, mainly of allotment gardens. In these areas, the natural
components of soils are mixed with foreign materials, often re-
peatedly cultivated, watered and desiccated.

The natural environment has suffered contamination and
degradation predominantly as a result of hard coal mining
(Szczepanska and Twardowska, 1999), and the metallurgical
(Kierczak et al., 2010; Tyszka et al., 2014), chemical and en-
ergy industries (Smieja-Krdl and Bauerek, 2015). The most in-
tensive development of the area dates back to the 1900s, al-
though Ag and Pb and Fe ores have been extracted at several
locations already since the 1600s (Molenda, 1972; Grzechnik,
1978). Mining of coal begun in the 1800s and was followed by
the establishment of iron and zinc smelters in this area. With the
development of the railway network, the iron and zinc smelters
expanded their facilities, and development of power plants, ma-
chinery industry, metal products and other industries took
place. Part of the metals in the soils of the north-eastern part of
the study area may originate from weathering of outcropping
Zn-Pb ore-bearing dolomites that were extracted in the past.

The soil is polluted mainly by: (1) historical exploitation and
smelting of Zn-Pb ore, (2) steel industry activity, (3) impact of
mining waste (gangue heaps, sludge settlers, coal slurry, mine
water; Bauerek et al., 2009), (4) impact of steel (slag and oily
mill scales), energy and chemical industry waste, (5) particulate
matter emissions from industrial plants (Jablonska et al., 2001;
Dombek et al., 2015) and (6) transportation. The dissemination
of contaminants penetrating the soil is sometimes facilitated by
the use of mining waste for the reclamation of brown field sites,
and by road construction and water engineering. The results of
soil monitoring have shown that the permissible limits of metal
concentrations are dramatically exceeded (Pasieczna, 2016).
Iron-smelting waste heaps are located near the steelworks and
smelters. These are predominantly of slag with minor amounts
of moulding sand, refractory debris, sludge and post-treatment
sediments. Slag is used as road aggregate. The largest mining
waste heaps are located near closed and active coalmines.

MATERIALS AND METHODS

SAMPLING AND SAMPLE PREPARATION

Soil in the study area is developed on Carboniferous and
Triassic bedrock as well as on Quaternary deposits. The pre-
dominant types are podzols and pseudopodzols developed on
Carboniferous sandstones and on Quaternary fluvioglacial de-
posits. The parent material for cambisols and luvisols are gla-
cial tills. Rendzinas occur in the areas of Triassic limestone and
dolomite. Large areas are covered by anthropogenic soils
formed in reclaimed post-industrial areas or naturally vegetated
post-mining areas (Michalik, 2003; Sordon-Kulibaba, 2010).

Soil samples were collected based on a regular grid of 250
x 250 m (16 samples per km?) in the years 2013-2014. At every
site, the samples were collected from two intervals: 0.0-0.3 m
(topsoil) and 0.8—1.0 m (subsoil). The total of topsoil samples
was 2,806 and of subsoil samples 2,242. The soil samples
(~500 g) were collected using a 60 mm hand probe. They were
air dried and sieved through a 2 mm mesh.

ANALYTICAL METHODS

PHYSICOCHEMICAL PROPERTIES OF THE SOILS

The <2 mm fraction was used for the pH determination of
topsoil and subsoil, as well as total organic carbon (TOC) and

the granulometric composition of the topsoil. The pH was deter-
mined using dry soil and deionised water (PN-ISO 10 390,
1997). The TOC content was measured using high-tempera-
ture combustion with infrared spectrometric detection (with the
detection limit 0.01-0.02%). The granulometric composition of
topsoil was carried out combining sieve analysis with laser dif-
fraction for fine material. The <2 mm fraction samples were
sieved through a set of 1-mm and 0.5 mm sieves. The 2—1 mm,
1.0-0.5 mm and <0.5 mm fractions obtained were weighed.
Measurements of grains from the <0.5 mm fraction were made
with a laser particle size analyser. Their results cannot therefore
be used to classify the soils according to soil science criteria.
However, they are very helpful when interpreting the geochemi-
cal results.

CHEMICAL ANALYSES

The <2 mm fraction of the soil samples for chemical analy-
ses was pulverized in agate planetary ball mills to a grain size of
<0.06 mm. After digestion of the samples with hot aqua regia
the concentrations of Ag, Al, As, Ba, Ca, Cd, Co, Cr, Cu, Fe,
Mg, Mn, Ni, P, Pb, S, Sn, Sr, Ti, V and Zn were determined us-
ing the ICP-OES method. The content of Hg was determined
using the CV-AAS method with FIAS-100 with a flow injection
system.

The quality control of the analyses was checked using dupli-
cate samples (5% of all samples), analysis of laboratory control
samples confirming correct instrument calibration (5% of all
samples), certified standards (2% of all samples), and blanks.
The expanded uncertainty of results (with an assumed probabil-
ity level of 95% and coverage factor k = 2) does not exceed
25%.

DATA ANALYSIS

STATISTICAL ANALYSIS

Calculation of statistical parameters of the elements was
performed for the whole sets of topsoil and subsoil, as well as
for the subsets (forests, farmlands, urban parks, residential ar-
eas and industrial areas). The geochemical background in the
Upper Silesian Agglomeration and the Silesia—Krakéw Region
was calculated as Median + 2 Median Absolute Deviation
(MAD), which is relatively robust against the effect of data outli-
ers that are common in geochemical datasets (Reimann et al.,
2005; Reimann and de Caritat, 2017). The regional geochemi-
cal background (in the Silesia—Krakéw Region) was calculated
based on a database for the “Detailed geochemical map of Up-
per Silesia” (22,663 topsoil samples and 19,307 subsoil sam-
ples). In the case of some elements with background contents
lower than the detection limit value for a given analytical
method, half of the detection limit value was applied.

Factor Analysis (FA) and Principal Component Analysis
(PCA) were used in segregating sources (lithogenic,
anthropogenic or mixed) contributing to the pollution observed
(Lis and Pasieczna, 2005; Lu et al., 2012; Guo-Li et al., 2013).
Using matrices obtained after Varimax rotation, three factors of
eigenvalues >1 were distinguished within both topsoil and sub-
soil sample sets, important for the interpretation of results.

GEOCHEMICAL INDICES

In order to assess the soil contamination around the Upper
Silesian Agglomeration, the enrichment factor (EF) of topsoil
and subsoil and the geoaccumulation index (/geo) of topsoil were
used. These indices are widely used for the estimation of geo-
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chemical anomalies and anthropogenic impact on soil chemis-
try, which refers to the enrichment degree of metal concentra-
tions in soils investigated relative to uncontaminated back-
ground levels (baseline; Loska et al., 2004; Barbieri, 2016).

The enrichment factor (EF) was calculated for topsoil and
subsoil:

EF = (C/)()sample/(C/)()median for Upper Silesian Agglomeration [‘1 ]

where: C —the chemical element investigated, X — the reference ele-
ment that is predominantly bound in silicate minerals, geochemically
conservative and resistant to chemical alteration during earth sur-
face processes.

The most common reference elements are Al, Fe, Mn, Sc
and Ti (Reimann and de Caritat, 2000; Sutherland et al., 2000).
This study uses Ti as the reference element for the calculation
of EF. It is assumed that an EF value of ~1 indicates a geogenic
origin of the element. Values within the ranges of 1.5-3, 3-5
and >5 point to, respectively, minimal, moderate and significant
changes in the environment, where the chemical element origin
is other than natural (Blaser et al., 2000; Sutherland et al., 2000;
Zhang and Liu 2002; Loska et al., 2004).

The geoaccumulation index (/g4e0) Was originally defined and
used for assessing metal concentrations in sediments (Mdiller,
1969), but it is also used to determine the condition of soils
(Loska et al., 2004; Barbieri, 2016). This index is calculated ac-
cording to the formula:

Igeo = 10g2(A/1.5 x B) 2]

where: A — measured concentration of the element in the sample, B
— median for the Upper Silesian Agglomeration.

The factor 1.5 in the formula is introduced to reduce the li-
thology-related variability in the geochemical baseline. The
geoaccumulation index enables the classification of soils as fol-
lows: lgeo <0 uncontaminated; 0< /g, <1 uncontaminated to
moderately contaminated; 1< /g, <2 moderately contaminated;
2< lge0 <3 moderately to heavily contaminated; 3< /g, <4 heavily
contaminated; 4< /e, <5 heavily to extremely contaminated;
lgeo> 5 extremely contaminated (Loska et al., 2004; Barbieri,
2016).

GEOCHEMICAL MAPPING

The spatial distributions of some elements in topsoil and
subsoil are depicted in maps compiled using kriging as a
method of interpolation and percentiles to define the distribution
classes.

RESULTS AND DISCUSSION

PHYSICOCHEMICAL PROPERTIES OF THE SOIL

The topsoil samples analysed show a wide range of proper-
ties such as pH (from very acidic to alkaline), TOC content
(0.05-55.90%) and granulometric composition (from sand to
clay) indicating their significant transformation (Table 1).

The largest area of strongly alkaline topsoil (pH >8) covers
the central, most industrialized part of the Upper Silesian Ag-
glomeration (Figs. 2—4) and the areas located near currently ac-
tive metal smelters. Alkaline pH also prevails in the subsoil of
these areas, which shows the influence of anthropogenic alka-
lizing factors to considerable depths. One of the causes of the
soil alkalisation is the long-term emission of particulate matter
from metal plants and combustion of coal in which the CaO con-
tent can reach 10% (Zapotoczna-Sytek et al., 2013). Other
alkalising factors include agents used for snow removal from
streets (CaCl,, MgCl,), periodic dust transfer from mine, slag
and furnace waste dumps, and dispersion of dust from small
quarries of Triassic limestone and dolomite extracted for local
needs. A higher proportion of alkaline subsoil can be associ-
ated with a greater amount of alkalising materials (construction
and industrial waste) and the proximity of local carbonate rocks
in the deep parts of the soil profiles.

The lowest TOC content (<3%) was found in topsoil devel-
oped on Quaternary sandy deposits. In the soils developed on
Quaternary glacial tills and Triassic carbonates, the content of
this constituent commonly varies between 3 and 6%. Values of
>6% are typical of soils in urban and industrial areas. Around
hard coal mines, the TOC content exceeds 12%, locally even
24%. The mean value of TOC content in farmland topsoil is
2.8%, in urban parks 3.4%, in residential areas 4.6%, in forests
6.4%, and in industrial areas 7.2%.

The grain size distribution of the topsoil is clearly related to
the parent lithology. Carboniferous sandstones and Pleisto-
cene fluvioglacial sands are the main parent material of soils
containing 40-80% of the sand fraction, which typically also
contain <20% of silt and <10% of clay. This soil covers predomi-
nantly the south-western part of the mapped area. Soils that de-
veloped on Pleistocene glacial tills are rich in silt, commonly in
excess of 40%. This is accompanied by clay, usually account-
ing for 10—15%. Soil that are rich in silt and clay and have higher
metal concentrations prevail in the central and north-eastern
parts of the map area.

CONCENTRATIONS OF SELECTED ELEMENTS IN SOIL

Comparison of the geochemical background values of the
elements studied in the soils of the Upper Silesian Agglomera-

Table 1

Statistical values of physicochemical parameters of the topsoil

Sand Silt Cla
pH ToC 1.0-0.1 mm | 0.1-0.02 mm <0.02ymm
%
Range 4.0-10.4 | 0.05-55.90 0-96.7 0.1-99.9 0.1-99.9
Average 7.4 5.41 32.8 49.0 16.4
Median 7.6 3.71 30.6 55.4 14.4
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Fig. 2. Cadmium content in topsoil (A) and subsoil (B)
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Table 2

Statistical parameters of the chemical elements analysed

*Upper Silesian Agglomeration **Si(lggisai;gﬁlgcy}\goﬁggion
Element D(:}Iti(ra‘r?ittIon Range Mean Median mig?%g?:i- SD CV (%) | Median C’;*Eaegkchemi-
ground ground
mg’kg mg/kg
<1-97 <1 <1 - 2.7 - <1 -
Ag 1
<1-86 <1 <1 - 2.9 - <1 —
As 3 <3-5288 26 10 19 149.3 574 6 12
<3-5300 17 4 10 133.5 785 <3 —
Ba 1 4-1830 221 172 334 168.7 76 59 128
9-1869 150 72 160 194.4 130 28 56
cd 05 <0.5-388.8 6.4 3.2 7 16.1 252 2 5
<0.5-369.8 4.0 0.7 4 17.5 438 <0.5 -
Co ] <1-218 6 5 8 5.8 97 2 5
1-61 5 4 8 4.3 86 2 5
Cr 1 <1-1317 26 15 27 56.2 216 8 17
1-1638 17 12 26 44.5 262 5 12
cu 1 4-13230 53 26 53 306.7 577 9 19
1-2772 28 11 25 86.1 308 4 10
Hg 0.05 <0.05-23.44 0.19 0.10 0.18 0.7 368 0.05 0.10
<0.05-23.04 0.14 <0.05 — 0.7 500 <0.05 —
Mn 2 3-42380 868 515 996 1956.1 225 242 646
3-37100 247 519 859 1353.9 548 72 204
<0.5-93.7 1.4 0.7 1.6 4.3 307 <0.5 -
Mo 0.5
<0.5-74.1 0.8 <0.5 - 2.6 325 <0.5 -
Ni 1 <1-433 18 13 25 21.6 120 6 14
1-587 14 9 19 22.1 158 4 10
Pb 9 4-54940 307 137 287 1398.4 456 72 152
<2-17890 172 30 68 811.8 472 11 28
Sn 9 <2-701 5 2 4 16.5 330 <2 -
<2-361 3 <2 - 12.6 420 <2 -
Sr 1 1-806 51 33 71 59.1 116 9 21
<1-921 37 14 33 64.1 173 4 8
Ti 5 7-4086 126 96 173 144.9 115 74 132
19-2480 116 89 145 101.4 87 69 129
v 1 1-225 22 19 30 16.8 76 12 24
1-268 17 15 29 13.8 81 8 19
7n 1 8-55460 454 479 1104 2678.0 590 164 405
3-88120 720 108 258 3445.2 479 33 78
%
Al 0.01 0.05-4.33 0.67 0.64 0.96 0.3 44 0.49 0.95
0.07-2.50 0.64 0.60 1.02 0.3 47 0.40 0.88
Ca 0.01 <0.01-27.61 0.99 0.53 1.30 1.4 141 0.16 0.44
<0.01-16.60 0.75 0.20 0.50 1.4 187 0.05 0.14
Fe 0.01 0.05-34.30 1.82 1.40 2.44 1.9 104 0.69 1.55
0.02-20.43 1.37 1.06 2.36 1.5 109 0.41 1.06
Mg 0.01 <0.01-6.38 0.26 0.16 0.33 0.4 154 0.07 0.18
<0.01-9.33 0.21 0.12 0.26 0.5 238 0.05 0.13
P 0.002 0.003-0.510 0.050 0.041 0.072 0.04 80 0.028 0.039
<0.002-0.600 0.028 0.019 0.043 0.04 143 0.009 0.021
S 0.003 <0.003-8.790 0.074 0.038 0.073 0.26 351 0.022 0.046
<0.003-5.960 0.053 0.012 0.024 0.21 396 0.006 0.013
*Topsoil (n = 2806) **Topsoil (n = 22,663)
Subsoil (n = 2242) Subsoil (n = 19,307)

***Geochemical background = Median + 2 Median Absolute Deviation (MAD)
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tion and the Silesia—Krakéw Region (Table 2) shows that their
concentration in the study area is clearly related to the location
of anthropogenic sources. The topsoil reveals more than/or al-
most threefold enrichment in Ca, Sr and Zn, and over twofold
enrichment in Cu, Ba and Zn, compared to the geochemical
background levels in the Silesia—Krakow Region. In the subsoil,
there is fourfold enrichment in Mn and Sr and over threefold en-
richment in Zn and Ca, as well over twofold enrichment in Ba,
Cr, Cu, Fe, P and Pb as compared to the regional geochemical
background levels.

The high values of standard deviation (SD) and coefficients
of variability (CV) for most elements indicate high data disper-
sion in relation to the average values (Table 2). The low CV%
values (<200) for Al, Ba, Ca, Co Fe, Ni, P, Sr, Tiand V suggest
that their distribution in the soils is relatively homogeneous, and
that they are related mainly to lithogenic origin. In the case of
As, Cd, Cr, Cu, Hg, Mn, Mo, Pb, S, Sn and Zn, the high CV%
values indicate that these elements are characterized by
inhomogeneous distribution suggesting that part of them might
have been introduced artificially into the environment. The dis-
tribution of many elements derived mainly from the parent rocks
has been disturbed by anthropogenic factors especially in the
topsoil. Anthropogenic transformations have led to such signifi-
cant changes in the chemical composition of the soils in relation
to the parent rocks that the basic geochemical features of the
original rocks in topsoil are difficult to discern.

The spatial distribution of Cd, Mo and Hg in the soils of the
Upper Silesian Agglomeration (Figs. 2—4) is quoted as an ex-
ample of the presence of pollution originating from various in-
dustrial activities — zinc smelters, iron-steel factories and coking
plants.

The concentration levels of Cd in topsoil and subsoil are
similar: <0.5-388.8 mg/kg and <0.5-369.8 mg/kg, respectively
(Fig. 2) The contamination of soils by this potentially toxic ele-
ment is a serious problem in some areas of the Upper Silesian
Agglomeration (Chiopecka et al., 1996; Cabata and Teper,
2007) and elsewhere across the world (Alary et al., 1983; Moir
and Thornton, 1989).

The highest contamination by Cd (Fig. 2) and As, Pb, S and
Zn has been noted in the central part of the study area around
former zinc smelters and their waste dump sites. The Cd con-
centration anomalies (>18.1 mg/kg) occupy smaller areas
within topsoil compared to subsoil (>12.3 mg/kg), indicating
easy migration of this element from the surface to deeper soil
horizons, although comparison of the mean values of As, Pb, S
and Zn indicates that topsoil is generally more enriched in these
elements than is the subsoil (Table 2). A greater extent of these
anomalies in subsoil is associated with both the texture of highly
permeable soils (predominance of sandy soils) and the occur-
rence of unstable metal sulphates, indicating that the wastes re-
main intensely geochemically active even many years after pro-
duction ceased (Merrington and Alloway, 1994; Cabata and
Teper, 2007; Kabata-Pendias and Mukherjee, 2007; Rozek et
al., 2015).

In the areas of Cd anomalies within both topsoil and subsoil,
there are also strong Pb and Zn anomalies of similar spatial ex-
tent with concentrations of >770 mg/kg Pb, >3,190 mg/kg Zn,
and >540 mg/kg and >2,260 mg/kg, respectively. Extreme val-
ues of these elements occur only on a local scale (5% of soils
analysed). The major sources of As, Cd, Pb, Zn and S are the
remaining Zn-Pb ore piles and tailings heaps of some former
small zinc smelters, although soils heavily polluted with these
elements are also found near steelworks.

The Mo anomalies that occur in the study area around iron
smelters and steelworks are very clearly marked in both topsoil
(>3.8 mg/kg) and subsoil (>2.3 mg/kg), although the values are

not high in most of the soil samples (Fig. 3). The Mo concentra-
tion is related to the activity of iron and steel industry plants,
most of which are no longer active. Currently, there is only one
blast furnace in the ArcelorMittal steelworks, producing pig iron
from imported iron ores and steel scrap (Burchart-Korol, 2010).
Due to the environmental requirements of current production, it
affects the environment to a lesser extent than the former more
harmful technologies.

In 75% of the topsoil and subsoil samples, the Mo concen-
trations are <1.2 mg/kg and <0.7 mg/kg, respectively. The top-
soil concentration of Mo is <0.5-93.7 mg/kg, and its subsoil
concentration is <0.5-74.1 mg/kg (Table 2). The environmental
impact of technologies used in the production of steel is as-
sessed primarily with respect to the emission of CO, from met-
allurgical furnaces and organic compounds from coking plants.
The elements occurring as admixtures in ores (As, Zn, Pb) and
emitted mainly during ore sintering and smelting in electric fur-
naces, as well as steel refining metals (Mo, Cr, Ni, Sn, V, Zn)
added in plants that manufacture special steels and coated
products, e.g. galvanised zinc- and tin-plated sheets, etc., are
also harmful (Burchart-Korol, 2010; Krzak and Paulo, 2018).

In the areas of Mo anomalies, the soil shows enrichments in
Cr, Ni and Sn, most likely because these elements are fre-
quently found in Mo-containing steels. Because of its resistance
to high temperature, Mo is added to high-speed steel cutting
tools, corrosion-resistant steels, and special alloys (Reimann
and de Caritat, 1998; Smedley and Kinniburgh, 2017). The
most contaminated soil occurs within a belt extending from
Swietochtowice to Katowice. This is the Rawa River valley that,
for decades, received industrial sewage from the Batory,
Florian and Silesia steelworks, as well as leachates from their
dumpsites and settling tanks. In a settling tank of one of no lon-
ger active steel mill, 200 mg/kg Mo, 681 mg/kg Ni, 132 mg/kg
Sn, and 2,420 mg/kg Cu have been detected (Pasieczna et al.,
2017).

An additional source of soil contamination by Mo in the area
studied is burning of hard coal and storing of fly ash after com-
bustion. Most of the hard coals have significant Mo contents,
which in turn affects the content in the power plant ash, where
there can be up to several tens mg/kg of Mo (Pandey et al.,
2009; Bhattacharyya et al., 2009; Deonarine et al., 2015), while
its mobile fractions, which can be leached from ash under par-
ticular environmental conditions, account for 24%
(Kalembkiewicz and Soco, 2009). It is probable that the high
mobility of Mo explains a much greater range of its anomalies in
subsoil than in topsoil (Fig. 3). Even reclaimed landfills of such
ashes pose a threat to the environment due to the potential mi-
gration of trace elements, including molybdenum.

Soil contaminated by Hg was found primarily in the vicinity
of active and old coking plants and ironworks, as well as around
mine shafts and waste heaps of hard coal mines (Fig. 4). In the
natural environment, Hg is considered one of the most toxic
metals, even at very low concentrations, due to its chemical and
biological activity and the diversity of its forms of occurrence
(Kabata-Pendias and Mukherjee, 2007; Rice et al., 2014). In
the study area, Hg concentrations are in the range of
<0.05-23.44 mg/kg in topsoil, and <0.05-23.04 mg/kg in sub-
soil (Table 2). The anomalies usually have a small spatial range
in topsoil, and larger in subsoil. The soil contamination by Hg in
the study area is high as compared to the concentration of
<0.05-7.55 mg/kg found across Poland (Lis and Pasieczna,
1995), Europe with 0.002—-1.35 mg/kg (De Vos and Tarvainen,
2006) and European agricultural and grazing land soils with
<0.030-3.12 mg/kg (Ottesen at al., 2013).

The main source of Hg is certainly its dispersion when burn-
ing large amounts of hard coal. Hg is quite common in hard
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Table 3
Principal Component Analysis (Varimax-normalized factor model); marked loads >0.5
Topsoil Subsoil
Element F1 F2 F3 F F2 F3
Al Ba, P, Sr | Ag, As, Cd, Pb, S, zn|  Cr,Mo,Ni | Al Ba, CT? Fe P.St | Ag, As, Cd, Pb, S, Zn | Cr, Mo, Ni
Ag 0.104 0.624 0.049 0.051 0.607 0.069
Al 0.664 0.056 0.160 0.880 0.078 0.050
As —-0.003 0.812 0.009 0.088 0.705 0.038
Ba 0.817 0.049 0.065 0.602 —-0.036 0.061
Ca 0.238 0.232 0.118 0.351 0.283 0.093
Cd 0.101 0.798 0.113 0.037 0.843 0.029
Co 0.428 0.156 0.419 0.752 0.154 0.280
Cr —-0.016 —-0.067 0.769 0.153 —0.042 0.924
Cu 0.017 0.051 0.027 0.213 0.294 0.202
Fe 0.314 0.288 0.499 0.607 0.395 0.386
Hg 0.098 0.030 0.032 0.107 0.068 0.029
Mg 0.052 0.325 0.230 0.239 0.361 0.084
Mn 0.176 0.094 0.205 0.347 0.301 0.184
Mo 0.029 0.039 0.872 0.129 0.107 0.923
Ni 0.277 0.214 0.829 0.386 0.091 0.836
P 0.709 0.058 0.058 0.526 —-0.036 —0.031
Pb 0.054 0.774 0.137 0.059 0.868 0.058
S —-0.098 0.675 —-0.049 0.117 0.686 0.030
Sn 0.107 0.093 0.110 0.111 0.185 0.084
Sr 0.723 0.107 0.060 0.614 0.009 0.081
Ti 0.474 0.003 0.199 0.627 0.013 0.099
\Y 0.390 0.015 0.485 0.773 0.064 0.331
Zn 0.132 0.865 0.069 0.045 0.898 0.020
Variance % 31.20 13.00 7.38 33.49 14.32 8.49
Cumulative % 50.58 56.30

coal, both in organic and mineral matter (Diehl et al., 2004,
Yudovich and Ketris, 2005; Kolker et al., 2006; Htawiczka,
2008; Gade, 2015).

Part of the Hg is probably related to its presence in iron
sulphides, which are an admixture in Zn-Pb ores (Bojakowska
and Sokotowska, 2001). Hg can also be derived from com-
pounds in wood preservatives (protecting railway sleepers). In
garden plots, Hg anomalies can be the result of excessive use
of insecticides. In other cases, mercury comes from the scrap of
fluorescent lamps, Zn-HgO batteries, fuses and devices for-
merly used in measuring and control instruments across many
industries, and in the electrotechnical equipment of so-
dium-chloride plants (Szpadt, 1994; Paulo and Strzelska-Sma-
kowska, 2000).

ASSESSMENT OF METAL POLLUTION OF SOILS AFFECTED
BY DIFFERENT INDUSTRY TYPES AND DIFFERENT LAND USES

Grouping of chemical elements using Principal Component
Analysis (PCA) (Table 3) enables determination of their main
sources.

Factor F1 (loading on Al, Ba, P, Sr) explained 31.2% of the
total variance in topsoil and 33.49% of the total variance in sub-
soil (loading on Al, Ba, Co, Fe, P, Sr, Ti, V) can be related to a
mixed lithological-anthropogenic origin of the elements. They
are sourced primarily from soil parent materials. Both Quater-
nary glacial tills and Carboniferous mudstones-claystones have
naturally elevated concentrations of Al, Co,V, Ba, Fe, P and Ti.

The sources of Sr are both the soils’ parent materials and the
discharges of mine water to watercourses, which increase the
concentration of this element in river valley soils. Significant
anthropogenic sources of Ba are also particles from coal com-
bustion (Rozkowska and Ptak, 1995) and leachates from waste
heaps after industrial coal enrichment with the use of barite.

Factor F2 (loading on Ag, As, Cd, Pb, S and Zn) explained
13.0% of the total variance in topsoil and 14.32% in subsoil,
suggesting that these elements were affected by anthropogenic
(industrial) activities in addition to the natural content from
weathered ore deposits. They are associated mainly with min-
ing and processing of Zn-Pb ores and with zinc metallurgy. The
period of increased exploitation of Zn-Pb ores and construction
of mills for its processing began in the 19th century and lasted
until the end-20th century. Initially, the main raw materials for
the production of this metal were Ag and Pb smelting slags,
then calaman deposits, and finally Zn-Pb sulphide ores
(Majorczyk, 1986). At different periods, zinc was produced in
the following smelters: Marien Wunsch, Bobrek, Guidotto,
Godulla, Konstancja, Constantin, Gabor, Klara and Dawid.
Moreover, zinc-processing plants operated in the premises of
the former Zygmunt iron smelter (at the beginning of its activity),
and as one of the departments of the iron smelter in Chorzéw
(Degenhardt, 1870; Szczech, 2003).

Factor F3 (loading on Cr, Mo and Ni) explained 7.38% of the
total variance in topsoil and 8.49% in subsoil. It can be consid-
ered mainly anthropogenic, grouping elements related to the
iron and steel industry. The soil has been contaminated by both
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Fig. 5. Boxplots of the percentile classes of Cd, Cu, Hg and Pb in topsoil and subsoil

chemical elements from raw materials and production wastes
(metallurgical slag, moulding materials, refractory rubble, and
neutralisation and other types of sludge). The elements
grouped by factor F3 have been dispersed from iron smelters
for many years. In the area of the largest, Pokoj steelworks, iron
smelting was carried out as early as 1642. Later, the
Antonienhiitte and Bertha ironworks came into operation
(Sulimierski et al., 1880-1914). The Pokdj steelworks started
production in 1840. Before the Second World War, it was the
largest smelter in Poland and the only one that produced ferro-
manganese (Owczarek et al., 2012), which probably contrib-
uted to the concentration of Fe (>2%), Cr (> 40 mg/kg) and Mn
(>1,600 mg/kg) in the surrounding soils (Pasieczna, 2016). The
Zabrze, Zygmunt, Florian, Batory and Silesia steelworks oper-
ated from the mid-19th century to the beginning of the 21st cen-
tury (Niemierowski, 1983; Walerjanski, 2006).

Single-element box plots of selected elements (Cd, Cu, Hg,
Pb) were used to demonstrate the concentration and degree of
pollution in soils of forests, farmlands, urban parks, residential

areas and industrial areas (Fig. 5). The land use includes pre-
dominantly scattered residential areas, including commercial
and service buildings — 31%, and industrial areas (mines, steel-
works, metallurgical plants, landfills and mine heaps) — 11%.
Urban parks occupy 6%, forests 16%, and farmlands 7% of the
area. Water reservoirs, roads, railway lines, transport bases
and wasteland represent the remaining part of the area.

Comparison of box plot data of Cd, Cu, Hg and Pb with re-
gional geochemical values of these elements in the Sile-
sian—Krakéw Region indicates that their greatest concentra-
tions are found in topsoil of residential and industrial areas
(Fig. 5). The median values of individual elements for topsoil
are significantly higher than in subsoil in all land-use categories.
This indicates that the enrichments result from non-geological
sources.

When considering the position of boxes for Cd, Cu, Hg and
Pb in different land uses, a further notable feature is the least
contamination of subsoil in forests and farmlands. But in topsoil,
the situation is more complicated, e.g. 25-75 percentile Cd con-
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Fig. 6. Mean values of enrichment factors

centrations in urban parks and farmlands are higher than in in-
dustrial and residential areas. Maximum extreme values and
25-75 percentile of Hg, Cu and Pb in topsoils shows the highest
concentrations in industrial areas.

GEOCHEMICAL INDICES

The PCA results are supported by the EF values of the ele-
ments analysed (Fig. 6). Based on classification of EF values
proposed by various authors (Blaser et al., 2000; Sutherland et
al., 2000; Zhang and Liu, 2002; Loska et al., 2004) it can be
concluded that a significant part of metals, arsenic and sulphur
in the topsoil and subsoil of the Upper Silesian Agglomeration
comes from anthropogenic sources. Assuming that values of
EF <1.5 show both minor changes in soil chemistry and the
lithogenic origin of the elements in topsoil, we can infer that Ag,
Al, and V definitely come from natural sources. These elements
are accompanied in the subsoil by Ba, Co, Cr, Fe, Mg, Mn, Ni, P
and Sr originating primarily from parent materials. The highest
EF values in the topsoil and subsoil were found for S, Zn and
Pb, an this can be related to both the dispersion of these ele-
ments from industrial sources (especially in topsoil, which also
accumulates As, Ca, Mo and Sr) and the presence of these
metal sulphides in the parent materials of the soils (Triassic
Zn-Pb ore-bearing dolomites). Moderate or minimal enrich-
ments in Ca, Cu, Mo, Sr, Cd and Hg have been seen both in the
topsoil and subsoil (Fig. 6). The enrichment of the subsoil in Cd,
Hg, Pb and S vs topsoil is probably related to the presence of
these elements in the form of finely dispersed Zn and Pb
sulphides in the parent material.

The most useful assessment of topsoil contamination is the
geoaccumulation index (lgeo). The distribution of the 25-75 per-
centile values and the /4, median of individual elements show
the presence of the greatest accumulation of Zn, Pb and Ca in
topsoil as well as of Sr, Fe, Mn, Cu, Cd and S (Fig. 7). The maxi-
mum values of /g, indices for most of the elements analysed in-
dicate strong and extreme contaminations that occur only at a
few small locations. The lowest |4, values are found for Ag, Al,
Ti, and V.

CONCLUSIONS

1. Pollution history by base metals is documented in part in
the study area. Some previously active but now forgotten loca-
tions of small zinc smelters and waste landfills have been in-
ferred from these geochemical studies. The analyses per-
formed show that chemical transformation of the soil in many
regions is very advanced and anthropogenic changes have
been recorded in all soil types that developed from different
lithologies of the Carboniferous, Triassic and Quaternary suc-
cessions.

2. Wide ranges of properties such as pH (from very acidic to
alkaline), TOC content (0.05-55.90%) and grain size distribu-
tion (from sandy to clayey soils) have been found in the topsoils
studied.

3. The topsoil of the study area shows three-fold enrichment
in Ca and Sr, and/or more than twofold enrichment in Cu, Ba,
and Zn compared to the geochemical background in the
Silesia—Krakéw Region. The subsoil shows four-fold enrich-
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Fig. 7. Statistical parameters of geoaccumulation indexes of elements in topsoil (0.0-0.3 m)

ment in Mn and Sr and over three-fold enrichment in Zn and Ca
in comparison to the regional geochemical background.

4. High values of standard deviation (SD) of most elements
indicate great data dispersion in relation to the average values.
Low values of variation coefficients (CV) for Al, Ba, Ca, Co Fe,
Mg, Ni, P, Sr, Tiand V indicate that their distribution in the soil is
relatively homogeneous and therefore they are associated
mainly with lithogenic origin. High CV values were found for As,
Cd, Cr, Cu, Hg, Mn, Mo, Pb, S, Sn and Zn, indicating heteroge-
neous distribution of these elements and their secondary intro-
duction into the environment.

5. Based on multi-elemental principal component analyses
the major factors allowing linking of the chemical element distri-
butions to the main industries in the Upper Silesian Agglomera-
tion are as follows: Factor F1 (Al-Ba-P-Sr) in topsoil and
(Al-Ba-Co-Fe-P-Sr-Ti-V) in subsoil can be linked to their litho-
logic-anthropogenic origin and suggest that the main sources
are the soil parent materials; Factor F2 (Ag-As-Cd-Pb-S-Zn) is
associated predominantly with mining and processing of Zn-Pb
ores and zinc smelting and Factor F3 (Cr-Mo-Ni) group ele-
ments are related to the iron and steel industry.

6. Comparison of areas with the strongest anomalies of se-
lected elements (Cd, Mo and Hg) in soil with the location of in-
dustrial plants shows that their most prolific sources are mine

waste accumulations and tailings of Zn-Pb ores and waste piles
of historical zinc smelters (causing accumulation of Zn, Cd, As,
Pb and S), modern iron and steel metallurgy (affecting disper-
sion of Cr, Mn, Mo, Cu and Sn) and coal combustion causing
emission of Hg, S and metal-containing particles.

7. The values of the indicators used to assess anthropo-
genic contamination of the soil (enrichment indicators EF and
geo-accumulation indicators /ge) indicated that the high con-
centrations of most metals, arsenic and sulphur in the topsoil
are caused by past mining of Zn-Pb ores and zinc and iron met-
allurgy. The EF and /g, values are characterized by good mu-
tual convergence.
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