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This as sess ment of the en vi ron men tal deg ra da tion by toxic chem i cal el e ments within the Up per Silesian In dus trial Ag glom -
er a tion of Po land en com passes the im pact of min ing for base met als and coal and non-fer rous met al lurgy, as well as the
dis charge of in dus trial and mu nic i pal sew age caus ing strong deg ra da tion of the nat u ral en vi ron ment in the area over the
years. The con tent of the fol low ing el e ments: 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 as sessed both in the top soil (0.0–0.3 m) and the sub soil (0.8–1.0 m) of the study area. Con cen tra tions of
the el e ments in the <2 mm soil frac tion were ana lysed us ing the ICP-OES method af ter Aqua regia ex trac tion. The soil con -
tam i na tion was as sessed based on the en rich ment fac tor (EF) and geo-ac cu mu la tion in dex (Igeo). The tests re vealed el e -
vated con tents of sev eral met als, ar senic and sul phur, ex ceed ing the re gional geo chem i cal back ground lev els. Un usu ally
high con cen tra tions of the fol low ing el e ments: 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 re corded. The high est con cen tra tions of these el e ments were found in the prox im ity of smelt ers and res -
i den tial ar eas. The spa tial dis tri bu tion of met als is shown as in ter po lated data on maps and com pared with the lo ca tions of
min ing and in dus trial sites. 
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INTRODUCTION

Deg ra da tion of the nat u ral en vi ron ment is at the pres ent time
the most acute prob lem of hu man ity. Pol lu tion of soil by met als in 
in dus trial dis tricts all over the world is one of the most se ri ous is -
sues that are di rectly af fect ing hu man health and biota (Basta
and Gradwohl, 1998; De Volder et al., 2003; Wong et al., 2006;
Wuana and Okieimen, 2011; Barbieri et al., 2014). Pol lu tion of
ur ban res i den tial ar eas ad join ing the sites of cur rent or for mer 
base metal mines, steel works of iron and non fer rous metal
smelt ers has been shown to be highly haz ard ous (Basta et al.,
2001; Basta and McGowen, 2004; Nachtegaal et al., 2005;
Kachenko and Singh, 2006; PelfrÃne et al., 2011). Many el e -
ments and com pounds haz ard ous to hu man and an i mal health
have been found in the soils of these ar eas (Everhart et al., 2006; 
Filippelli and Laidlaw, 2010; Filippelli et al., 2012; Nannoni et al.,
2011). Wors en ing crop con di tions and the growth of del e te ri ous
mi cro or gan isms have also been doc u mented (Fernandez-Turiel
et al., 2001; Cui et al., 2004; Friesl-Hanl et al., 2009; Nagajyoti et
al., 2010; Klimek et al., 2016).

Min ing of base met als and the met al lurgy in dus try cause
dra matic in creases in soil con tam i na tion in many ag glom er a -
tions across the world, and among the great est haz ards is the
im pact of waste from this ac tiv ity (Fuge et al., 1993; Swennen et 
al., 1994; Adamo et al., 2002; Cappuyns et al., 2005; Navarro et 
al., 2006; Tay lor et al., 2010; Acosta et al., 2011). Po ten tially
toxic el e ments (PTE) haz ard ous to eco sys tems and hu man
health pen e trate soil as a re sult of weath er ing of met al lurgy
wastes and due to dis charges of in dus trial sew age to wa ter
bod ies and aqui fers (Paulson, 1997; Gäbler and Schnei der,
2000; Alloway, 2012). The harm ful ef fects of ar senic, chro -
mium, nickel, mer cury, cad mium, cop per, lead, zinc and of
many or ganic com pounds of ores and aux il iary raw ma te ri als of
the steel in dus try, such as coke, have been dem on strated
(Alloway, 2012; Filippelli et al., 2012). PTE are bound to soil
com po nents in var i ous ways, which de ter mines their mo bil ity
and avail abil ity (Kabata-Pendias and Mukherije, 2007), and the
char ac ter is tic fea ture of anthropogenically con tam i nated soils is 
the pres ence of 30–60% of heavy met als in readily avail able
forms (Karczewska et al., 1998).

The Up per Silesian Ag glom er a tion of South ern Po land
serves as an ex am ple of this phe nom e non. Cen tu ries of in dus -
trial ac tiv i ties in this area, which have in cluded min ing for coal
and base met als as for Pb and Zn, as well as non-fer rous met al -
lurgy, have caused strong deg ra da tion of the nat u ral en vi ron -
ment and can cause ex tremely neg a tive ef fects on the nat u ral
en vi ron ment of this most pop u lated ag glom er a tion in Po land
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(~370 res i dents/km2 com pared to the coun try’s av er age of
124 res i dents/km2). Re claimed post-in dus trial soils of con sid er -
able thick ness and ex tent (Michalik, 2003; Sordoñ-Kulibaba,
2010) that cover ar ti fi cial slopes, heaps and some al lot ment
gar dens, as well as cul ti vated al lu vial plains (Duriasz and
Cupia³, 2009) are among the most vul ner a ble.

Min ing for base met als, and the met al lurgy of lead-zinc
ores, has played the great est role in the Up per Silesia econ omy
since the 1800s (Lis and Pasieczna, 1995; Piwocki and
Przenios³o, 2004). In the 1900s the iron tech nol o gies took over
in the re gion and be came one of the lead ing in dus tries in Eu -
rope (Szulc, 2013). Ex ploi ta tion of base met als and uti li za tion of 
coal pro duced piles of gangue; slag and other waste stored in
the im me di ate vi cin ity of smelt ers and res i den tial ar eas caused
pol lu tion of the soils and aqui fers. The ubiq ui tous pres ence of
pol lut ants in the sur face en vi ron ment is de tect able even sev eral 
hun dred years af ter the ces sa tion of the ini tial in dus trial ac tiv ity.

This study iden ti fies and eval u ates the sources of anthro -
pogenic con tam i na tion, and in ter prets the dis tri bu tion pat terns of
heavy met als, ar senic and sul phur in soils of the cen tral part of
the Up per Silesian Ag glom er a tion that in cludes parts of the cit ies
of Zabrze, Bytom, Ruda Œl¹ska, Œwiêtoch³owice, Chorzów,
Siemianowice Œl¹skie and Katowice.

OCCURRENCES AND COMPOSITION 
OF ECONOMIC MINERALS

The study area is lo cated in the Pol ish part of the Up per
Silesia Re gion (Fig. 1). The re gion is known largely for the rich
Up per Car bon if er ous coal de pos its (Bu³a and Kotas, 1994;
Jureczka et al., 2005) ex ca vated in many un der ground mines.
The qual ity pa ram e ters of the coal are highly di verse. Its ash
con tent is in the range of 2–44% and the sul phur con tent is from 
0.08 to 2.5%. There are traces of As, Be, Cd, Co, Cu, Mn, Pb
and Zn in the min eral frac tion of coal, and Hg and Mo in the or -
ganic mat ter.

Be sides the coal there are many Zn-Pb ore de pos its ex ca -
vated in many lo ca tions across the dis trict. The large Zn-Pb ore
de pos its, of the Mis sis sippi Val ley type, ex ploited in the past
from Tri as sic ore-bear ing dolomites, be longed among the rich -
est ones in the world (Górecka, 1993, 1996; Szuwarzyñski,
1996; Viets et al., 1996; Heijlen et al., 2003; Kucha, 2003). Bog
iron has also been lo cally ex ploited by sur face min ing (Molenda, 
1972; Grzechnik, 1978). Now a days, it is still pos si ble to find
traces of old min ing ex ca va tions and waste heaps.

The min eral com po si tion of the sul phide and ox i dized ores
ex ploited is rel a tively sim ple and in cludes sphalerite (ZnS), ga -
lena (PbS), marcasite and py rite (FeS2; Górecka, 1996;
Sass-Gustkiewicz, 1997). Trace amounts of lead-ar senic
sulphosalts in the form of jordanite and gratonite are also noted
(Harañczyk, 1962; Ziêtek-Kruszewska, 1978; Górecka, 1996;
Viets et al., 1996; Caba³a, 1996, 2009). Gangue min er als in -
clude car bon ates, sil ica and clay min er als (Caba³a, 2009). Nu -
mer ous trace el e ments are as so ci ated with the ore min er als.
Zinc sul phide con tains cad mium, sil ver, co balt, cop per, thal lium
and ger ma nium. The ga lena is usu ally ar gen ti fer ous
(Harañczyk, 1962; Ekiert, 1971). The ores also con tain ar senic
and an ti mony com pounds. The cad mium con cen tra tion in the
sphalerite of the Silesian–Kraków de pos its at tains
5,000–10,000 mg/kg (Viets et al., 1996; Caba³a, 2009). Iron
sulphides may con tain up to 1,000 mg/kg thal lium and
~500 mg/kg ar senic (Paulo and Strzelska-Smakowska, 2000).
Sil ver is found within the crys tal struc ture of sulphides, but most

of ten it is as so ci ated with sphalerite (up to 3310 ppm) and much 
less with ga lena (up to 730 ppm; Mikulski et al., 2020). The
main com po nents of the ox i dized de pos its (galman) are car -
bon ate min er als of zinc (smithsonite, monheimite) and lead
(cerussite). They are ac com pa nied by li mo nite ag gre gates and
in places by sul phate min er als (jarosite, melanterite),
hydrozincite and cal cite (¯abiñski, 1960; Caba³a, 2009). In the
north west ern part of the study area, bar ite has been found in
frac tures within Car bon if er ous rocks, as well as in sul phide and
galman ores (Ga³kiewicz and Œliwiñski, 1985). 

HISTORY OF POLLUTION AND DEGRADATION

Con sid er able anthropogenic pol lu tion has been re corded
across the en tire study area oc cu pied by min ing. Due to the lo -
ca tion of in dus trial fa cil i ties, ex ten sive in fra struc ture and in -

Fig. 1. Lo ca tion of the study area
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tense ur bani sa tion, ag ri cul tural soils oc cur over very small ar -
eas, mainly of al lot ment gar dens. In these ar eas, the nat u ral
com po nents of soils are mixed with for eign ma te ri als, of ten re -
peat edly cul ti vated, wa tered and des ic cated.

The nat u ral en vi ron ment has suf fered con tam i na tion and
deg ra da tion pre dom i nantly as a re sult of hard coal min ing
(Szczepañska and Twardowska, 1999), and the met al lur gi cal
(Kierczak et al., 2010; Tyszka et al., 2014), chem i cal and en -
ergy in dus tries (Smieja-Król and Bauerek, 2015). The most in -
ten sive de vel op ment of the area dates back to the 1900s, al -
though Ag and Pb and Fe ores have been ex tracted at sev eral
lo ca tions al ready since the 1600s (Molenda, 1972; Grzechnik,
1978). Min ing of coal be gun in the 1800s and was fol lowed by
the es tab lish ment of iron and zinc smelt ers in this area. With the 
de vel op ment of the rail way net work, the iron and zinc smelt ers
ex panded their fa cil i ties, and de vel op ment of power plants, ma -
chin ery in dus try, metal prod ucts and other in dus tries took
place. Part of the met als in the soils of the north-east ern part of
the study area may orig i nate from weath er ing of out crop ping
Zn-Pb ore-bear ing dolomites that were ex tracted in the past.

The soil is pol luted mainly by: (1) his tor i cal ex ploi ta tion and
smelt ing of Zn-Pb ore, (2) steel in dus try ac tiv ity, (3) im pact of
min ing waste (gangue heaps, sludge set tlers, coal slurry, mine
wa ter; Bauerek et al., 2009), (4) im pact of steel (slag and oily
mill scales), en ergy and chem i cal in dus try waste, (5) par tic u late 
mat ter emis sions from in dus trial plants (Jablonska et al., 2001;
Dombek et al., 2015) and (6) trans por ta tion. The dis sem i na tion
of con tam i nants pen e trat ing the soil is some times fa cil i tated by
the use of min ing waste for the rec la ma tion of brown field sites,
and by road con struc tion and wa ter en gi neer ing. The re sults of
soil mon i tor ing have shown that the per mis si ble lim its of metal
con cen tra tions are dra mat i cally ex ceeded (Pasieczna, 2016).
Iron-smelt ing waste heaps are lo cated near the steel works and
smelt ers. These are pre dom i nantly of slag with mi nor amounts
of mould ing sand, re frac tory de bris, sludge and post-treat ment
sed i ments. Slag is used as road ag gre gate. The larg est min ing
waste heaps are lo cated near closed and ac tive coal mines.

MATERIALS AND METHODS

SAMPLING AND SAMPLE PREPARATION

Soil in the study area is de vel oped on Car bon if er ous and
Tri as sic bed rock as well as on Qua ter nary de pos its. The pre -
dom i nant types are podzols and pseudopodzols de vel oped on
Car bon if er ous sand stones and on Qua ter nary flu vio gla cial de -
pos its. The par ent ma te rial for cambisols and luvisols are gla -
cial tills. Rendzinas oc cur in the ar eas of Tri as sic lime stone and
do lo mite. Large ar eas are cov ered by anthropogenic soils
formed in re claimed post-in dus trial ar eas or nat u rally veg e tated 
post-min ing ar eas (Michalik, 2003; Sordoñ-Kulibaba, 2010). 

Soil sam ples were col lected based on a reg u lar grid of 250
´ 250 m (16 sam ples per km2) in the years 2013–2014. At ev ery 
site, the sam ples were col lected from two in ter vals: 0.0–0.3 m
(top soil) and 0.8–1.0 m (sub soil). The to tal of top soil sam ples
was 2,806 and of sub soil sam ples 2,242. The soil sam ples
(~500 g) were col lected us ing 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 frac tion was used for the pH de ter mi na tion of
top soil and sub soil, as well as to tal or ganic car bon (TOC) and

the granulometric com po si tion of the top soil. The pH was de ter -
mined us ing dry soil and deionised wa ter (PN-ISO 10 390,
1997). The TOC con tent was mea sured us ing high-tem per a -
ture com bus tion with in fra red spec tro met ric de tec tion (with the
de tec tion limit 0.01–0.02%). The granulometric com po si tion of
top soil was car ried out com bin ing sieve anal y sis with la ser dif -
frac tion for fine ma te rial. The <2 mm frac tion sam ples 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 frac tions ob tained were weighed.
Mea sure ments of grains from the <0.5 mm frac tion were made
with a la ser par ti cle size analyser. Their re sults can not there fore 
be used to clas sify the soils ac cord ing to soil sci ence cri te ria.
How ever, they are very help ful when in ter pret ing the geo chem i -
cal re sults.

CHEMICAL ANALYSES

The <2 mm frac tion of the soil sam ples for chem i cal anal y -
ses was pul ver ized in ag ate plan e tary ball mills to a grain size of 
<0.06 mm. Af ter di ges tion of the sam ples with hot aqua regia
the con cen tra tions of Ag, Al, As, Ba, Ca, Cd, Co, Cr, Cu, Fe,
Mg, Mn, Ni, P, Pb, S, Sn, Sr, Ti, V and Zn were de ter mined us -
ing the ICP-OES method. The con tent of Hg was de ter mined
us ing the CV-AAS method with FIAS-100 with a flow in jec tion
sys tem.

The qual ity con trol of the anal y ses was checked us ing du pli -
cate sam ples (5% of all sam ples), anal y sis of lab o ra tory con trol
sam ples con firm ing cor rect in stru ment cal i bra tion (5% of all
sam ples), cer ti fied stan dards (2% of all sam ples), and blanks.
The ex panded un cer tainty of re sults (with an as sumed prob a bil -
ity level of 95% and cov er age fac tor k = 2) does not ex ceed
25%.

DATA ANALYSIS

STATISTICAL ANALYSIS

Cal cu la tion of sta tis ti cal pa ram e ters of the el e ments was
per formed for the whole sets of top soil and sub soil, as well as
for the sub sets (for ests, farm lands, ur ban parks, res i den tial ar -
eas and in dus trial ar eas). The geo chem i cal back ground in the
Up per Silesian Ag glom er a tion and the Silesia–Kraków Re gion
was cal cu lated as Me dian + 2 Me dian Ab so lute De vi a tion
(MAD), which is rel a tively ro bust against the ef fect of data out li -
ers that are com mon in geo chem i cal datasets (Reimann et al.,
2005; Reimann and de Caritat, 2017). The re gional geo chem i -
cal back ground (in the Silesia–Kraków Re gion) was cal cu lated
based on a da ta base for the “De tailed geo chem i cal map of Up -
per Silesia” (22,663 top soil sam ples and 19,307 sub soil sam -
ples). In the case of some el e ments with back ground con tents
lower than the de tec tion limit value for a given an a lyt i cal
method, half of the de tec tion limit value was ap plied.

Fac tor Anal y sis (FA) and Prin ci pal Com po nent Anal y sis
(PCA) were used in seg re gat ing sources (lithogenic,
anthropogenic or mixed) con trib ut ing to the pol lu tion ob served
(Lis and Pasieczna, 2005; Lu et al., 2012; Guo-Li et al., 2013).
Us ing ma tri ces ob tained af ter Varimax ro ta tion, three fac tors of
eigenvalues >1 were dis tin guished within both top soil and sub -
soil sam ple sets, im por tant for the in ter pre ta tion of re sults.

GEOCHEMICAL INDICES

In or der to as sess the soil con tam i na tion around the Up per
Silesian Ag glom er a tion, the en rich ment fac tor (EF) of top soil
and sub soil and the geoaccumulation in dex (Igeo) of top soil were 
used. These in di ces are widely used for the es ti ma tion of geo -



chem i cal anom a lies and anthropogenic im pact on soil chem is -
try, which re fers to the en rich ment de gree of metal con cen tra -
tions in soils in ves ti gated rel a tive to un con tam i nated back -
ground lev els (base line; Loska et al., 2004; Barbieri, 2016).

The en rich ment fac tor (EF) was cal cu lated for top soil and
sub soil: 

EF = (C/X)sam ple/(C/X)me dian for Up per Silesian Ag glom er a tion [1]

where: C – the chem i cal el e ment in ves ti gated, X – the ref er ence el e -
ment that is pre dom i nantly bound in sil i cate min er als, geochemically 
con ser va tive and re sis tant to chem i cal al ter ation dur ing earth sur -
face pro cesses.

The most com mon ref er ence el e ments are Al, Fe, Mn, Sc
and Ti (Reimann and de Caritat, 2000; Suther land et al., 2000).
This study uses Ti as the ref er ence el e ment for the cal cu la tion
of EF. It is as sumed that an EF value of ~1 in di cates a geogenic
or i gin of the el e ment. Val ues within the ranges of 1.5–3, 3–5
and >5 point to, re spec tively, min i mal, mod er ate and sig nif i cant
changes in the en vi ron ment, where the chem i cal el e ment or i gin
is other than nat u ral (Blaser et al., 2000; Suther land et al., 2000; 
Zhang and Liu 2002; Loska et al., 2004).

The geoaccumulation in dex (Igeo) was orig i nally de fined and
used for as sess ing metal con cen tra tions in sed i ments (Müller,
1969), but it is also used to de ter mine the con di tion of soils
(Loska et al., 2004; Barbieri, 2016). This in dex is cal cu lated ac -
cord ing to the for mula:

Igeo = log2(A/1.5 ´ B) [2]

where: A – mea sured con cen tra tion of the el e ment in the sam ple, B
– me dian for the Up per Silesian Ag glom er a tion.

The fac tor 1.5 in the for mula is in tro duced to re duce the li -
thol ogy-re lated vari abil ity in the geo chem i cal base line. The
geoaccumulation in dex en ables the clas si fi ca tion of soils as fol -
lows: Igeo £0 un con tam i nated; 0£ Igeo £1 un con tam i nated to
mod er ately con tam i nated; 1£ Igeo £2 mod er ately con tam i nated;
2£ Igeo £3 mod er ately to heavily con tam i nated; 3£ Igeo £4 heavily 
con tam i nated; 4£ Igeo £5 heavily to ex tremely con tam i nated;
Igeo> 5 ex tremely con tam i nated (Loska et al., 2004; Barbieri,
2016).

GEOCHEMICAL MAPPING

The spa tial dis tri bu tions of some el e ments in top soil and
sub soil are de picted in maps com piled us ing kriging as a
method of in ter po la tion and per cen tiles to de fine the dis tri bu tion 
classes.

RESULTS AND DISCUSSION

PHYSICOCHEMICAL PROPERTIES OF THE SOIL

The top soil sam ples ana lysed show a wide range of prop er -
ties such as pH (from very acidic to al ka line), TOC con tent
(0.05–55.90%) and granulometric com po si tion (from sand to
clay) in di cat ing their sig nif i cant trans for ma tion (Ta ble 1).

The larg est area of strongly al ka line top soil (pH >8) cov ers
the cen tral, most in dus tri al ized part of the Up per Silesian Ag -
glom er a tion (Figs. 2–4) and the ar eas lo cated near cur rently ac -
tive metal smelt ers. Al ka line pH also pre vails in the sub soil of
these ar eas, which shows the in flu ence of anthropogenic al ka -
liz ing fac tors to con sid er able depths. One of the causes of the
soil alkalisation is the long-term emis sion of par tic u late mat ter
from metal plants and com bus tion of coal in which the CaO con -
tent can reach 10% (Zapotoczna-Sytek et al., 2013). Other
alkalising fac tors in clude agents used for snow re moval from
streets (CaCl2, MgCl2), pe ri odic dust trans fer from mine, slag
and fur nace waste dumps, and dis per sion of dust from small
quar ries of Tri as sic lime stone and do lo mite ex tracted for lo cal
needs. A higher pro por tion of al ka line sub soil can be as so ci -
ated with a greater amount of alkalising ma te ri als (con struc tion
and in dus trial waste) and the prox im ity of lo cal car bon ate rocks
in the deep parts of the soil pro files.

The low est TOC con tent (<3%) was found in top soil de vel -
oped on Qua ter nary sandy de pos its. In the soils de vel oped on
Qua ter nary gla cial tills and Tri as sic car bon ates, the con tent of
this con stit u ent com monly var ies be tween 3 and 6%. Val ues of
>6% are typ i cal of soils in ur ban and in dus trial ar eas. Around
hard coal mines, the TOC con tent ex ceeds 12%, lo cally even
24%. The mean value of TOC con tent in farm land top soil is
2.8%, in ur ban parks 3.4%, in res i den tial ar eas 4.6%, in for ests
6.4%, and in in dus trial ar eas 7.2%.

The grain size dis tri bu tion of the top soil is clearly re lated to
the par ent li thol ogy. Car bon if er ous sand stones and Pleis to -
cene flu vio gla cial sands are the main par ent ma te rial of soils
con tain ing 40–80% of the sand frac tion, which typ i cally also
con tain <20% of silt and <10% of clay. This soil cov ers pre dom i -
nantly the south-west ern part of the mapped area. Soils that de -
vel oped on Pleis to cene gla cial tills are rich in silt, com monly in
ex cess of 40%. This is ac com pa nied by clay, usu ally ac count -
ing for 10–15%. Soil that are rich in silt and clay and have higher 
metal con cen tra tions pre vail in the cen tral and north-east ern
parts of the map area.

CONCENTRATIONS OF SELECTED ELEMENTS IN SOIL

Com par i son of the geo chem i cal back ground val ues of the
el e ments stud ied in the soils of the Up per Silesian Ag glom er a -
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pH
TOC 

Sand 

1.0–0.1 mm

Silt 

0.1–0.02 mm

Clay 

<0.02 mm

%

Range 4.0–10.4 0.05–55.90 0–96.7 0.1–99.9 0.1–99.9

Av er age 7.4 5.41 32.8 49.0 16.4

Me dian 7.6 3.71 30.6 55.4 14.4

T a  b l e  1

Sta tis ti cal val ues of physicochemical pa ram e ters of the top soil
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Fig. 2. Cad mium con tent in top soil (A) and sub soil (B)
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Fig. 3. Mo lyb de num con tent in top soil (A) and sub soil (B)

Explanations as in Fig ure 2
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Fig. 4. Mer cury con tent in top soil (A) and sub soil (B)

Ex pla na tions as in Fig ure 2
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El e ment De tec tion
limit

*Up per Silesian Ag glom er a tion **Silesia–Kraków Re gion
(Pasieczna, 2016)

Range Mean Me dian
***Geoche-
mical back -

ground
SD CV (%) Me dian ***Geo chem i -

cal back ground

mg/kg mg/kg

Ag 1
<1–97 <1 <1 – 2.7 – <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 0.5
<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
<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

Mo 0.5
<0.5–93.7 1.4 0.7 1.6 4.3 307 <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 2
4–54940 307 137 287 1398.4 456 72 152

<2–17890 172 30 68 811.8 472 11 28

Sn 2
<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

Zn 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

*Top soil (n = 2806) **Top soil (n = 22,663)

 Sub soil (n = 2242)    Sub soil (n = 19,307)

***Geo chem i cal back ground = Me dian + 2 Me dian Ab so lute De vi a tion (MAD)

T a  b l e  2

Sta tis ti cal pa ram e ters of the chem i cal el e ments analysed



tion and the Silesia–Kraków Re gion (Ta ble 2) shows that their
con cen tra tion in the study area is clearly re lated to the lo ca tion
of anthropogenic sources. The top soil re veals more than/or al -
most three fold en rich ment in Ca, Sr and Zn, and over two fold
en rich ment in Cu, Ba and Zn, com pared to the geo chem i cal
back ground lev els in the Silesia–Kraków Re gion. In the sub soil, 
there is four fold en rich ment in Mn and Sr and over three fold en -
rich ment in Zn and Ca, as well over two fold en rich ment in Ba,
Cr, Cu, Fe, P and Pb as com pared to the re gional geo chem i cal
back ground lev els.

The high val ues of stan dard de vi a tion (SD) and co ef fi cients
of vari abil ity (CV) for most el e ments in di cate high data dis per -
sion in re la tion to the av er age val ues (Ta ble 2). The low CV%
val ues (<200) for Al, Ba, Ca, Co Fe, Ni, P, Sr, Ti and V sug gest
that their dis tri bu tion in the soils is rel a tively ho mo ge neous, and
that they are re lated mainly to lithogenic or i gin. In the case of
As, Cd, Cr, Cu, Hg, Mn, Mo, Pb, S, Sn and Zn, the high CV%
val ues in di cate that these el e ments are char ac ter ized by
inhomogeneous dis tri bu tion sug gest ing that part of them might
have been in tro duced ar ti fi cially into the en vi ron ment. The dis -
tri bu tion of many el e ments de rived mainly from the par ent rocks 
has been dis turbed by anthropogenic fac tors es pe cially in the
top soil. Anthropogenic trans for ma tions have led to such sig nif i -
cant changes in the chem i cal com po si tion of the soils in re la tion 
to the par ent rocks that the ba sic geo chem i cal fea tures of the
orig i nal rocks in top soil are dif fi cult to dis cern. 

The spa tial dis tri bu tion of Cd, Mo and Hg in the soils of the
Up per Silesian Ag glom er a tion (Figs. 2–4) is quoted as an ex -
am ple of the pres ence of pol lu tion orig i nat ing from var i ous in -
dus trial ac tiv i ties – zinc smelt ers, iron-steel fac to ries and cok ing 
plants.

The con cen tra tion lev els of Cd in top soil and sub soil are
sim i lar: <0.5–388.8 mg/kg and <0.5–369.8 mg/kg, re spec tively
(Fig. 2) The con tam i na tion of soils by this po ten tially toxic el e -
ment is a se ri ous prob lem in some ar eas of the Up per Silesian
Ag glom er a tion (Ch³opecka et al., 1996; Caba³a and Teper,
2007) and else where across the world (Alary et al., 1983; Moir
and Thorn ton, 1989). 

The high est con tam i na tion by Cd (Fig. 2) and As, Pb, S and
Zn has been noted in the cen tral part of the study area around
for mer zinc smelt ers and their waste dump sites. The Cd con -
cen tra tion anom a lies (>18.1 mg/kg) oc cupy smaller ar eas
within top soil com pared to sub soil (>12.3 mg/kg), in di cat ing
easy mi gra tion of this el e ment from the sur face to deeper soil
ho ri zons, al though com par i son of the mean val ues of As, Pb, S
and Zn in di cates that top soil is gen er ally more en riched in these 
el e ments than is the sub soil (Ta ble 2). A greater ex tent of these
anom a lies in sub soil is as so ci ated with both the tex ture of highly 
per me able soils (pre dom i nance of sandy soils) and the oc cur -
rence of un sta ble metal sulphates, in di cat ing that the wastes re -
main in tensely geochemically ac tive even many years af ter pro -
duc tion ceased (Merrington and Alloway, 1994; Caba³a and
Teper, 2007; Kabata-Pendias and Mukherjee, 2007; Ro¿ek et
al., 2015).

In the ar eas of Cd anom a lies within both top soil and sub soil, 
there are also strong Pb and Zn anom a lies of sim i lar spa tial ex -
tent with con cen tra tions of >770 mg/kg Pb, >3,190 mg/kg Zn,
and >540 mg/kg and >2,260 mg/kg, re spec tively. Ex treme val -
ues of these el e ments oc cur only on a lo cal scale (5% of soils
ana lysed). The ma jor sources of As, Cd, Pb, Zn and S are the
re main ing Zn-Pb ore piles and tail ings heaps of some for mer
small zinc smelt ers, al though soils heavily pol luted with these
el e ments are also found near steel works. 

The Mo anom a lies that oc cur in the study area around iron
smelt ers and steel works are very clearly marked in both top soil
(>3.8 mg/kg) and sub soil (>2.3 mg/kg), al though the val ues are

not high in most of the soil sam ples (Fig. 3). The Mo con cen tra -
tion is re lated to the ac tiv ity of iron and steel in dus try plants,
most of which are no lon ger ac tive. Cur rently, there is only one
blast fur nace in the ArcelorMittal steel works, pro duc ing pig iron
from im ported iron ores and steel scrap (Burchart-Korol, 2010).
Due to the en vi ron men tal re quire ments of cur rent pro duc tion, it
af fects the en vi ron ment to a lesser ex tent than the for mer more
harm ful tech nol o gies. 

In 75% of the top soil and sub soil sam ples, the Mo con cen -
tra tions are <1.2 mg/kg and <0.7 mg/kg, re spec tively. The top -
soil con cen tra tion of Mo is <0.5–93.7 mg/kg, and its sub soil
con cen tra tion is <0.5–74.1 mg/kg (Ta ble 2). The en vi ron men tal
im pact of tech nol o gies used in the pro duc tion of steel is as -
sessed pri mar ily with re spect to the emis sion of CO2 from met -
al lur gi cal fur naces and or ganic com pounds from cok ing plants.
The el e ments oc cur ring as ad mix tures in ores (As, Zn, Pb) and
emit ted mainly dur ing ore sintering and smelt ing in elec tric fur -
naces, as well as steel re fin ing met als (Mo, Cr, Ni, Sn, V, Zn)
added in plants that man u fac ture spe cial steels and coated
prod ucts, e.g. gal va nised zinc- and tin-plated sheets, etc., are
also harm ful (Burchart-Korol, 2010; Krzak and Paulo, 2018).

In the ar eas of Mo anom a lies, the soil shows en rich ments in
Cr, Ni and Sn, most likely be cause these el e ments are fre -
quently found in Mo-con tain ing steels. Be cause of its re sis tance 
to high tem per a ture, Mo is added to high-speed steel cut ting
tools, cor ro sion-re sis tant steels, and spe cial al loys (Reimann
and de Caritat, 1998; Smedley and Kinniburgh, 2017). The
most con tam i nated soil oc curs within a belt ex tend ing from
Œwiêtoch³owice to Katowice. This is the Rawa River val ley that,
for de cades, re ceived in dus trial sew age from the Batory,
Florian and Silesia steel works, as well as leachates from their
dumpsites and set tling tanks. In a set tling tank of one of no lon -
ger ac tive steel mill, 200 mg/kg Mo, 681 mg/kg Ni, 132 mg/kg
Sn, and 2,420 mg/kg Cu have been de tected (Pasieczna et al.,
2017).

An ad di tional source of soil con tam i na tion by Mo in the area
stud ied is burn ing of hard coal and stor ing of fly ash af ter com -
bus tion. Most of the hard coals have sig nif i cant Mo con tents,
which in turn af fects the con tent in the power plant ash, where
there can be up to sev eral tens mg/kg of Mo (Pandey et al.,
2009; Bhattacharyya et al., 2009; Deonarine et al., 2015), while
its mo bile frac tions, which can be leached from ash un der par -
tic u lar en vi ron men tal con di tions, ac count for 24%
(Kalembkiewicz and Soèo, 2009). It is prob a ble that the high
mo bil ity of Mo ex plains a much greater range of its anom a lies in
sub soil than in top soil (Fig. 3). Even re claimed land fills of such
ashes pose a threat to the en vi ron ment due to the po ten tial mi -
gra tion of trace el e ments, in clud ing mo lyb de num.

Soil con tam i nated by Hg was found pri mar ily in the vi cin ity
of ac tive and old cok ing plants and iron works, as well as around
mine shafts and waste heaps of hard coal mines (Fig. 4). In the
nat u ral en vi ron ment, Hg is con sid ered one of the most toxic
met als, even at very low con cen tra tions, due to its chem i cal and 
bi o log i cal ac tiv ity and the di ver sity of its forms of oc cur rence
(Kabata-Pendias and Mukherjee, 2007; Rice et al., 2014). In
the study area, Hg con cen tra tions are in the range of
<0.05–23.44 mg/kg in top soil, and <0.05–23.04 mg/kg in sub -
soil (Ta ble 2). The anom a lies usu ally have a small spa tial range
in top soil, and larger in sub soil. The soil con tam i na tion by Hg in
the study area is high as com pared to the con cen tra tion of
<0.05–7.55 mg/kg found across Po land (Lis and Pasieczna,
1995), Eu rope with 0.002–1.35 mg/kg (De Vos and Tarvainen,
2006) and Eu ro pean ag ri cul tural and graz ing land soils with
<0.030–3.12 mg/kg (Ottesen at al., 2013).

The main source of Hg is cer tainly its dis per sion when burn -
ing large amounts of hard coal. Hg is quite com mon in hard
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coal, both in or ganic and min eral mat ter (Diehl et al., 2004;
Yudovich and Ketris, 2005; Kolker et al., 2006; H³awiczka,
2008; Gade, 2015). 

Part of the Hg is prob a bly re lated to its pres ence in iron
sulphides, which are an ad mix ture in Zn-Pb ores (Bojakowska
and Soko³owska, 2001). Hg can also be de rived from com -
pounds in wood pre ser va tives (pro tect ing rail way sleep ers). In
gar den plots, Hg anom a lies can be the re sult of ex ces sive use
of in sec ti cides. In other cases, mer cury co mes from the scrap of 
flu o res cent lamps, Zn-HgO bat ter ies, fuses and de vices for -
merly used in mea sur ing and con trol in stru ments across many
in dus tries, and in the electrotechnical equip ment of so -
dium-chlo ride plants (Szpadt, 1994; Paulo and Strzelska-Sma -
kowska, 2000).

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

Group ing of chem i cal el e ments us ing Prin ci pal Com po nent
Anal y sis (PCA) (Ta ble 3) en ables de ter mi na tion of their main
sources.

Fac tor F1 (load ing on Al, Ba, P, Sr) ex plained 31.2% of the
to tal vari ance in top soil and 33.49% of the to tal vari ance in sub -
soil (load ing on Al, Ba, Co, Fe, P, Sr, Ti, V) can be re lated to a
mixed lithological-anthropogenic or i gin of the el e ments. They
are sourced pri mar ily from soil par ent ma te ri als. Both Qua ter -
nary gla cial tills and Car bon if er ous mudstones-claystones have 
nat u rally el e vated con cen tra tions of Al, Co,V, Ba, Fe, P and Ti.

The sources of Sr are both the soils’ par ent ma te ri als and the
dis charges of mine wa ter to wa ter courses, which in crease the
con cen tra tion of this el e ment in river val ley soils. Sig nif i cant
anthropogenic sources of Ba are also par ti cles from coal com -
bus tion (Ró¿kowska and Ptak, 1995) and leachates from waste 
heaps af ter in dus trial coal en rich ment with the use of bar ite. 

Fac tor F2 (load ing on Ag, As, Cd, Pb, S and Zn) ex plained
13.0% of the to tal vari ance in top soil and 14.32% in sub soil,
sug gest ing that these el e ments were af fected by anthropogenic 
(in dus trial) ac tiv i ties in ad di tion to the nat u ral con tent from
weath ered ore de pos its. They are as so ci ated mainly with min -
ing and pro cess ing of Zn-Pb ores and with zinc met al lurgy. The
pe riod of in creased ex ploi ta tion of Zn-Pb ores and con struc tion
of mills for its pro cess ing be gan in the 19th cen tury and lasted
un til the end-20th cen tury. Ini tially, the main raw ma te ri als for
the pro duc tion of this metal were Ag and Pb smelt ing slags,
then calaman de pos its, and fi nally Zn-Pb sul phide ores
(Majorczyk, 1986). At dif fer ent pe ri ods, zinc was pro duced in
the fol low ing smelt ers: Marien Wunsch, Bobrek, Guidotto,
Godulla, Konstancja, Constantin, Gabor, Klara and Dawid.
More over, zinc-pro cess ing plants op er ated in the pre mises of
the for mer Zygmunt iron smelter (at the be gin ning of its ac tiv ity), 
and as one of the de part ments of the iron smelter in Chorzów
(Degenhardt, 1870; Szczech, 2003).

Fac tor F3 (load ing on Cr, Mo and Ni) ex plained 7.38% of the 
to tal vari ance in top soil and 8.49% in sub soil. It can be con sid -
ered mainly anthropogenic, group ing el e ments re lated to the
iron and steel in dus try. The soil has been con tam i nated by both

El e ment

Top soil Sub soil

F1

Al, Ba, P, Sr

F2

Ag, As, Cd, Pb, S, Zn

F3

Cr, Mo, Ni

F1

Al, Ba, Co, Fe, P, Sr,
Ti, V

F2

Ag, As, Cd, Pb, S, Zn

F3

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

V 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

Vari ance % 31.20 13.00 7.38 33.49 14.32 8.49

Cu mu la tive % 50.58 56.30

T a  b l e  3

Prin ci pal Com po nent Anal y sis (Varimax-nor mal ized fac tor model); marked loads >0.5



chem i cal el e ments from raw ma te ri als and pro duc tion wastes
(met al lur gi cal slag, mould ing ma te ri als, re frac tory rub ble, and
neu tra li sa tion and other types of sludge). The el e ments
grouped by fac tor F3 have been dis persed from iron smelt ers
for many years. In the area of the larg est, Pokój steel works, iron 
smelt ing was car ried out as early as 1642. Later, the
Antonienhütte and Ber tha iron works came into op er a tion
(Sulimierski et al., 1880–1914). The Pokój steel works started
pro duc tion in 1840. Be fore the Sec ond World War, it was the
larg est smelter in Po land and the only one that pro duced ferro -
manga nese (Owczarek et al., 2012), which prob a bly con trib -
uted to the con cen tra tion of Fe (>2%), Cr (> 40 mg/kg) and Mn
(>1,600 mg/kg) in the sur round ing soils (Pasieczna, 2016). The
Zabrze, Zygmunt, Florian, Batory and Silesia steel works op er -
ated from the mid-19th cen tury to the be gin ning of the 21st cen -
tury (Niemierowski, 1983; Walerjañski, 2006).

Sin gle-el e ment box plots of se lected el e ments (Cd, Cu, Hg,
Pb) were used to dem on strate the con cen tra tion and de gree of
pol lu tion in soils of for ests, farm lands, ur ban parks, res i den tial

ar eas and in dus trial ar eas (Fig. 5). The land use in cludes pre -
dom i nantly scat tered res i den tial ar eas, in clud ing com mer cial
and ser vice build ings – 31%, and in dus trial ar eas (mines, steel -
works, met al lur gi cal plants, land fills and mine heaps) – 11%.
Ur ban parks oc cupy 6%, for ests 16%, and farm lands 7% of the
area. Wa ter res er voirs, roads, rail way lines, trans port bases
and waste land rep re sent the re main ing part of the area.

Com par i son of box plot data of Cd, Cu, Hg and Pb with re -
gional geo chem i cal val ues of these el e ments in the Sile -
sian–Kraków Re gion in di cates that their great est con cen tra -
tions are found in top soil of res i den tial and in dus trial ar eas
(Fig. 5). The me dian val ues of in di vid ual el e ments for top soil
are sig nif i cantly higher than in sub soil in all land-use cat e go ries. 
This in di cates that the en rich ments re sult from non-geo log i cal
sources.

When con sid er ing the po si tion of boxes for Cd, Cu, Hg and
Pb in dif fer ent land uses, a fur ther no ta ble fea ture is the least
con tam i na tion of sub soil in for ests and farm lands. But in top soil, 
the sit u a tion is more com pli cated, e.g. 25–75 per cen tile Cd con -
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Fig. 5. Boxplots of the per cen tile classes of Cd, Cu, Hg and Pb in top soil and sub soil



cen tra tions in ur ban parks and farm lands are higher than in in -
dus trial and res i den tial ar eas. Max i mum ex treme val ues and
25–75 per cen tile of Hg, Cu and Pb in top soils shows the high est 
con cen tra tions in in dus trial ar eas. 

GEOCHEMICAL INDICES

The PCA re sults are sup ported by the EF val ues of the el e -
ments ana lysed (Fig. 6). Based on clas si fi ca tion of EF val ues
pro posed by var i ous au thors (Blaser et al., 2000; Suther land et
al., 2000; Zhang and Liu, 2002; Loska et al., 2004) it can be
con cluded that a sig nif i cant part of met als, ar senic and sul phur
in the top soil and sub soil of the Up per Silesian Ag glom er a tion
co mes from anthropogenic sources. As sum ing that val ues of
EF <1.5 show both mi nor changes in soil chem is try and the
lithogenic or i gin of the el e ments in top soil, we can in fer that Ag,
Al, and V def i nitely come from nat u ral sources. These el e ments
are ac com pa nied in the sub soil by Ba, Co, Cr, Fe, Mg, Mn, Ni, P 
and Sr orig i nat ing pri mar ily from par ent ma te ri als. The high est
EF val ues in the top soil and sub soil were found for S, Zn and
Pb, an this can be re lated to both the dis per sion of these el e -
ments from in dus trial sources (es pe cially in top soil, which also
ac cu mu lates As, Ca, Mo and Sr) and the pres ence of these
metal sulphides in the par ent ma te ri als of the soils (Tri as sic
Zn-Pb ore-bear ing dolomites). Mod er ate or min i mal en rich -
ments in Ca, Cu, Mo, Sr, Cd and Hg have been seen both in the
top soil and sub soil (Fig. 6). The en rich ment of the sub soil in Cd,
Hg, Pb and S vs top soil is prob a bly re lated to the pres ence of
these el e ments in the form of finely dis persed Zn and Pb
sulphides in the par ent ma te rial.

The most use ful as sess ment of top soil con tam i na tion is the
geoaccumulation in dex (Igeo). The dis tri bu tion of the 25–75 per -
cen tile val ues and the Igeo me dian of in di vid ual el e ments show
the pres ence of the great est ac cu mu la tion of Zn, Pb and Ca in
top soil as well as of Sr, Fe, Mn, Cu, Cd and S (Fig. 7). The max i -
mum val ues of Igeo in di ces for most of the el e ments ana lysed in -
di cate strong and ex treme con tam i na tions that oc cur only at a
few small lo ca tions. The low est Igeo val ues are found for Ag, Al,
Ti, and V.

CONCLUSIONS

1. Pol lu tion his tory by base met als is doc u mented in part in
the study area. Some pre vi ously ac tive but now for got ten lo ca -
tions of small zinc smelt ers and waste land fills have been in -
ferred from these geo chem i cal stud ies. The anal y ses per -
formed show that chem i cal trans for ma tion of the soil in many
re gions is very ad vanced and anthropogenic changes have
been re corded in all soil types that de vel oped from dif fer ent
lithologies of the Car bon if er ous, Tri as sic and Qua ter nary suc -
ces sions.

2. Wide ranges of prop er ties such as pH (from very acidic to 
al ka line), TOC con tent (0.05–55.90%) and grain size dis tri bu -
tion (from sandy to clayey soils) have been found in the top soils
stud ied.

3. The top soil of the study area shows three-fold en rich ment 
in Ca and Sr, and/or more than two fold en rich ment in Cu, Ba,
and Zn com pared to the geo chem i cal back ground in the
Silesia–Kraków Re gion. The sub soil shows four-fold en rich -
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ment in Mn and Sr and over three-fold en rich ment in Zn and Ca
in com par i son to the re gional geo chem i cal back ground.

4. High val ues of stan dard de vi a tion (SD) of most el e ments
in di cate great data dis per sion in re la tion to the av er age val ues.
Low val ues of vari a tion co ef fi cients (CV) for Al, Ba, Ca, Co Fe,
Mg, Ni, P, Sr, Ti and V in di cate that their dis tri bu tion in the soil is 
rel a tively ho mo ge neous and there fore they are as so ci ated
mainly with lithogenic or i gin. High CV val ues were found for As,
Cd, Cr, Cu, Hg, Mn, Mo, Pb, S, Sn and Zn, in di cat ing het er o ge -
neous dis tri bu tion of these el e ments and their sec ond ary in tro -
duc tion into the en vi ron ment.

5. Based on multi-el e men tal prin ci pal com po nent anal y ses
the ma jor fac tors al low ing link ing of the chem i cal el e ment dis tri -
bu tions to the main in dus tries in the Up per Silesian Ag glom er a -
tion are as fol lows: Fac tor F1 (Al-Ba-P-Sr) in top soil and
(Al-Ba-Co-Fe-P-Sr-Ti-V) in sub soil can be linked to their lith o -
logic-anthropogenic or i gin and sug gest that the main sources
are the soil par ent ma te ri als; Fac tor F2 (Ag-As-Cd-Pb-S-Zn) is
as so ci ated pre dom i nantly with min ing and pro cess ing of Zn-Pb
ores and zinc smelt ing and Fac tor F3 (Cr-Mo-Ni) group el e -
ments are re lated to the iron and steel in dus try.

6. Com par i son of ar eas with the stron gest anom a lies of se -
lected el e ments (Cd, Mo and Hg) in soil with the lo ca tion of in -
dus trial plants shows that their most pro lific sources are mine

waste ac cu mu la tions and tail ings of Zn-Pb ores and waste piles 
of his tor i cal zinc smelt ers (caus ing ac cu mu la tion of Zn, Cd, As,
Pb and S), mod ern iron and steel met al lurgy (af fect ing dis per -
sion of Cr, Mn, Mo, Cu and Sn) and coal com bus tion caus ing
emis sion of Hg, S and metal-con tain ing par ti cles.

7. The val ues of the in di ca tors used to as sess anthropo -
genic con tam i na tion of the soil (en rich ment in di ca tors EF and
geo-ac cu mu la tion in di ca tors Igeo) in di cated that the high con -
cen tra tions of most met als, ar senic and sul phur in the top soil
are caused by past min ing of Zn-Pb ores and zinc and iron met -
al lurgy. The EF and Igeo val ues are characterized by good mu -
tual con ver gence.
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