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As so ci ate Ed i tor: Karol Zglinicki

The world's lon gest con tin u ously op er at ing Zn and Pb smelt ers were based in the Katowice-Szopienice area, for 180 years.
In the cur rent study, Scan ning Elec tron Mi cros copy (SEM), En ergy-Dispersive X-ray Spec tros copy (EDS), X-ray dif frac tion
(XRD), and Atomic Ab sorp tion Spec tros copy (AAS) were used to ex am ine re cently col lected top soil sam ples from 0–10 cm
depth. AAS stud ies re vealed ex tremely high con cen tra tions of heavy met als in the top soil. Zinc, Pb, and Cd con cen tra tions
ex ceeded 10,000, 4,650 and 204 mg kg–1, re spec tively. The met als are mostly de rived from sulphides, ox i dized Zn-Pb ores,
smelter slags, and emis sions from met al lur gi cal pro cesses, such as metal al loy pro duc tion. The abun dance of each group of
min er als de pends on the type of in dus trial ac tiv ity in the area (Zn or Pb met al lurgy, metal roll ing mills, smelter waste dumps,
etc.). Sources of po ten tially toxic Pb, Cd, As and Sb are pri mary and sec ond ary min eral as sem blages. The larg est part of Zn
and Pb is bound in min er als that are prod ucts of base-metal ore weath er ing and in syn thetic sil i cate min er als formed dur ing
Zn smelt ing. Smithsonite, hemimorphite and cerussite are among the most com mon sec ond ary min er als. Met als from car -
bon ate and sil i cate min er als are mo bi lized more slowly. Leach ing tests showed that there is a risk of trans fer of toxic Cd ions
into soil so lu tions (>20% of Cd is pres ent in the ion-ex change frac tion). Our study will be use ful for plan ning rec la ma tion and
re vi tal iza tion ef forts aimed at min i miz ing the ad verse im pact of metal-bear ing min er als on the en vi ron ment.

Key words: zinc lead, cad mium, top soil pol lu tion, heavy metal leach ing, his tor i cal Zn-Pb smelt ing.

INTRODUCTION

Zinc min ing and met al lurgy in Eu rope started in the
mid-18th cen tury when Wil liam Cham pion de vel oped a met al -
lur gi cal tech nol ogy for Zn pro duc tion in Bris tol, Eng land
(Dungworth and White, 2021). Large-scale Zn pro duc tion be -
gan in the early 19th cen tury. Its price and the prof it abil ity of pro -
duc tion in creased rap idly. The prof its made from Zn pro duc tion

were much higher than those from coal or Fe ore min ing. In the
19th cen tury and early 20th cen tury, the larg est cen tres of Zn
pro duc tion were Bel gium (Neu tral Moresnet, Wallonia), the
USA (New Jer sey, Il li nois, Mis souri), and Ger many (Ruhr and
Up per Silesia). Grad ual de ple tion of Eu ro pean Zn-Pb ore re -
sources was ac com pa nied by in creas ing Zn pro duc tion in Asia
(China, In dia), South Amer ica (Peru, Bolivia), Aus tra lia and
North Amer ica (USA, Mex ico, Can ada). In 2021, global an nual
Zn pro duc tion ex ceeded 13 mil lion tonnes (USGS, 2022).

Zinc is geochemically re lated to Pb. Un der sim i lar con di -
tions, ores of these met als form sed i ment-hosted de pos its,
among which the most im por tant are Mis sis sippi Val ley (MVT)
and Sed i men tary Ex ha la tive (SEDEX) types (Leach et al.,
2010). The geo chem i cal sim i lar ity be tween Zn and Cd ions re -
sults in ac cu mu la tion of sig nif i cant amounts of Cd and Tl in Zn
min er als (Viets et al., 1996; Mikulski et al., 2020). Zn-Pb ores
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com monly have high con cen tra tions of Ag, Cu, As and Sb (Ca -
bala, 2001; Ca bala and Teper, 2007). There fore, soils, wa ter
and air in Zn min ing and smelt ing ar eas are con tam i nated with
these po ten tially toxic el e ments (PTEs). Breaches of ac cepted
stan dards, of ten in volv ing ex treme con cen tra tions of highly
toxic Pb, Cd and Tl, have been re ported in many ar eas of the
world (Stafilov et al., 2010; Li et al., 2015; Kiciñska, 2020;
Pasieczna et al., 2020: Rahmanov et al., 2021; Soto-Jiménez
et al., 2023). In soils, Zn or Pb con cen tra tions com monly ex -
ceed 10,000 mg kg–1 and Cd con cen tra tions com monly ex ceed
500 mg kg–1 (Ca bala et al., 2008; Rahmonov et al., 2021;
Nad³onek et al., 2024). 

We stud ied the top soil at Katowice Szopienice (Up per
Silesia, Po land), the site of the lon gest con tin u ously op er at ing
large-scale Zn smelter in the world, ac tive from 1834 to 2008
(Gorecki, 2018). Pre vi ous stud ies have fo cused on the min eral
com po si tion and geo chem is try of the smelter slags (Kierczak et 
al., 2010; Tyszka et al., 2014, 2018; Ro¿ek et al., 2015; Ca bala
et al., 2020) but there is much less in for ma tion on the po ten tial
leach ing of PTEs from soils af fected by met al lurgy. There is
also lit tle data on min eral phases and con cen tra tions of Pb, Zn,
Cd, Cu, Tl, As and Sb in soils, bot tom sed i ments and wastes.
Iden ti fi ca tion of min eral phases and PTE con cen tra tions is im -
por tant for un der stand ing the geo chem i cal trans for ma tions of
metal-bear ing min eral phases over long pe ri ods of time and for
as sess ing po ten tial health risks to hu mans and an i mals. Stud -
ies of these vari ables can as sist in the re de vel op ment of af -
fected sites and in as sess ing the ef fec tive ness of pre vi ous re -
de vel op ment work to re duce PTE con cen tra tions. A lack of in -
for ma tion on met al lif er ous min eral phases and the leach ing po -
ten tial of PTEs in ar eas af fected by Zn-Pb smelt ing can lead to
en vi ron men tal pol lu tion be ing ei ther over looked or ex ag ger ated 
in lo cal pub lic con scious ness. 

HISTORY OF ZINC PRODUCTION IN
KATOWICE-SZOPIENICE

The his tory of large-scale Zn and Cd pro duc tion in the the
Silesian-Kraków re gion (south ern Po land) is of >200 years du -
ra tion. Lead and Ag min ing in the area be gan as early as in the
12th cen tury (Caba³a et al., 2020). The re gion abounds in shal -
low-depth Zn-Pb ores. A sig nif i cant in crease in Zn pro duc tion
from the Zn-Pb de pos its of Up per Silesia was pos si ble thanks
to the use of hor i zon tal re torts, de vel oped by Ruberg in 1798
(Anyadike, 2002). This tech nol ogy, called the ‘Silesian method’, 
sig nif i cantly in creased the prof it abil ity of Zn pro duc tion (Krantz,
1911). In the first de cades of the 19th cen tury, nu mer ous mines
were opened in Up per Silesia, ex ploit ing Zn-Pb ores from
supergene de pos its.  Lo cally, in shal low zones of weath ered
pri mary Zn-Pb sul phide de pos its, there are also oxi dised zinc
ores, named “galman” in Pol ish min ing ter mi nol ogy. Two types
of galman were rec og nized (Coppola et al., 2009; Mikulski et
al., 2020). The first is a highly ferruginous red galman con tain -
ing hy drous iron ox ides (mainly goethite), smithsonite, and
hemimorphite; and the sec ond one, white galman (not very
com mon), is en riched in Fe-smithsonite and Zn-do lo mite. They
rep re sent ores in which most of the zinc and lead min er als are
bound in car bon ate min er als (smithsonite, monheimite, hydro -
cynkite, cerussite) and sil i cates (hemimorphite). The term “cal -
a mine” was also used for non-sul phide Zn-Pb de pos its. In the
late 19th cen tury, deeper Zn-Pb sul phide ores started to be
mined, mak ing the re gion one of the world’s larg est Zn and Pb
pro duc ers (Krantz, 1911). 

At the be gin ning of the 19th cen tury, in vest ments in Zn-Pb
ore min ing and Zn pro duc tion were made by (among oth ers)
Karol Godula (19 galman mines, 3 Zn smelt ers), Bergwerks -
gesellschaft Georg von Giesches Erben (2 Zn-Pb mines, 5 Zn
and Pb smelt ers), Hohenlohe Werke A.G. (3 Zn smelt ers), the
King dom of Prus sia (3 Zn smelt ers and one Pb smelter), the
Pol ish Gov ern ment and the Franco-Rus sian So ci ety (3 Zn
smelt ers and 6 galman mines), and the Austro-Hun gar ian Gov -
ern ment (2 Zn smelt ers, 4 galman mines) (Hartshorne, 1934;
Gorecki, 2018).

In 1910, 23 Zn-Pb ore mines were in op er a tion in Up per
Silesia; 195,000 tonnes of oxi dised, smithsonite-type ore,
402,000 tonnes of sul phide ore, 58,000 tonnes of Pb ore and
8,000 tonnes of py rite were mined (Hahn, 1910). Zinc pro duc -
tion in Up per Silesia in 1910 was about 138,000 tonnes, with 6
smelt ers in op er a tion. The Szopienice smelter pro duced 30,480 
tonnes of Zn (Krantz, 1911). In 1910, Up per Silesia’s share of
world Zn pro duc tion was 17.2%. Only the USA (30.7%) and Bel -
gium (21.1%) had larger shares of the mar ket. Size able Zn pro -
duc tion took place in Szopienice in smelt ers owned by Berg -
werksgesellschaft Georg von Giesches Erben. The larg est of
these was the Wilhelmina Zn works (op er a tional from 1834).
The in vest ments of the Giesche con cern were con cen trated in
the area of Szopienice and the neigh bour ing vil lages. The ‘Paul’ 
Zn smelter was ex panded in 1861, the ‘Wal ter Croneck’ Pb
smelter was opened in 1864, the ‘Norma’ smelter be gan op er a -
tion in 1880 and the ‘Bernhardi’ smelter was opened in 1887. In
the neigh bour hood of the Bernhardi iron works, a Zn roll ing mill
was built in 1904 and op er ated un til 2002. Close to the
‘Wihelmina’ smelter, the mod ern ‘Uthemann’ Zn smelter and
the ‘Sager’ Zn blende roast ing plant were built in 1912 (Fig. 1).

From 1912 to 1931, the Szopienice smelter was one of the
most mod ern in the world, with an an nual Zn pro duc tion of
25,000 tonnes. In the 1920s and 1930s, the pro duc tion of Zn,
Pb, Cd and Ag in Up per Silesia in creased sig nif i cantly as a re -
sult of con sol i da tion of Ger man, Franco-Bel gian, An glo-Amer i -
can and Pol ish cap i tal. Af ter the Sec ond World War, the in fra -
struc ture of the Szopienice smelt ers served for the pro duc tion
of Cu and Ag in ad di tion to Zn, Pb and Cd. From 1973 on wards,
the pro duc tion of rolled prod ucts made from Cu and its al loys
be gan. In 2008, the Szopienice non-fer rous met als smelter was 
closed.

HEALTH RISKS OF Pb EMISSIONS

Sci en tific stud ies clearly show a cor re la tion be tween el e -
vated Pb con cen tra tions in hu mans and Pb or Zn smelt ing
(Gzyl, 1997; Soto-Jimenez and Flegal, 2011; Zhang et al.,
2012; Li et al., 2015; Charkiewicz and Backstrand, 2020; Zhou
et al., 2022; Raj and Das, 2023). The strong toxic ef fects of Pb
re leased in smelt ing pro cesses have been rec og nized since the 
19th cen tury. The res i dents of Liege (Bel gium), where a Zn
smelter of the Société Vieille Montagne op er ated un til the
1880s, were par tic u larly strongly af fected by Pb emis sions. The
plant’s emis sions of toxic Pb com pounds in an ur ban area
(Saint-Léonard) con trib uted to its clo sure in 1880 (Péters,
2016). Dur ing the same time pe riod in Up per Silesia (south ern
Po land), the smelt ers of the Bergwerksgesellschaft Georg von
Giesches Erben (Szopienice) and Hohenlohe Werke A.G.
(Katowice We³nowiec) op er ated con tin u ously, de spite the im -
pact of their emis sions on ur ban ar eas. 

Lead poi son ing re lated to  the smelter tech nol ogy in Up per
Silesia was de scribed by Ham il ton (1914), who re ported a high
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level of Pb sick ness among the work ers at the Royal Smelter in
Strzybnica (Royal Friedrichshutte in Tarnowitz) and the Wal ter
Croneck smelter in Katowice-Szopienice. Un con trolled Pb
emis sions at the Wal ter Croneck smelter in Szo pienice were
high, as in di cated by the very high rate of Pb poi son ing (up to
68%) among work ers be tween 1903 and 1905 (Neisser, 1907).

Sub mi cro scopic, metal-con tain ing par ti cles of the re spi ra -
ble frac tion pose a di rect threat to hu man health, par tic u larly
that of chil dren (Osman et al., 1992; Dal ton and Bates, 2005;
Charkiewicz and Backstrand, 2020). Lead poi son ing in chil dren
as a func tion of their dis tance from the Zn smelter in Szopienice
was stud ied by Osman et al. (1992). Smelter emis sions also
have a sig nif i cant im pact on Pb and Cd con cen tra tions in soils
(Zhou et al., 2022). The mo bil ity of met als from phases orig i nat -
ing from min ing and pro cess ing of metal ores re sults in their
trans fer to ed ible plants (Liu et al., 2005). Stud ies in the
Silesian - Kraków re gion in di cate that Zn, Pb and Cd are trans -
ferred from con tam i nated top soil to plants, pos ing a real risk to
hu man health (Æwiel¹g-Drabek et al., 2020).

The large scale and long du ra tion (>180 years) of the met al -
lur gi cal pro duc tion of Zn, Pb and Cd in this re gion has led to a
per cep tion in the pub lic mind the that lo cal en vi ron ment is ex -
tremely pol luted with heavy met als, par tic u larly Pb.

Al though Pb poi son ing was a grow ing prob lem through out
the mid-20th cen tury, it was not un til the 1970s that med i cal re -
search car ried out in Szopienice Wadowska-Król and Hager-
 Ma³ecka clearly iden ti fied wide spread Pb poi son ing in chil dren
liv ing in the vi cin ity of the smelter (Jêdryka, 2020; Caba³a et al.,
2021).

MATERIALS AND METHODS

SAMPLING

Forty sam ples each weigh ing ~1 kg were taken from the
top soil layer (0–10 cm) from an area of ~0.25 m2 each. The
sam ples, with an ir reg u lar dis tri bu tion, were col lected in the
Katowice-Szopienice area. Sev eral sam ples were taken from
Ar eas 1–5 (Fig. 2). Sam ples were col lected in ar eas where the
land sur face has not been re de vel oped and re ha bil i tated in the
last few de cades. The sam pling was per formed in ar eas dif fer -
ing in his toric or cur rent land use, and dis tance from the larg est
smelter in Area 1 (Ta ble 1). In di vid ual sam pling sites were se -
lected so that a pre lim i nary as sess ment of the type of met al lif er -
ous min eral phases and el e ment con cen tra tions in top soil could 
be made both in the for mer smelter ar eas, and in ad ja cent ar -
eas. The very high de gree of in dus tri al iza tion and ur ban iza tion
in the for mer Szopienice smelt ing area make it dif fi cult to ob tain
sam ples of soils con tam i nated by the his tor i cal smelt ing.

Sam ples from Ar eas 1, 2, and 3 rep re sent soils from dif fer -
ent pe ri ods of met al lur gi cal ac tiv ity. These soils can not be dis -
tin guished by ho ri zons re sult ing from soil-form ing pro cesses,
and of ten lack a hu mus layer. Af ter the end of met al lur gi cal ac -
tiv ity in the 1980s, the his toric zinc smelter build ings were de -
mol ished, leav ing only a few his toric build ings and a wa ter
tower.  Cur rently, Ar eas 2 and 3 are built up with new in dus trial
build ings, ser vice and ad min is tra tive of fices, as well as as phalt
and con crete roads. Sam ples from Ar eas 4 and 5 rep re sent
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Fig. 1. The com plex of Zn and Pb smelt ers in Szopienice

In fra struc ture from 1912; https://szopienice.pl/2012/08/24/o-szopienickim-hutnictwie-slow-kilka/ with ad di tions
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technosols and sandy soils with low hu mus con tent. In dus trial
soils, clas si fied as technosols, are soils that have been al tered
from their nat u ral state as a re sult of hu man in dus trial ac tiv ity.
They are clas si fied in The World Ref er ence Base for Soil Re -
sources (Rossiter, 2007). The soil struc ture and min eral com -
po si tion have been al tered, and heavy met als, chem i cals and
hy dro car bons have been in tro duced into the top soil. Sam ples
from Area 5 come from park ar eas, town squares and play -
grounds. Only sam ple nos. 38 and 39 are brown-type soils that
have been used ag ri cul tur ally in the past.

SCANNING MICROSCOPY WITH ENERGY DISPERELECTRON

SIVE SPECTROSCOP

Back scat tered-Elec tron (BSE) Im ages and En ergy Dis -
persive Spec tros copy (EDS) anal y ses were con ducted with a
Thermo Sci en tific Quanta 250 scan ning elec tron mi cro scope
(SEM) equipped with a 4-quad rant BSE semi con duc tor de tec -
tor and an UltraDry EDS de tec tor. Op er at ing con di tions were
un der a high vac uum and with a 15kV ac cel er at ing volt age. The 
top soil sam ples were sieved and the <0.2 mm frac tions were
pre pared for SEM im ag ing and EDS microanalyses. Sam ples
were fixed on alu mi num stubs with dou ble-sided car bon tape.
110 SEM slides from top soil sam ples were ana lysed. BSE im -

ages (210) and EDS microanalyses (220) of top soil sam ples
were made. Sub mi cro scopic stud ies were car ried out in the Mi -
cro scopic Re search Lab o ra tory at the Fac ulty of Nat u ral Sci -
ences of the Uni ver sity of Silesia in Katowice.

ICP-ES/MS

The sam ples were first crushed us ing a jaw crusher and pul -
ver ized in an ag ate ball mill. The ma te rial was then quar tered
be fore ma jor and trace el e ment anal y sis. Ap prox i mately 0.25 g
of each sam ple was di gested us ing the four-acid method (HF +
HClO4 + HCl + HNO3) with the use of ther mal con duc tiv ity. El e -
ments in these so lu tions were ana lysed by ICP-ES (emis sion
spec trom e try with ex ci ta tion in an in duced plasma) or ICP-MS
(in duc tively cou pled plasma mass spec trom e try) de pend ing on
the con cen tra tion of el e ments in the sam ples. 

ICP-ES anal y ses were per formed by Bu reau Veri tas Com -
mod i ties Can ada Ltd. us ing the MA250 an a lyt i cal pro ce dure.
This meth od ol ogy was cho sen be cause of the low lower lim its
(in mg kg–1) of quan ti fi ca tion of, e.g., Cu (0.1), As (0.2), Cd
(0.02), Sb (0.02), Tl (0.05) and Ag (20 ppb), how ever, the up per
limit of quan ti fi ca tion for Pb and Zn is high (10,000 mg kg–1).
The re sults are given in Ap pen dix 1.
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Fig. 2. Map of the study area in Katowice-Szopienice with lo ca tions of the sam pling sites

Area 1 – area of the for mer Uthemann zinc smelter; Area 2 – area of the for mer Roll ing Mill and the Bernhardi zinc smelter; Area 3 – ar eas
west of the for mer Uthemann zinc smelter; Area 4 – along the River Rawa, to the N and NE of the for mer Uthemann zinc smelter; Area 5 – ur -
ban square ar eas and childrens’ play grounds; map sources: Airbus, CNES / Airbus, Maxar Tech nol o gies, Map data 2025 Google

https://doi.org/10.1065/jss2007.02.208


X-RAY DIFFRACTION

X-ray pow der dif frac tion data were ob tained us ing a
PANalytical X’PERT PRO–PW 3040/60 diffractometer (Mal -
vern Panalytical Ltd, Malvern, UK) (CuK_1 source ra di a tion,
Ni-fil ter to re duce the K_ ra di a tion, and X’Celerator de tec tor).
Quan ti ta tive data pro cess ing was per formed by means of the
X’PERT High Score Plus soft ware us ing the lat est PDF4+ da ta -
base. The re search was car ried out at the X-ray Struc tural Re -
search Lab o ra tory at the Fac ulty of Nat u ral Sci ences of the Uni -
ver sity of Silesia in Katowice.

METAL LEACHING TEST

Six top soil sam ples were se lected for metal leach ing stud -
ies. All rep re sented high lev els of heavy metal con tam i na tion.
Three sam ples (SZ 7, SZ 11 and SZ 22) were taken in Area 2,
ad ja cent to the for mer Zn smelter. This area was used as a lo -
gis ti cal base for the smelter and was thus most ex posed to
metal de po si tion. The other three sam ples (SZ 14, SZ 29 and
SZ 33) were from Ar eas 1, 2 and 4 re spec tively. Se quen tial ex -
trac tion sep a rated par tic u late trace met als (Zn, Pb, Cd, Cu, As,
Sb) into five frac tions: ex change able (F1), car bon ate-bound
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T a  b l e  1

Metal-bear ing min er als in the top soil around the his toric zinc smelter in Katowice-Szopienice
 (data from XRD and SEM/EDS stud ies)

Site no Min eral phases

Bar ren phase Ma jor met al lif er ous
phase Mi nor phase Ac ces sory min er als

Area 1. The area of the
for mer Uthemann zinc
smelter

quartz (++++)

di op side (++)

K,Na alu mi no sili cate*
(++)

orthoclase (++)

hemimorphite (+++)

sphalerite (++)

Zn car bon ate* (++)

he ma tite (++)

Pb sul phide* (+)

Pb car bon ate* (++)

goethite (++)

pyromorphite (++)

Fe sul phide* (++)

osakaite (+)

bar ite* (++)

Ca-Al sil i cate with Zn* (++)

Fe ox ide with Zn* (++)

wurt zite

Fe-Mn ox ide with Zn* (+)

Zn sul phide with Cd* (+)

Fe-Zn ox ide* (+)

Zn-Pb-Mn ox ide* (+)

Zn-Pb ox ide with As* (+)

Ca-Zn alu mi no sili cate* (+)

Fe-Zn sul phate* (+)

zir con* (+) 

Ca-Mg sil i cate 
(as bes tos)*(+)

Fe me tal lic* (+)

Ce-Nd phos phate* (+) 

Cu-Sn al loy* (+)

Ni-Ta-Ti-Cr-Co al loy* (+)

Ni me tal lic* (+)

alu mi no sili cate with
Mo,Zn*(+)

srebrodolskite (++)

Area 2. The area of the
for mer Roll ing Mill and the 
Bernhardi zinc smelter

quartz (++++), 

do lo mite (+++),

al bite (++),

microcline (++),

mus co vite (++)

kaolinite (++),

mullite (+)

cal cite(+)

Pb car bon ate* (++)

Fe-Mn ox ide* (++)

Zn car bon ate* (+)

Fe-Zn car bon ate* (+)

bar ite* (++)

Fe-Zn ox ide* (+)

Fe-Ca sil i cate with Pb*(+)

Pb me tal lic* (++)

Pb-Sb; Pb-Sb-Sn al loy* (+)

Sn ox ide* (+)

Fe-Ti ox ide* (+)

Mn ox ide with Zn,Pb,Cu*(+)

Fe ox ide with Zn,Pb* (+)

Area 3. In dus trial area
west of the for mer
Uthemann zinc smelter

quartz (+++)

Fe-alu mi no sili cate*(++)

mullite (+)

kaolinite (+)

orthoclase (+)

Pb car bon ate* (++)

Fe ox ide* (++)

Fe sul phide* (+)

pyromorphite

Wil lem ite

gyp sum (++)

bar ite* (+)

Pb sul phide* (+)

Zn sul phide* (+)

Fe-Mn ox ide with P* (+)

Zn car bon ate* (+)

Fe-Cr al loy* (+)

Fe-Ti ox ide* (+)

Area 4. Ar eas along the
River Rawa, to the N and
NE of the for mer
Uthemann zinc smelter

quartz (++++), 

al bite (+),

microcline (++),

kaolinite (+), 

Ca,Fe alu mi no sili cate* (+)

Zn ox ide* (++)

Fe ox ide (++)

Zn sul phide* (+)

Zn,Ca,Fe sil i cate* (+)
alu mi no sili cate with
Fe,Mn,Ti ox ide* (+)

bar ite* (++)

Fe ox ide with Zn* (+)

Fe sul phide* (+)

Fe ox ide with Pb, P* (+)

Zn ox ide with Cd* (+)

Zn ox ide with Cu* (+)

Cr ox ide with S, Zn* (+)

zir con* (++)

Ce,Nd,Pr phos phate* (+) 

Fe-Cr al loy* (+)

Area 5. Ur ban square 
ar eas and childrens’
 play grounds

quartz (++++), 

aluminosilicates* (+++)

do lo mite (++)

Fe ox ide* (++)

Fe-Mn ox ide* (++)

Mn ox ide with Zn* (+)

K-alu mi no sili cate
with Zn* (+)

gyp sum* (+)

Fe alu mi no sili cate* (+)

Zn sul phide* (+)

bar ite* (+)

Pb sul phide* (+)

Pb car bon ate* (+)

Zn car bon ate* (+)

Ce-La phos phate* (+)

zir con* (+)

* – data from SEM/EDS stud ies; fre quency of oc cur rence based on min eral grains counted in 1 cm2 of SEM prep a ra tion: + – one grain, 

++ – 2–3 grains, +++ – 3–10 grains, ++++ – >10 grains



(F2), Fe-Mn ox ide-bound (F3), or ganic mat ter-bound (F4) and
re sid ual (F5) (Tessier et al., 1979). So lu tion anal y ses were per -
formed by ICP-ES. Ex trac tion meth ods are di vided into sev eral
steps. A tab u lar sum mary of the Tessier et al. (1979) se quen tial 
ex trac tion pro ce dure is given in Ap pen dix 2. Leach ing tests
were per formed at the Lab o ra tory of the Cen tral Min ing In sti tute 
– Na tional Re search In sti tute, Katowice, Po land.

RESULTS

In the study area, min er als con tain ing Zn, Pb, Fe, Cd, As,
Sb, Cu and Ba are abun dantly pres ent in the top soil (Ta ble 1).
Con se quently, high or very high lev els of con cen tra tions of po -
ten tially toxic met als (e.g., Pb, Zn, Cd, Tl) and metalloids (As,
Sb) are pres ent in the soil (Ta ble 2). Con cen tra tions of Mo, Ni,
Co, Mn, U, Th, Sr, Bi, V, Ca, P, La, Cr, Mg, Ti, Al, Na, K, W, Zr,
Be, Sc, Y, Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu,
Hf, Li, Rb, Ta, Nb, Cs, Ga, In, Re, Se and Te did not dif fer sig nif -
i cantly from their av er age lev els in the soils of south ern Po land
(Kabata-Pendias and Pendias, 1999).

XRD ANALYSIS OF MINERAL COMPONENTS

XRD stud ies have shown that Zn-rich and Fe-rich min er als
make up a sig nif i cant pro por tion of all top soils through out the
study area (Fig. 2). The amounts of these min er als are par tic u -
larly high in Ar eas 1 and 3. 

The top soil in the for mer smelter area is char ac ter ized by
sig nif i cant pro por tions of hemimorphite (Zn4[(OH)2/Si2O7] H2O) 
(~8.7%) and sphalerite (ZnS) (~3.7%). Wurt zite, a high-tem per -
a ture hex ag o nal phase of ZnS, was also iden ti fied (Fig. 3A). Of
the Zn-bear ing min er als, osakaite [Zn4(SO4)(OH)6·5H2O] was
rec og nized (Fig. 3A). 

Around the for mer smelter, the pro por tion of metal-bear ing
min er als in the top soil was dif fer ent, with the char ac ter is tic oc -
cur rence of mullite (5%), cristobalite low (0.3%), gyp sum

(1.2%), he ma tite (0.7%), wil lem ite (0.4%) and pyromorphite
(0.1%) (Fig. 3B). 

In Area 2 no phases with Zn, Pb, Fe, As or Sb were iden ti -
fied by XRD. A high (~21.3%) share of do lo mite and an ~3.4%
share of mullite are char ac ter is tic of this area (Fig. 3C).

SEM/EDS STUDY OF MINERAL COMPONENTS

Grains and polymineral, metal-bear ing ag gre gates pres ent
in the top soil vary in size from tenths of a mi cron to 500 mm
(Figs. 4 and 5). Anal y sis of BSE im ages from the study ar eas
shows that the fre quency and type of metal-bear ing phases
vary as a func tion of dis tance from the for mer Zn smelter and
the type of his tor i cal waste ma te rial that was de pos ited in dif fer -
ent parts of the city (Ta ble 1).

Zinc-bear ing min er als. Zn car bon ates, mainly smithsonite 
(ZnCO3), are the most com mon Zn-bear ing min er als. Monhei -
mite (Zn,Fe)CO3 was also rel a tively com mon, as in di cated by
the pres ence of Fe in the EDS spec tra (Fig. 4A). The Zn car -
bon ate grains are up to 50 mm in size (Fig. 4I, M). They form
elon gated crys tals with a rhombohedral habit, their edges of ten
split and rounded. Smithsonite oc curs in as so ci a tion with Zn sil i -
cates (Fig. 4A), Pb phos phates (Fig. 4I) and Pb car bon ates
(Fig. 4M). Sub mi cro scopic grains of Zn car bon ates are em bed -
ded in ag gre gates of Fe-Mn ox ides and Pb car bon ates (Fig.
5F). Zinc sil i cate hemimorphite is a ma jor met al lif er ous phase at 
the for mer smelter site (Ta ble 1: Area 1). It is rep re sented by
crys tal line ag gre gates up to 100 mm in size (Fig. 4B) that build
thin tab u lar crys tals in sheaf-shaped or fan-shaped clus ters
(Fig. 4C, D). An other Zn sil i cate pres ent in the sam ples is wil -
lem ite (Zn2SiO4), iden ti fied by XRD (Fig. 3B). Zinc sulphides,
sphalerite (aZnS) and wurt zite (bZnS), are also pres ent in the
top soil (Ta ble 1). Their iso lated grains of up to 100 mm in size
are highly weath ered (Fig. 4E, F). Zinc was iden ti fied in ag gre -
gates of Fe (Fig. 4K, M) and Fe-Mn ox ides (Fig. 5B, C). This el -
e ment was also iden ti fied in Ca-Al sil i cates and Ca-Zn alu mi no -
sili cate (Ta ble 1).

Lead-bear ing min er als. Pb car bon ate, cerussite (PbCO3),
is most com monly found in the top soil (Fig. 4A, F, J, K, M). It

6 Jerzy Caba³a et al. / Geological Quarterly, 2025, 69, 35

T a  b l e  2

El e ment con cen tra tions means in mg kg–1 and stan dard de vi a tion

Site no. Pb* Zn** Cd Tl As Sb As/Pb Sb/Pb Cd/Pb

Area 1. The area of the for mer Uthemann  zinc
smelter

2563
(2821)

8992
(2850)

204
(244)

3.4
(1.6)

96
(80)

13
(14)

51
(31)

6
(3)

49
(17)

Area 2. The area of the for mer Roll ing Mill 
and the Bernhardi zinc smelter

4695
(1607)

10000
(9000)

197
(109)

15
(5)

229
(129)

61
(35)

50
(19)

13
(4)

41
(14)

Area 3. Ar eas west of the for mer Uthemann zinc
smelter

4006
(3647)

8474
(3090)

79
(58)

2
(1.8)

414
(341)

27
(44)

121
(43)

5
(4)

31
(20)

Area 4. Along the River Rawa, to the N and NE 
of the for mer Uthemann zinc smelter

737
(519)

3599
(2124)

28
(13)

2
(1.7)

50
(57)

6
(4.4)

61
(27)

10
(4)

48
(20)

Area 5. Ur ban square area and  play grounds 1147
(902)

2789
(1722)

26
(16)

1.7
(1)

42
(914)

16
(13)

60
(37)

17
(14)

33
(28)

Kimbrough and Cardner (1999) (data from sec ond ary
lead smelter) 8.1 20.4 1.4

Eckel et al. (2002) (data from lead smelter in USA)
RANGE

MEDIAN
8.5 –1200

54
1.6–34

12
0.7–26

13

* – Pb in two sam ples from Area 3 was de ter mined at the up per limit (10,000 mg kg–1) for the MA250 pro ce dure; its ac tual av er age con tent
was higher, **– Zn in 19 sam ples from Ar eas 1, 2, 3 was de ter mined at the up per limit (10,000 mg kg–1) for the MA250 pro ce dure; its ac tual
av er age con tent was higher; As, Sb and Cd ra tios nor mal ized to Pb = 1000 

https://doi.org/10.1016/S0269-7491(99)00113-X
https://doi.org/10.1016/S0269-7491(01)00195-6
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Fig. 3. XRD spec tra

A – top soil sam ple (SZ14) from Area 1; B – top soil sam ple (SZ7) from Area 3; 

C – top soil sam ple (SZ29) from Area 2; semi-quan ti ta tive eval u a tion of the per cent age of min er als



builds iso lated crys tal line grains up to 50  mm in size and oc ca -
sion ally forms ag gre gates with Fe ox ides or Zn sil i cates. The
sur faces of cerussite grains show signs of leach ing and weath -
er ing. 

Ga lena (PbS), oc curs in crys tal line, iso lated grains (Fig. 4H) 
or spher i cal ag gre gates up to 80 mm in size com posed of finely
crys tal line ga lena (Fig. 4G). Sil ver was rec og nized in a few
grains (Fig. 4H), and Ag con cen tra tions were es ti mated

(SEM/EDS) to be 240 mg kg–1. Lead is com mon in ag gre gates
com posed of aluminosilicates, sulphides, car bon ates, Zn ox -
ides (Fig. 4F, K) and Fe (Fig. 5C) and Fe-Mn ox ides (Fig. 5F). It
is de rived from sub mi cro scopic grains of Pb ox ides and car bon -
ates. The pro por tion of Pb in these ag gre gates var ies from 3 to
8%. This form of Pb dom i nates in the top soil.

Less com monly, Pb phos phates, such as pyromorphite
[Pb5(PO4)3Cl], were iden ti fied. Pyromorphite crys tal lized on Zn

8 Jerzy Caba³a et al. / Geological Quarterly, 2025, 69, 35

Fig. 4. BSE im ages of met al lif er ous min er als from the top soil in Katowice-Szopienice



car bon ates (Fig. 4I), form ing iso lated grains of sub mi cro scopic
size (<1 mm) which re sulted from ini tial crys tal li za tion in the
weath er ing stage. Pb ar se nates were also pres ent (Fig. 5D).
Lead phases (29.8%) also in clude syn thetic phases rep re -
sented by:

– sphe roi dal (up to 30 mm), polyminerallic phases in the
form of spher ules com posed of aluminosilicates and ox ides of
Fe and Pb, and Pb and Zn (Fig. 4L),

– me tal lic Pb and its al loys with other met als, e.g., Pb-Zn-Hg 
(Fig. 4F), Pb-Sb-Cd (Fig. 5H), Pb-Sb-Sn (Fig. 5I). Pb-al loy
grains range 10 to 100 mm in size.

Min er als with Fe. The main phases with which Fe is as so -
ci ated are ox ides (goethite and he ma tite), Fe-Mn ox ides and
Fe-Zn ox ides (Figs. 4K, M and 5A, C). Less com monly, Zn-Fe
car bon ates were iden ti fied (Fig. 4A). Iron oc curs in polymetallic
phases of vary ing com po si tion (Fig. 5F). Iron sul phide grains

Jerzy Caba³a et al. / Geological Quarterly, 2025, 69, 35 9

Fig. 5. BSE im ages of met al lif er ous min er als from the top soil in Katowice-Szopienice



were iden ti fied rel a tively rarely. Iron is also pres ent in Fe and
Fe-Mg aluminosilicates (Fig. 5B, H) and phases formed by
high-tem per a ture com bus tion pro cesses, e.g., alu mi no sili cate
spheru lites (Fig. 4L) and srebrodolskite. 

Cad mium-bear ing min er als. Min er als in which Cd could
be iden ti fied were rarely found in the soils stud ied. Cad mium
con cen tra tions iden ti fied by SEM/EDS in Zn sulphides ranged
from 100 to 300 mg kg–1. Much higher con cen tra tions of Cd (up
to 12,300 mg kg–1) were iden ti fied in Cd-bear ing Pb phos phates 
that were dif fi cult to iden tify (Fig. 4I).

Min er als with Cu. Cop per con tent (9 to 13.5%) was found
in fine-crys tal line ag gre gates with Pb, Zn, Sb and Fe (Fig. 5E).
Iso lated (80 mm) grains of me tal lic cop per (Fig. 5J) or its al loys
with Sn were also found. 

Min er als with As and Sb. The As-bear ing min eral in the
top soil is mimetite [Pb5(AsO4)3Cl] oc cur ring in iso lated crys tal -
line grains up to 50 mm in size (Fig. 5D). It oc curs in as so ci a tion
with Ca sulphates (gyp sum), which may in di cate its sec ond ary

gen e sis. An ti mony was iden ti fied in Pb-Sb-Cd al loys (Fig. 5H)
and Pb-Sb-Sn al loys (Fig. 5I). In the ar eas of the for mer Roll ing
Mill (Area 2), Pb al loys with Sn in the top soil are pres ent; cas sit -
er ite (Fig. 5G) is also com mon. 

Sulphates and car bon ates. Bar ite (BaSO4) in the form of
automorphic, lo cally over-melted crys tals is com monly pres ent
in the soils stud ied, as it is a pri mary min eral as so ci ated with
Zn-Pb ores (Ca bala et al., 2008, 2020). Sub mi cro scopic gyp -
sum crys tals (CaSO4 · 2H2O) formed by sul phide ox i da tion pro -
cesses abound in some top soils (Figs. 3B and 5B).

HEAVY METAL AND METALLOID 
CONCENTRATIONS

The con cen tra tions of heavy met als, metalloids and S in the
top soil of the for mer smelter and ad ja cent ar eas vary con sid er -
ably among the study ar eas (Ta ble 2 and Fig. 6). 
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Area 1. All the top soil sam ples con tain >10,000 mg kg–1 Zn.
Lead con cen tra tions vary from 230 to 9,177 mg kg–1. Iron con -
tent ranges from 1.1 to 13.1%. Cad mium con cen tra tions are
high, rang ing from 51 to 783 mg kg–1. Con cen tra tions of Cu (up
to 2,248 mg kg–1), As (up to 280 mg kg–1), Sb (up to 45 mg kg–1)
and S (up to 1.43%) are high in some sam ples. 

Area 2. Lead con tent ranges from 2,424 to 5,927 mg kg–1.
Zn con tent is higher than 10,000 mg kg–1. There are very high
con cen tra tions of Fe (up to 13.5%) Cd (up to 347 mg kg–1), Tl
(up to 20.5 mg kg–1), As (up to 412.1 mg kg–1), Sb (up to 109.0
mg kg–1), Cu (up to 2,248.5 mg kg–1) and Sn (up to 105.4 mg
kg–1) (Ta ble 2). 

Area 3. Lead con cen tra tions vary from 211 to over 10,000
mg kg–1. The zinc con tent of most sam ples ex ceeds 10,000 mg
kg–1. Cad mium con cen tra tions vary from 8 to 217 mg kg–1. Con -
tents of Cu (up to over 10,000 mg kg–1), Sn (up to 307 mg kg–1),
As (up to 1,153 mg kg–1) and Sb (up to 145 mg kg–1) are very
high. Sul phur con cen tra tions are also el e vated (up to 1.43%).

Area 4. Lead con tent ranged from 59 to 1,793 mg kg–1. Zinc
con tent ranged from 1,054 to 7,601 mg kg–1. Cad mium con cen -
tra tions of up to 47 mg kg–1 and el e vated As con tent (153 and
171 mg kg–1) were found in two sam ples (Ta ble 2). For Fe, Cu,
Sb, Sn, Ba and S, no con cen tra tions sig nif i cantly dif fer ent from
typ i cal soils in south ern Po land were iden ti fied.

Area 5. Lead con cen tra tions ranged from 252 to 2,533 mg
kg–1. Zinc con cen tra tions were up to 6,129 mg kg–1, and Cd
con cen tra tions were up to 52 mg kg–1 (Ta ble 2).

TOPSOIL METAL LEACHING 

Zinc. The high est Zn con tent (278 mg kg–1) in the ion-ex -
change frac tion (F1) was found in sam ple SZ14, taken from the
for mer smelter site (Area 1). The per cent age of Zn in the ion ex -
change frac tion (F1) in the top soil sam ples ranged from 0.4 to
2.8%. The high est level of 2.8% was found in sam ple SZ33
from Area 2. The ma jor ity of Zn (30–70%) is bound in the car -
bon ate frac tion (F2) (Fig. 7). Be tween 20 and 25% of Zn is
bound to Fe-Mn ox ides (F3). The pro por tion of Zn bound in the
or ganic frac tion (F4) is usu ally <3%. In the re sid ual frac tion
(F5), 8% to >50% of Zn is bound (Fig. 7). 

Lead. Be tween 0.5 and 0.6% Pb is ac cu mu lated in the ion
ex change frac tion (F1). Only in sam ple SZ22 (Area 3) is the
pro por tion high (2.3%; Fig. 7). Most Pb (from 34 to 75%) is
bound in the car bon ate frac tion (F2). Be tween 15 and 45% of
Pb are ac cu mu lated in Fe-Mn ox ides (F3). Be tween 1 and 7.5% 
of Pb are bound to the or ganic frac tion (F4); in sam ple SZ14
(Area 1), as much as 11.1% of Pb is bound to the F4 frac tion
(Fig. 7). Be tween 3 and 23 % of Pb ac cu mu lates in the re sid ual
frac tion. 

Cad mium. A sig nif i cant pro por tion of Cd is in the ion-ex -
change frac tion (F1) (17 to 23% of the to tal Cd pool; Fig. 7). Be -
tween 28 and 58% of Cd are as so ci ated with the car bon ate
frac tion, and be tween 10 and 22% of Cd are as so ci ated with
Fe-Mn ox ides. The or ganic frac tion (F4) con tains 1.4 to 7% Cd.
The re main ing Cd ac cu mu lates in the re sid ual frac tion.

Cop per. This ac cu mu lates mainly in the car bon ate frac tion
and Fe-Mn ox ides. The pro por tion of Cu in the or ganic frac tion
(F4) is sur pris ingly high, be tween 16 and 66% (Fig. 7). The re -
main ing Cu is bound to the in sol u ble re sid ual frac tion. The high -
est to tal Cu con tent was found in sam ple SZ7 (10,000 mg kg–1)
and the low est (57 mg kg–1) in sam ple SZ33.

DISCUSSION

Zinc, Pb and Cd con tam i na tion of soils around Zn-Pb smelt -
ers is most of ten as so ci ated with at mo spheric de po si tion of
metal-bear ing min eral par ti cles (Deng et al., 2016). How ever,
af ter smelter clo sure, the great est en vi ron men tal risk is as so ci -
ated with post-smelter waste and top soil en riched in metal-
 bear ing min er als left on the sur face (Kierczak et al., 2010;
Stafilov et al., 2010; Tyszka et al., 2014; Kiciñska, 2020; Caba³a 
et al., 2020; Pasieczna et al., 2020; Guillevic et al., 2023). The
top soil around the his toric smelt ers in Szopienice con tains sig -
nif i cant amounts of Zn and Cd bound in sulphides (sphalerite
and wurt zite), sil i cates (hemimorphite, wil lem ite), car bon ates
(cerussite, smithsonite), Fe and Fe-Mn ox ides and syn thetic sil -
i cates. Zn sulphates are also pres ent, such as osakaite iden ti -
fied in the top soil. This min eral is a prod uct of sec ond ary trans -
for ma tions of Zn sulphides (Ohnishi et al., 2007). Its pres ence
in di cates that ox i da tion pro cesses of rel ict Zn sul phide are ac -
tive.

Dom i nant among the Zn-bear ing min er als are:
sphalerite and wurt zite > smithsonite > hemimorphite >
wil lem ite > Zn ox ide > Fe-Zn ox ide > alu mi no sili cate
ag gre gates with Zn > Zn sulphates (e.g., osakaite)

SEM-EDS stud ies clearly show that, in sam ples from Ar eas
1–3, sulphides, car bon ates, zinc sil i cates and Zn-rich Fe-Mn
ox ides and aluminosilicates are very com mon. In ad di tion, XRD
stud ies con firmed the high pro por tion of sphalerite, wurt zite and 
hemimorphite in the top soil from Area 1. The sig nif i cant pro por -
tion of Zn-rich, Pb-rich, Fe-rich min er als re sults in high con cen -
tra tion lev els of these met als. Sim i larly high con cen tra tions
have been iden ti fied for geochemically sul phide-bound el e -
ments such as Cd, As, Sb and Tl. Ap prox i mately 40% of the
charge for Zn pro duc tion in the Szopienice smelt ers were con -
cen trates from supergene-type de pos its oc cur ring in the Bytom
and Olkusz ar eas. Hemimorphite and smithsonite were con stit -
u ents of non-sul phide, galman-type ores that formed in shal low
weath er ing zones (Ca bala, 2001; Coppola et al., 2009). Wil lem -
ite was also iden ti fied in the top soil near the for mer smelter (Ta -
ble 1). This min eral does not oc cur in the Silesian-Kraków de -
pos its. It may form by weath er ing pro cesses of smelter slags
and has been found in smelter dumps in Œwiêtoch³owice (south -
ern Po land) (Bril et al., 2008). Wil lem ite can be formed as a re -
sult of weath er ing changes in hemimorphite; the re verse re ac -
tion is also pos si ble (Vanaecker et al., 2014). Wil lem ite grains
pres ent in the top soil may be an in di ca tor of con tam i na tion by
weath er ing smelter slags. Zinc-en riched sil i cate phases, prod -
ucts of high-tem per a ture met al lur gi cal pro cesses (e.g., di op -
side, mullite, cristobalite), were also iden ti fied in the top soil (Fig. 
3). Zinc is of ten pres ent in syn thetic sil i cates and ox ides (War -
chulski et al., 2015; Sobanska et al., 2016). The Zn sulphi des
dis persed in the soil orig i nated from sphalerite con cen trates,
which were the raw ma te rial for Zn pro duc tion. How ever, they
were rarely iden ti fied, sug gest ing that the sub mi cro scopic ZnS
grains had been ox i dized. 

Among the Pb-con tain ing min er als in the top soil, cerussite
clearly dom i nates. The rel a tive abun dance of lead-bear ing min -
er als (based on SEM-EDS stud ies) is: 

cerussite > ga lena > Fe-Mn ox ide with Pb > pyromorphite
> mimetite > aluminosilicates with Pb > Pb-rich al loys

Cerussite and ga lena come from Zn-Pb ores of galman-
 type, which were long the main raw ma te rial for Zn pro duc tion in 
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Szopienice. These ores con tained rel ict ga lena, the pro por tion
of sul phide-bound Pb some times ap proach ing sev eral per cent
(Ca bala, 2001; Coppola et al., 2009). There fore, ga lena was
iden ti fied in top soil from Ar eas 1 and 3, where ore was stored
and pre pared for the smelt ing pro cess. In other ar eas, ga lena
was not iden ti fied. 

The sub mi cro scopic Pb-rich phases emit ted by smelt ers
are most com monly PbS, PbSO4 and PbSO4 × PbO (Sobanska 
et al., 1999; Soto-Jiménez et al., 2023), which are un sta ble in
the soil en vi ron ment. Man ga nese and Fe ox ides, es pe cially

syn thetic phases, have a high ca pac ity to be re tained and sta bi -
lize Pb2+ ions (O’Reilly and Hochella, 2003). There fore, Pb was
of ten iden ti fied in ag gre gates of Fe, Fe-Mn, Zn ox ides (Fig. 4K,
C) and aluminosilicates.

The rare oc cur rence of Pb phos phates, prob a bly pyro -
morphite, is re stricted to sub mi cro scopic phases (Fig. 4I). Pyro -
morphite prob a bly formed sec ond arily in an en vi ron ment en -
riched in Pb2+ and phos phate ions (Burmann et al., 2013; Ca -
bala et al., 2020). Flis et al. (2011) in di cated a strong ten dency
for pyromorphite to par ti tion into a solid phase in the pyro -
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Fig. 7. Leachability of Zn, Pb, Cd, Cu, As and Sb from top soil sam ples in Katowice-Szopienice, 
us ing the Tessier et al. (1979) method

F1 – ion-ex change frac tion, F2 – car bon ate frac tion, F3 – frac tion as so ci ated with Fe and Mn ox ides, 
F4 – or ganic frac tion, F5 – re sid ual frac tion (Ap pen dix 2)
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morphite-mimetite se ries. An im prove ment in the sta bil ity of the
mimetite lat tice was ob served due to isostructural phos phate
sub sti tu tions at an ionic sites. In the top soil from Szopienice,
mimetite was more fre quently iden ti fied from the promorphite -
-mimetite se ries. It is likely that the pool of ar senic ions in the
weath er ing prod ucts of Zn-Pb ore min er als is larger than that of
phos phate ions. In the weath er ing prod ucts of slags from Zn
met al lurgy, pyromorphite is re ported rel a tively rarely (Nad³onek
et al., 2024).

In the top soil in ves ti gated, mimetite was iden ti fied as sub -
mi cro scopic grains (Fig. 5C, D). Mimetite has been re ported in
smelter slags in var i ous ar eas of the Silesian-Kraków re gion
(Bril et al., 2008; Nad³onek et al., 2024). Sub mi cro scopic ag gre -
gates of mimetite were rec og nized in as so ci a tion with gyp sum,
in di cat ing its sec ond ary gen e sis. Lead also oc curs in the struc -
ture of sil i cates formed in met al lur gi cal pro cesses (Sobanska et 
al., 2016). Fine grains of al loys of Pb with other met als (Sb, Sn,
W, Zn, Hg) (Fig. 5F, H, I, K) emit ted by met al lur gi cal plants op -
er at ing in Szopienice in the sec ond half of the 20th cen tury were 
also a Pb source. Me tal lic Pb and Pb-an ti mony al loys were only
iden ti fied in the area of the for mer Roll ing Mill and Bernhardi
smelter (Ta ble 1: Area 2). Pb-Sb al loy grains are in dic a tive of
his tor i cal Sb-cured Pb pro duc tion. Pb-Sn al loys have been
used as soft bind ers, for sol der ing, in the elec tron ics and elec tri -
cal in dus try, and in the man u fac ture of am mu ni tions. Iden ti fy ing 
the com po si tion of the al loys dis persed in the top soil makes it
pos si ble to in di cate the type of his tor i cal pro duc tion.

The con cen tra tion of Cd at the for mer smelter (Area 1) and
in ad ja cent ar eas of ten ex ceeds 50 mg kg–1. The ex tremely high 
Cd con cen tra tion of 783 mg kg–1 (Ta ble 2) is com pa ra ble to the
Cd con tent (1,033 to 5,741 mg kg–1) found in sphalerites from
the Silesian-Kraków de pos its (Mikulski et al., 2020).

The high est Cd con tent was re corded in top soil rich in Zn
and S (Ta ble 2), cor rob o rat ing that Cd is mainly as so ci ated with
Zn sulphides or car bon ates (Viets et al., 1996; Mikulski et al.,
2020). A slight en rich ment in Cd at the grain mar gins of Pb
phos phate ag gre gates (Fig. 4I) and Pb-Sb al loys (Fig. 5H) was
ob served. This in di cates a high po ten tial for the mo bi li za tion of
Cd from slags into the en vi ron ment (cf. Tyszka et al., 2018).

The few sub mi cro scopic spher ules ob served in Szopienice
top soil con tain Pb (Fig. 4L); they are more of ten com posed of
aluminosilicates (Fig. 5G). In ar eas ad ja cent to Zn smelt ers,
metal-bear ing spher i cal phases are com monly rep re sented in
top soil (Caba³a and Teper, 2007). Their spher i cal forms in di -
cate that they are the re sult of emis sions from high-tem per a ture 
met al lur gi cal pro cesses or fos sil fuel com bus tion (Ro¿ek et al.,
2015; Soto-Jiménez et al., 2023). Ex cept for a few, no Zn- or
Pb-rich spher i cal ag gre gates were iden ti fied in the top soil of
Szopienice af fected by his tor i cal Zn and Pb smelt ing. It is likely
that the sub mi cro scopic spher i cal phases un dergo chem i cal
trans for ma tions in the top soil and are dis solved, and there fore
his tor i cal emis sions from Zn smelt ers can not be doc u mented. 

The sig nif i cant size (sev eral tens to hun dreds of mi crons)
and the forms of metal-bear ing con stit u ents in di cate that the
top soil at Szopienice was en riched in frac tions orig i nat ing from
for mer stock piles of raw ma te ri als fed into the met al lur gi cal pro -
cess and from post-smelt ing waste (slag). The min eral com po -
si tion of the slag-de rived frac tions is sim i lar to that of waste from 
other smelt ers in the Silesian-Kraków re gion (Tyszka et al.,
2014; Warchulski et al., 2015).

ENVIRONMENTAL RISKS OF METAL LEACHING

In soils con tam i nated with met al lur gi cal waste, the leacha -
bility of Zn, Pb and Cd is con trolled by the re ac tiv ity and weath -

er ing trans for ma tions of high-tem per a ture min eral phases
(Cappuyns et al., 2014). Met als (Zn, Pb, Cd, Tl) pres ent in the
pri mary phases (Zn-Pb sulphides, Zn and Pb car bon ates) un -
der con di tions of low ered pH of the soil en vi ron ment are more
eas ily leached into the en vi ron ment. 

The re lease of heavy metal cat ions to the wa ter phase
(“leach ing po ten tial”), and their mo bil ity, de pend on their so lu -
tion speciation, and their af fin ity to bind to re ac tive sur faces in
the soil ma trix and pore wa ter [such as par tic u late and dis solved 
or ganic mat ter, clays or metal (hydr)ox ide-sur faces] (Dijkstra et
al., 2004). This pro cess is in flu enced by sev eral fac tors, in clud -
ing soil pH, the pres ence of or ganic mat ter, and the spe cific
chem i cal prop er ties of the heavy met als them selves. Acidic
con di tions gen er ally pro mote leach ing, while al ka line con di tions 
can lead to greater re ten tion.

The leach ing po ten tial of Zn from the top soil stud ied is low,
as the metal is mainly bound in car bon ate (30 to 70%) or the re -
sid ual frac tion (10 to 50%). Un der low mois ture, Zn car bon ates
and sil i cates are rel a tively sta ble, and leach ing of Zn2+ ions is
lim ited. How ever, un der wa ter logged con di tions, Zn car bon ates 
may dis solve over lon ger pe ri ods of time and pro vide a source
of Zn2+ ions (Van Damme et al., 2010; Jerzykowska et al.,
2014). Min eral re lease anal y ses (MLA) by Xu et al. (2022)
showed that As, Cd, Pb and Zn bound in sil i cate phases were
sta ble and weakly leached over long pe ri ods of time and un der
the low pH of the soil en vi ron ment. 

Also pres ent in the re sid ual frac tion are slag-de rived min er -
als in which Zn is in cor po rated into the sil i cate struc ture of
high-tem per a ture phases, such as spinel, melilite and pyroxene 
(Warchulski et al., 2015). Zinc also oc curs in ag gre gates of Fe,
Mn ox ides (Figs. 4M and 5A,C) and sheet aluminosilicates.
These types of Zn-bear ing min er als fa vour the sta bi li za tion and
im mo bi li za tion of Zn in the soil en vi ron ment; how ever, Zn2+ mo -
bil ity may in crease un der long-term weath er ing and, for ex am -
ple, low pH con di tions (Jerzykowska et al., 2014). Nachtegaal et 
al. (2005) in di cated that there is a risk of in creased leach ing of
Zn from frac tions con sid ered sta ble (e.g., car bon ate or ox ide)
un der con di tions of a sig nif i cant de crease in en vi ron men tal pH
over a long pe riod of time.

The leachability of Pb from the top soils in ves ti gated (Fig. 6)
is low, the high est amount of this metal be ing bound in the car -
bon ate frac tion and in Fe-Mn ox ides. Lead in the re sid ual frac -
tion prob a bly came from met al lur gi cal prod ucts (slags), as in di -
cated by Guillevic et al. (2023). The pres ence of small ag gre -
gates with Pb phos phates (Fig. 4I) in di cates that Pb2+ ion ac ti -
va tion pro cesses pro ceed only on the mi cro scopic scale. The
weath er ing trans for ma tion of Pb-rich min eral phases leads to
the for ma tion of cracks and fills with sec ond ary Pb min er als
such as the Pb sulphates 3PbO × PbSO4 and 4PbO × PbSO4

(Sobanska et al., 2016). The for ma tion of Pb sulphates in -
creases the po ten tial for Pb leach ing into the en vi ron ment. 

Cad mium has the high est leach ing po ten tial. More than
20% of this metal is pres ent in the ion ex change frac tion (Fig. 6)
while 30 to 50% oc cur in the car bon ate frac tion. With high to tal
Cd con tent in Ar eas 1–3 (ex ceed ing 50 mg kg–1), the risk of
trans fer of high Cd loads from the top soil to the en vi ron ment is
se ri ous. In soils of the Silesian-Kraków re gion, Kiciñska (2019)
es ti mated the pro por tion of the ion-ex change able frac tion of Cd
to be 20%, in di cat ing a very high risk (50 £ RAC, risk as sess -
ment code). Car bon ate min er als are acid-sen si tive; low er ing
the pH in the soil can in crease leach ing of Cd and Pb (Liu et al.,
2018). Our study shows that waste and emis sions from ore
smelt ing are dan ger ous due to the re lease of Cd ions. This is
be cause Cd con cen tra tions are high in Zn sulphides from
Silesian-Kraków de pos its. Cad mium con cen tra tions are com -
monly higher than the per mis si ble con tent of 15 mg kg–1 (Pol ish
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Reg u la tion, 2016 – Polska Norma). In ad di tion, if the pH of the
soil en vi ron ment is per ma nently low ered, the pool of bio -
available Cd and Zn could in crease sig nif i cantly (Cappuyns et
al., 2014). Very high, of ten ex treme, metal con tents in top-soil
from Szopienice have also been in di cated when study ing soil
flora and mi cro or gan isms (Gzyl, 1997; Badora et al., 1998;
KuŸniar et al., 2018). Ex tremely high con tents of PHEs were
also noted in the re gion stud ied by the Pol ish Geo log i cal Sur vey 
(Konon et al., 2024) for Zn (2,500 mg kg–1 to max. 36,510 mg
kg–1), Cd (32–128 mg kg–1), Pb (500–5,000 mg kg–1) and As
(40–320 mg kg–1).

Cop per is bound to the car bon ate, or ganic and re sid ual
frac tions (Fig. 6), and only un der con di tions of re duced pH of
the soil en vi ron ment can it be leached into the en vi ron ment.
This ap plies also to other met als that are bound only in car bon -
ates, ox ides or sil i cates.

The metalloids As and Sb ac cu mu late mainly in the re sid ual 
frac tion, in di cat ing their lim ited leach ing po ten tial. A few to 15%
of Sb is pres ent in the ion-ex change frac tion, so some may be
leached into the en vi ron ment. 

The to tal con cen tra tions of Zn, Pb and Cd in top soil in these
his tor i cal met al lur gi cal ar eas strongly ex ceed ac cept able stan -
dards and com monly range from 2,000 to 2,300 mg kg–1 for Pb,
3,500 to 6,000 mg kg–1 for Zn and 30 to 52 mg kg–1 for Cd (Ap -
pen dix 1). The very high con cen tra tions of toxic Pb, As and Cd
in the for mer smelt ing ar eas (Ta ble 2) are con firmed by the high 
ra tios of As/Pb, Sb/Pb and Cd/Pb nor mal ized to Pb = 1,000 mg
kg–1. The ra tios for As and Sb (Ta ble 2) are sim i lar to those re -
ported at Pb smelt ers in the USA (Kimbrough and Car dner,
1999; Eckel et al., 2002). Sig nif i cantly higher val ues were cal -
cu lated for Cd/Pb (Ta ble 2), which in di cates that the his tor i cal
Zn and Pb smelt ing in Szopienice re leased sig nif i cant Cd
amounts into the soils. Large-scale pro duc tion of Cd metal or
Cd sponge was pos si ble be cause the Silesian-Kraków Zn-Pb
ores are char ac ter ized by high con cen tra tions of this el e ment
(Viets et al., 1996; Ca bala, 2001; Tyszka et al., 2018; Gorecki,
2018; Mikulski et al., 2020).

The most im por tant causes of the en rich ment of the top soil
stud ied in metal-rich min er als, as a con se quence of heavy Zn,
Pb and Cd con tam i na tion, in clude:

– the long du ra tion (180 years) of con tin u ous pro duc tion of
Zn, Pb and al loys with non-fer rous met als and re lated emis sion
of metal-bear ing dusts into the at mo sphere,

– the large-scale pro duc tion of Zn, Pb and Cd in sev eral
smelt ers lo cated in Szopienice (Fig. 1);

– the larg est Zn smelter oc cu pied an area of ~63 hect ares,
where batch raw ma te ri als and post-pro duc tion waste were
stored; 

– in the ar eas ad ja cent to the smelter, pur chased by the
own ers of the smelt ers, waste from met al lur gi cal pro cesses
was de pos ited in an un sys tem atic man ner. 

This is in di cated by the pres ence of grains prob a bly rep re -
sent ing high-tem per a ture, syn thetic phases (e.g., mullite, alu -
mi no sili cate spher ules with Pb, di op side) that may have been
formed in the Zn smelt ing pro cess.

SUMMARY AND CONCLUSIONS

180 years of Zn and Pb met al lurgy have re sulted in ex -
tremely high con cen tra tions of Zn, Pb, Cd and As in the top soil

around Szopienice as a re sult of at mo spheric emis sions,
resuspension and de po si tion of metal-bear ing waste. The sites
of for mer smelt ers and their sur round ings are the most pol luted; 
how ever, dis per sion of met als from Zn and Pb smelt ing oc -
curred through out the Szopienice dis trict. Large-scale met al lur -
gi cal pro duc tion of Zn and Pb and the met al lurgy of Pb-Sb and
Cu al loys re sulted in large ar eas oc cu pied by var i ous types of
raw ma te rial dumps (ox i dized ores, sul phide con cen trates, pro -
cessed Pb-Sb al loys) and tail ings. Min er als from met al lur gi cal
waste or his tor i cal emis sions are found in ar eas around the
Rawa River, play grounds, parks and city squares. Dur ing the
19th and 20th cen tu ries, waste ma te rial from smelt ers was
prob a bly used for road foun da tions and rail road em bank ments
and in land fills. The sur face of the soils has been sealed with
as phalt roads and in dus trial build ings, or cov ered by cob ble -
stones. As a re sult of rec la ma tion work, most met al lur gi cal
waste and con tam i nated soils have been bur ied be low the sur -
face. At pres ent, they pose only a po ten tial threat to the en vi ron -
ment. How ever, in cases of land re de vel op ment and ac com pa -
ny ing changes in the flow of shal low cir cu lat ing wa ters, bur ied,
metal-rich waste may again threaten the en vi ron ment.

Our study of metal-bear ing soil min er als can fa cil i tate the
de vel op ment of more ef fec tive remediation strat e gies for post-
 smelter sites and deepen the sci en tific un der stand ing of the dy -
nam ics of the re lease of ma jor con tam i nants into the en vi ron -
ment. Metal-rich top soil over ly ing post-smelter land fills re quires
remediation work, as ero sion, ae olian trans port and sur face
run off pro cesses can spread fine metal-bear ing frac tions to
more dis tant ar eas. 

CONCLUSIONS

1. The met al lif er ous min er als iden ti fied in the top soil most
likely come from long-term emis sions, the source of which was
the land fills. These were a de ter min ing fac tor in the high con -
cen tra tions of Zn, Pb, Cd and As in the top soil. 

2. The very com mon oc cur rence of Zn sil i cate and Zn car -
bon ate grains in the area of the for mer Uthemann Zn smelter
shows that Zn pro duc tion was based, to a large ex tent, on ox i -
dized ores (galman-type). 

3. In for mer smelt ing ar eas and their neigh bour hood in
Szopienice the most fre quently iden ti fied met al lif er ous min er als 
were smithsonite, hemimorphite and cerussite. Part of the Zn,
Pb, Cd is bound in Fe-Mn ox ides and aluminosilicates. 

4. Zinc and Cd were also iden ti fied in Fe, Fe-Mn ox ide ag -
gre gates and aluminosilicates. This may be the re sult of sec -
ond ary pro cesses and sorp tion of these met als by iron ox ides
and aluminosilicates. 

5. Me tal lic Pb and its al loys, such as Pb-Sb and Pb-Sb-Sn,
were iden ti fied in the top soil at the for mer Roll ing Mill and in the
vi cin ity of the Wal ter Croneck smelter. We have shown that
SEM/EDS stud ies can iden tify the type of pro duc tion that was
the source of con tam i na tion (for ex am ple, whether met als or
metalloids were used). 

6. Pb con cen tra tions in the top soil are fre quently higher than 
600 mg kg–1, ex ceed ing the limit value for in dus trial sites (Pol ish 
Reg u la tion, 2016 – Polska Norma). The high to tal Pb con tent
co mes mainly from Pb car bon ates and Pb al loys. These phases 
are sta ble un der weath er ing con di tions, so the en vi ron men tal
risk of Pb2+ ion mo bi li za tion is rel a tively low.
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7. Zinc con cen tra tions com monly ex ceed sev eral thou sand
mg kg–1. Zinc min eral phases, rep re sented mainly by car bon -
ates, ox ides and sil i cates, are sta ble in the soil and are there -
fore not a source of Zn2+ ions for the en vi ron ment.

8. The Cd con tent in the sam ples fre quently ex ceeds 50 mg
kg–1. The re sults of leachability stud ies, es pe cially the high Cd

con tent in the ion ex change frac tion, in di cate that there is a sig -
nif i cant risk of trans fer of this toxic el e ment to the en vi ron ment.
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‘Green Ho ri zon’ pro ject (2021–2023) car ried out at the Uni ver -
sity of Silesia in Katowice.

REFERENCES

Anyadike, N., 2002. Lead and Zinc: Threats and Op por tu ni ties in
the Years Ahead. Woodhead Pub lish ing Lim ited, Abington
Cam bridge.

Badora, A., Furrer, G., Grünwald, A., Schulin, R., 1998. Im mo bi li -
za tion of zinc and cad mium in pol luted soils by polynuclear Al13
and Al-mont mo ril lo nite. Jour nal of Soil Con tam i na tion, 7:
573–588; https://doi.org/10.1080/10588339891334447

Burmann, F., Keim, M.F., Oelmann, Y., Teiber, H., Marks, M.A.W.,
Markl, G., 2013. The source of phos phate in the ox i da tion zone
of ore de pos its: ev i dence from ox y gen iso tope com po si tions of
pyromorphite. Geochimica et Cosmochimica Acta, 123:
427–439; https://doi.org/10.1016/j.gca.2013.07.042 

Bril, H., Zainoun, K., Puziewicz, J., Courtin-Nomade, A.,
Vanaecker, M., Bol linger, J-C., 2008. Sec ond ary phases from
the al ter ation of a pile of zinc-smelt ing as in di ca tors of en vi ron -
men tal con di tions: an ex am ple from Œwiêtoch³owice, Up per
Silesia, Po land. The Ca na dian Min er al o gist, 46: 1235–1248;
https://doi.org/10.3749/canmin.46.5.1235

Ca bala, J., 2001. De vel op ment of ox i da tion in Zn-Pb de pos its in
Olkusz area. In: Min eral De pos its at the Be gin ning of the 21st
cen tury (ed. A. Piestrzyñski): 121–124, Balkema;
 https://doi.org/10.1201/9781003077503

Ca bala, J., Teper, L., 2007. Met al lif er ous con stit u ents of rhizo -
sphere soils con tam i nated by Zn-Pb min ing in south ern Po land.
Wa ter, Air and Soil Pol lu tion, 178: 351–362;
 https://doi.org/10.1007/s11270-006-9203-1 

Ca bala, J., Zogala, B., Dubiel, R., 2008. Geo chem i cal and geo -
phys i cal study of his tor i cal Zn-Pb ore pro cess ing waste dump
ar eas (South ern Po land). Pol ish Jour nal of En vi ron men tal Stud -
ies, 17: 693–700. 

Caba³a, J., Warchulski, R., Rozmus, D., Œrodek, D., Sze³êg, E.,
2020. Pb-rich slags, min er als, and pol lu tion re sulted from a me -
di eval Ag-Pb smelt ing and min ing op er a tion in the Silesian-
 Cracovian Re gion (South ern Po land). Min er als, 10, 28;
https://doi.org/10.3390/min10010028

Caba³a, J., Janeczek, J., Kowalczyk, A., 2021. Lead in the en vi -
ron ment. Nr specjalny "Narracje o Zag³adzie": O³ów/o³owica w
kulturze i nauce: 147–223, Wydaw. Uniwersytet Œl¹ski;
https://doi.org/10.31261/NoZ.2021.DHC.09

Cappuyns, V., Alian, V., Vassilieva, E., Swennen, R., 2014. pH de -
pend ent leach ing be hav iour of Zn, Cd, Pb, Cu and As from min -
ing wastes and slags: ki net ics and min er al og i cal con trol. Waste
and Bio mass Val o ri za tion, 5: 355–368;
 https://doi.org/10.1007/s12649-013-9274-3

Charkiewicz, A.E., Backstrand, J.R., 2020. Lead Tox ic ity and Pol -
lu tion in Po land. In ter na tional Jour nal of En vi ron men tal Re -
search and Pub lic Health, 17, 4385.
 https://doi.org/10.3390/ijerph17124385 

Coppola, V., Boni, M., Gilg, H.A., Strzelska-Smakowska, B.,
2009. Nonsulfide zinc de pos its in the Silesia-Cra cow dis trict,
South ern Po land. Mineralium Deposita, 44: 559–580;
 https://doi.org/10.1007/s00126-008-0220-4

Æwiel¹g-Drabek, M., Piekut, A., Gut, K., Grabowski, M., 2020.
Risk of cad mium, lead and zinc ex po sure from con sump tion of
veg e ta bles pro duced in ar eas with min ing and smelt ing past.
Sci en tific Re ports, 10, 3363;
https://doi.org/10.1038/s41598-020-60386-8

Dal ton, C.B., Bates, L.I., 2005. Im pact of clo sure of a large
lead-zinc smelter on el e vated blood lead lev els of chil dren in ad -
ja cent sub urbs, Boo la roo, Aus tra lia. En vi ron men tal Ex po sure
and Health. WIT Trans ac tions on Ecol ogy and the En vi ron ment,
85: 377–387. 

Deng, W., Li, X., An, Z. Yang, L., 2016. Lead con tam i na tion and
source char ac ter iza tion in soils around a lead-zinc smelt ing
plant in a near-ur ban en vi ron ment in Baoji, China. Ar chives of
En vi ron men tal Con tam i na tion and Tox i col ogy, 71: 500–508;
https://doi.org/10.1007/s00244-016-0317-1 

Dijkstra, J.J., Meeussen, J.C.L., Comans, R.N.J., 2004. Leach ing
of heavy met als from con tam i nated soils: an ex per i men tal and
mod el ing study. En vi ron men tal Sci ence and Tech nol ogy, 38:
4390–4395; https://doi.org/10.1021/es049885v

Dungworth, D., White, H., 2021. Sci en tific ex am i na tion of zinc-dis -
til la tion re mains from Warmley, Bris tol. His tor i cal Met al lurgy, 41:
77–83; https://hmsjournal.org/in dex.php/home/ar ti cle/view/223

Eckel, W.P., Rabinowitz, M.B., Fos ter, G.D., 2002. In ves ti ga tion of
un rec og nized for mer sec ond ary lead smelt ing sites: con fir ma -
tion by his tor i cal sources and el e men tal ra tios in soil. En vi ron -
men tal Pol lu tion, 117: 273–279;
 https://doi.org/10.1016/S0269-7491(01)00195-6

Flis, J., Manecki  M., Bajda T., 2011. Sol u bil ity of pyromorphite
Pb5(PO4)3Cl-mimetite Pb5(AsO4)3Cl solid so lu tion se ries.
Geochimica et Cosmochimica Acta, 7: 1858–1868;
 https://doi.org/10.1016/j.gca.2011.01.021

Gorecki, W., 2018. Rozwój przemys³u na Górnym Œl¹sku w XVIII i
XIX wieku (in Pol ish). Silesia Prog ress.

Guillevic, F., Rossi, M., Develle, A-L., Spadini, L., Mar tins, J.M.F., 
Arnaud, F., Poulenard, J., 2023. Pb dis per sion path ways in
moun tain soils con tam i nated by an cient min ing and smelt ing ac -
tiv i ties. Ap plied Geo chem is try, 150: 105556;
https://doi.org/10.1016/j.apgeochem.2022.105556

Gzyl, J., 1997. As sess ment of Pol ish pop u la tion ex po sure to lead
and cad mium with spe cial em pha sis to the Katowice Prov ince
on the ba sis of metal con cen tra tions in en vi ron men tal com part -
ments. Cen tral Eu ro pean Jour nal of Pub lic Health, 5: 93–96.

Hahn, O.H., 1910. Lead and zinc smelt ing in Up per Silesia. The En -
gi neer ing and Min ing Jour nal, 89: 1111–1114. 

Ham il ton, A., 1914. Lead Poi son ing in the Smelt ing and Re fin ing of
Lead. Bul le tin of the United States Bu reau of La bor Sta tis tics,
141. 

Hartshorne, R., 1934. The Up per Silesian In dus trial Dis trict. Geo -
graph ical Re view, 24: 423–438; https://doi.org/10.2307/208914

Jerzykowska, I., Majzlan, J., Michalik, M., Göttlicher, J., Steinin -
ger, R., B³achowski, A., Ruebenbauer, K., 2014. Min er al ogy
and speciation of Zn and As in Fe-ox ide-clay ag gre gates in the
min ing waste at the MVT Zn-Pb de pos its near Olkusz, Po land.
Geo chem is try, 74: 393–406;
 https://doi.org/10.1016/j.chemer.2014.03.003

Jêdryka, M., 2020. "O³owiane dzieci". Zapomniana epidemia (in
Pol ish). Wydaw. Krytyki Politycznej, Warszawa. 

Kabata-Pendias, A., Pendias, H., 1999. Biogeochemia pier -
wiastków œladowych (in Pol ish). PWN, Warszawa.

Kiciñska, A., 2019. En vi ron men tal risk re lated to pres ence and mo -
bil ity of As, Cd and Tl in soils in the vi cin ity of a met al lur gi cal

Jerzy Caba³a et al. / Geological Quarterly, 2025, 69, 35 15

https://doi.org/10.1016/j.chemer.2014.03.003
https://doi.org/10.2307/208914
https://doi.org/10.1016/j.apgeochem.2022.105556
https://doi.org/10.1016/j.gca.2011.01.021
https://doi.org/10.1016/S0269-7491(01)00195-6
https://hmsjournal.org/index.php/home/article/view/223
https://doi.org/10.1021/es049885v
https://doi.org/10.1007/s00244-016-0317-1
https://doi.org/10.1038/s41598-020-60386-8
https://doi.org/10.3390/ijerph17124385
https://doi.org/10.1007/s00126-008-0220-4
https://doi.org/10.1007/s12649-013-9274-3
https://doi.org/10.31261/NoZ.2021.DHC.09
https://doi.org/10.3390/min10010028
https://doi.org/10.1007/s11270-006-9203-1
https://doi.org/10.1201/9781003077503
https://doi.org/10.3749/canmin.46.5.1235
https://doi.org/10.1016/j.gca.2013.07.042
https://doi.org/10.1080/10588339891334447


plant – long-term ob ser va tions. Chemosphere, 236, 124308;
https://doi.org/10.1016/j.chemosphere.2019.07.039 

Kiciñska, A.J., 2020. Lead and zinc in soils around a zinc-works –
pres ence, mo bil ity and en vi ron men tal risk. Jour nal of Eco log i cal 
En gi neer ing, 21: 185–198;
 https://doi.org/10.12911/22998993/119815 

Kierczak, J., Bril, H., Neel, C., Puziewicz, J., 2010. Pyro -
metallurgical slags in Up per and Lower Silesia (Po land): from
en vi ron men tal risks to use of slag-based prod ucts – a re view.
Ar chives of En vi ron men tal Pro tec tion, 36: 11–126.

Kimbrough, D.E., Cardner, N.H., 1999. Off-site fo ren sic de ter mi -
na tion of waterborne el e men tal emis sions: a case study at a
sec ond ary lead smelter. En vi ron men tal Pol lu tion, 106:
293–298; https://doi.org/10.1016/S0269-7491(99)00113-X

Konon, A., Szczypczyk, A., Kostrz-Sikora, P., Fajfer, J., Szybor -
ska -Kaszycka, J., Strzemiñska, K., Pasieczna, A., 2024. De -
tailed Geo chem i cal Map of Up per Silesia 1:25,000, Siemia -
nowice Œl¹skie map sheet M-34-63-A-a. Pol ish Geo log i cal In sti -
tute-Na tional Re search In sti tute, War saw. 

Krantz Fr., 1911. Die Entwickelung der oberschlesischen Zin -
kindustrie in technischer, wirtschaftlicher und gesundheitlicher
Hinsicht (in Ger man). Kattowitz O.-S. Verlag von Gebrüder
Böhm. 

KuŸniar, A., Banach, A.M., Stêpniewska, Z., Fr¹c, M., Oszust, K., 
Gryta, A., K³os, M., Woliñska, A., 2018. Com mu nity-level
phys i o log i cal pro files of mi cro or gan isms in hab it ing soil con tam i -
nated with heavy met als. In ter na tional Agrophysics, 32:
101–109.

Leach, D.L. Bradley, D.C., Dwight, C., Huston, D., Pisarevsky,
S.A., Tay lor, R.D., Gardoll, S.J., 2010. Sed i ment-hosted
lead-zinc de pos its in Earth his tory. Eco nomic Ge ol ogy, 105:
593–625; https://doi.org/10.2113/gsecongeo.105.3.593

Li, P., Lin, C., Cheng, H., Duan, X., Lei, K., 2015. Con tam i na tion
and health risks of soil heavy met als around a lead/zinc smelter
in south west ern China. Ecotoxicology and En vi ron men tal
Safety, 113: 391–399;
 https://doi.org/10.1016/j.ecoenv.2014.12.025

Liu, H., Probst, A., Liao, B., 2005. Metal con tam i na tion of soils and
crops af fected by the Chenzhou lead/zinc mine spill (Hunan,
China). Sci ence of The To tal En vi ron ment, 339: 153–166.
https://doi.org/10.1016/j.scitotenv.2004.07.030

Liu, T., Li, F., Jin, Z., Yang, Y., 2018. Acidic leach ing of po ten tially
toxic met als cad mium, co balt, chro mium, cop per, nickel, lead,
and zinc from two Zn smelt ing slag ma te ri als in cu bated in an
acidic soil. En vi ron men tal Pol lu tion, 238: 359–368;
 https://doi.org/10.1016/j.envpol.2018.03.022

Mikulski, S.Z., Oszczepalski, S., Sad³owska, K., Chmielewski,
A, Ma³ek, R., 2020. Trace el e ment dis tri bu tions in the Zn-Pb
(Mis sis sippi val ley-type) and Cu-Ag (Kupferschiefer) sed i ment-
 hosted de pos its in Po land. Min er als; 10, 75;
 https://doi.org/10.3390/min10010075

Nachtegaal, M., Marcus, M.A., Sonke, J.E., Vangronsveld, J.,
Livi, K.J.T., van Der Lelie, D., Sparks, D.L., 2005. Ef fects of in
situ remediation on the speciation and bioavailability of zinc in a
smelter con tam i nated soil. Geochimica et Cosmochimica Acta,
69: 4649–4664; https://doi.org/10.1016/j.gca.2005.05.019

Nad³onek, W., Caba³a, J., Szopa, K., 2024. Po ten tially harm ful el e -
ments (As, Sb, Cd, Pb) in soil pol luted by his tor i cal smelt ing op -
er a tion in the Up per Silesian area (South ern Po land). Min er als,
14, 475; https://doi.org/10.3390/min14050475

Neisser, E.J., 1907. Internationale Übersicht über Gewerbehygiene 
nach den Berichten der Gewerbe-Inspektionen der Kultur -
länder. Bibliothek für Soziale Medizin, Hy giene und Medizinal -
statistik und die Grenzgebiete von Volkswirtschaft, Medizin und
Technik No 1(in Ger man). Verlag Gutenberg, Berlin. 

Ohnishi, M., Kusachi, I., Kobayashi, S., 2007. Osakaite,
Zn4SO4(OH)6·5H2O, a new min eral spe cies from the Hirao
mine, Osaka, Ja pan. The Ca na dian Min er al o gist, 45:
1511–1517; https://doi.org/10.3749/canmin.45.6.1511

O'Reilly, S.E., Hochella Jr., M.F., 2003. Lead sorp tion ef fi cien cies
of nat u ral and syn thetic Mn and Fe-ox ides. Geochimica et

Cosmochimica Acta, 67: 4471–4487;
 https://doi.org/10.1016/S0016-7037(03)00413-7

Osman, K., Björkman, L., Lind, B., Nordberg, M., 1992. Bi o log i cal
mon i tor ing of met als in chil dren and preg nant women in Po land.
In ter na tional Jour nal of En vi ron men tal Health Re search, 2:
212–222; https://doi.org/10.1080/09603129209356755

Pasieczna, A., Konon, A., Nad³onek, W., 2020. Sources of
anthropogenic con tam i na tion of soil in the Up per Silesian Ag -
glom er a tion (south ern Po land). Geo log i cal Quar terly, 64:
988–1003; https://doi.org/10.7306/gq.1564

Péters, A., 2016. La Vieille-Montagne (1806–1873). In no va tions et
mu ta tions dans l'industrie du zinc. LiÀge, Les éditions de la
prov ince de LiÀge. Préface de Christophe Bissery. 

Pol ish Reg u la tion (Polska Norma), 2016. Dz.U. poz.1395 on the
As sess ment of Ground and Soil Con tam i na tion (in Pol ish).

Rahmonov, O., Caba³a, J., Krzysztofik, R., 2021. Veg e ta tion and
en vi ron men tal changes on con tam i nated soil formed on waste
from an his toric Zn-Pb Ore-wash ing plant. Bi ol ogy, 10, 1242;
https://doi.org/10.3390/biology10121242

Raj, K., Das, A.P., 2023. Lead pol lu tion: Im pact on en vi ron ment and
hu man health and ap proach for a sus tain able so lu tion. En vi ron -
men tal Chem is try and Ecotoxicology, 5: 79–85;
 https://doi.org/10.1016/j.enceco.2023.02.001

Rossiter, D.G., 2007. Clas si fi ca tion of ur ban and in dus trial soils in
the World Ref er ence Base for soil re sources. Jour nal of Soils
and Sed i ments, 7: 96–100;
 https://doi.org/10.1065/jss2007.02.208

Ro¿ek, D., Nad³onek, W., Caba³a, J., 2015. Forms of heavy met als
(Zn, Pb, Cd) oc cur ring in rhizospheres from the ar eas of for mer
and con tem po rary Zn-Pb ore min ing. Min ing Sci ence, 22:
125–138. 

Sobanska, S., Ricq, N., Laboudigue, A., Guillermo, R., Brémard,
C., Laureyns, J., Mer lin, J.C., Wignacourt, J.P., 1999.
Microchemical in ves ti ga tions of dust emit ted by a lead smel ter.
En vi ron men tal Sci ence & Tech nol ogy, 33: 1334–1339;
https://doi.org/10.1021/es9805270

Sobanska, S., Deneele, D., Barbillat, J., Ledesert, B., 2016. Nat u -
ral weath er ing of slags from pri mary Pb-Zn smelt ing as ev i -
denced by Raman microspectroscopy. Ap plied Geo chem is try,
64: 107–117; https://doi.org/10.1016/j.apgeochem.2015.09.011

Soto-Jiménez, M.F., Flegal, A.R., 2011. Child hood lead poi son ing
from the smelter in Torreón, México. En vi ron men tal Re search,
111: 590–596; https://doi.org/10.1016/j.envres.2011.01.020

Soto-Jiménez, M.F., Roos-MuÔoz, S., Soto-Mo rales, S.,
Gómez-Lizarrága, L.E., Bucio-Galindo, L., 2023. En vi ron -
men tal and health im pli ca tions of Pb-bear ing par ti cles in set tled
ur ban dust from an arid city af fected by Pb-Zn fac tory emis sions. 
Sci en tific Re ports, 13, 21287;
 https://doi.org/10.1038/s41598-023-48593-5

Stafilov, T., Šajn, R., Panèevski, Z., Boev, B., Frontasyeva, M.V.,
Strelkova, L.P., 2010. Heavy metal con tam i na tion of top soils
around a lead and zinc smelter in the Re pub lic of Mac e do nia.
Jour nal of Haz ard ous Ma te ri als, 175: 896–914;
 https://doi.org/10.1016/j.jhazmat.2009.10.094

Tessier, A., Camp bell, P.G.C., Bisson, M., 1979. Se quen tial ex -
trac tion pro ce dure for speciation of par tic u late trace met als. An -
a lyt i cal Chem is try, 51: 844–851.

Tyszka, R., Kierczak, J., Pietranik, A., Ettler, V., Mihaljeviè, M.,
2014. Ex ten sive weath er ing of zinc smelt ing slag in a heap in
Up per Silesia (Po land): po ten tial en vi ron men tal risks posed by
me chan i cal dis tur bance of slag de pos its. Ap plied Geo chem is -
try, 40: 70–81;
https://doi.org/10.1016/j.apgeochem.2013.10.010

Tyszka, R., Pietranik, A., Kierczak, J., Zieliñski, G., Dar ling, J.,
2018. Cad mium dis tri bu tion in Pb-Zn slags from Up per Silesia,
Po land: Im pli ca tions for cad mium mo bil ity from slag phases to
the en vi ron ment. Jour nal of Geo chem i cal Ex plo ra tion, 186:
215–224; https://doi.org/10.1016/j.gexplo.2017.12.001

USGS, 2022. U.S. Geo log i cal Sur vey, Min eral Com mod ity Sum ma -
ries, Jan u ary 2022 Zinc Sta tis tics and In for ma tion.
https://pubs.usgs.gov/pe ri od i cals/mcs2022/mcs2022-zinc.pdf

16 Jerzy Caba³a et al. / Geological Quarterly, 2025, 69, 35

https://pubs.usgs.gov/periodicals/mcs2022/mcs2022-zinc.pdf
https://doi.org/10.1016/j.gexplo.2017.12.001
https://doi.org/10.1016/j.apgeochem.2013.10.010
https://doi.org/10.1016/j.jhazmat.2009.10.094
https://doi.org/10.1038/s41598-023-48593-5
https://doi.org/10.1016/j.envres.2011.01.020
https://doi.org/10.1021/es9805270
https://doi.org/10.1016/j.apgeochem.2015.09.011
https://doi.org/10.1065/jss2007.02.208
https://doi.org/10.1016/j.enceco.2023.02.001
https://doi.org/10.3390/biology10121242
https://doi.org/10.7306/gq.1564
https://doi.org/10.1080/09603129209356755
https://doi.org/10.1016/S0016-7037(03)00413-7
https://doi.org/10.3749/canmin.45.6.1511
https://doi.org/10.3390/min14050475
https://doi.org/10.1016/j.gca.2005.05.019
https://doi.org/10.3390/min10010075
https://doi.org/10.1016/j.scitotenv.2004.07.030
https://doi.org/10.1016/j.ecoenv.2014.12.025
https://doi.org/10.1016/j.scitotenv.2004.07.030
https://doi.org/10.2113/gsecongeo.105.3.593
https://doi.org/10.1016/S0269-7491(99)00113-X
https://doi.org/10.12911/22998993/119815
https://doi.org/10.1016/j.chemosphere.2019.07.039


Van Damme, A., Degryse, F., Smol ders, E., Sarret, G., Dewit, J.,
Swennen, R., Manceau A., 2010. Zinc speciation in min ing and
smelter con tam i nated overbank sed i ments by EXAFS spec tros -
copy. Geochimica et Cosmochimica Acta, 74: 3707–3720;
https://doi.org/10.1016/j.gca.2010.03.032

Vanaecker, M., Courtin-Nomade, A., Bril, H., Lenaina, J.-F., 2014. 
Be hav ior of Zn-bear ing phases in base metal slag from France
and Po land: a min er al og i cal ap proach for en vi ron men tal pur -
poses. Jour nal of Geo chem i cal Ex plo ra tion, 136: 1–13;
 https://doi.org/10.1016/j.gexplo.2013.09.001

Viets, J.G., Leach, D.L., Lichte, F.E., Hopkins, R.T., Gent, C.A.,
Powell, J.W., 1996. Paragenetic and mi nor- and trace-el e ment
stud ies of Mis sis sippi Val ley-type ore de pos its of the Silesian-
 Cra cow dis trict, Po land. Prace Pañswowego Instytutu
Geologicznego, 154: 51–71.

Warchulski, R., Gawêda, A., K¹dzio³ka-Gawe³, M., Szopa, K.,
2015. Com po si tion and el e ment mo bi li za tion in pyrometallurgi -
cal slags from the Orze³ Bia³y smelt ing plant in the Bytom -

-Piekary Œl¹skie area, Po land. Min er al og i cal Mag a zine, 79:
459–483; https://doi.org/10.1180/minmag.2015.079.2.21

Xu, D.-M., Fu, R.-B., Wang, J.-X., An, B.-H., 2022. The geo chem i -
cal be hav iors of po ten tially toxic el e ments in a typ i cal lead/zinc
(Pb/Zn) smelter con tam i nated soil with quan ti ta tive min er al og i -
cal as sess ments. Jour nal of Haz ard ous Ma te ri als, 424, 127127; 
https://doi.org/10.1016/j.jhazmat.2021.127127

Zhang, X., Yang, L., Li, Y., Li, H., Wang, W., Ye, B., 2012. Im pacts
of lead/zinc min ing and smelt ing on the en vi ron ment and hu man
health in China. En vi ron men tal Mon i tor ing and As sess ment,
184: 2261–2273; https://doi.org/10.1007/s10661-011-2115-6 

Zhou, Y., Jiang, D., Ding, D., Wu, Y., Wei, J., Kong, L., Long, T.,
Fan, T., Deng, S., 2022. Eco log i cal-health risks as sess ment
and source ap por tion ment of heavy met als in ag ri cul tural soils
around a super-sized lead-zinc smelter with a long pro duc tion
his tory, in China. En vi ron men tal Pol lu tion, 307, 119487;
https://doi.org/10.1016/j.envpol.2022.119487

Jerzy Caba³a et al. / Geological Quarterly, 2025, 69, 35 17

https://doi.org/10.1016/j.envpol.2022.119487
https://doi.org/10.1007/s10661-011-2115-6
https://doi.org/10.1016/j.jhazmat.2021.127127
https://doi.org/10.1180/minmag.2015.079.2.21
https://doi.org/10.1016/j.gexplo.2013.09.001
https://doi.org/10.1016/j.gca.2010.03.032


 

 
 

APPENDIX 1 
Element concentrations in top-soil from the Katowice-Szopienice industrial area 

 

Sample Top-soil in the 
area 

Pb Zn Fe Cd Tl Ag As Sb Cu Sn Ba Mg Ca S 

mg kg-1 % 
SZ 13 

Area 1. The area 
of the former 

Uthemann zinc 
smelter 

5929 10000 36400 124 5.1 12.4 161.5 45.2 688.6 25.8 864 0.38 0.74 0.32 
SZ 14 9177 10000 131300 492 6.2 20.5 280.6 30.9 775.8 26.0 168 0.42 0.72 1.32 
SZ 15 1574 10000 20500 96 3.7 5.9 76.4 6.3 166.9 9.7 300 0.20 0.23 0.23 
SZ 16 1470 10000 32000 81 1.9 3.7 77.7 14.5 275.5 10.8 211 0.21 1.54 0.10 
SZ 17 946 10000 15500 51 3.0 3.6 46.4 6.6 135.0 13.8 374 0.22 0.54 0.15 
SZ 18 230 931 11200 5 0.5 0.5 16.7 2.4 51.4 4.9 340 0.18 0.29 0.04 
SZ 19 1085 10000 27700 55 3.6 4.1 138.1 7.9 169.4 28.8 825 0.61 1.27 0.26 
SZ 20 2083 10000 20700 149 3.6 9.3 53.8 4.7 173.9 4.1 300 0.22 0.39 0.45 
SZ 21 581 10000 31900 783 2.9 1.2 12.8 1.0 59.0 1.8 1031 0.67 1.71 0.15 
SZ 28 Area 2. The area of 

the former Rolling 
Mill and the 

Bernhardi zinc 
smelter 

2424 10000 25400 89 20.5 11.1 128.8 26.4 1959.5 43.8 334 0.39 1.56 0.08 
SZ 29 5927 10000 51200 155 18.3 47.5 147.3 109.0 2248.5 105.4 356 1.82 4.86 0.16 

SZ 30 5734 10000 135600 347 8.8 15.3 412.1 48.4 438.9 33.6 477 1.30 2.40 0.29 

SZ 7 

Area 3. Areas 
west of the former 

Uthemann zinc 
smelter 

3483 10000 30400 90 2.5 7.8 372.6 22.8 10000.0 307.2 256 0.57 0.98 0.08 
SZ 8 1802 10000 25800 80 1.8 4.8 221.3 9.0 1721.7 57.8 272 0.40 0.68 0.07 
SZ 9 2365 10000 34200 52 1.6 5.9 425.5 5.1 223.2 7.3 292 0.58 0.92 0.04 

SZ 10 3187 10000 42000 55 2.1 6.7 591.4 6.3 189.1 6.6 315 0.75 1.47 0.04 
SZ 11 >10000 10000 59900 217 6.2 62.3 820.0 145.9 1792.3 117.3 581 0.58 1.04 0.30 
SZ 12 >10000 10000 34300 142 5.3 28.0 385.6 71.9 932.7 51.8 363 0.43 0.97 0.22 
SZ 22 7856 10000 79300 83 1.2 19.8 1153.5 7.3 621.5 20.7 138 0.73 2.53 1.43 
SZ 23 484 10000 8400 41 0.9 2.1 46.2 3.6 3059.7 4.3 142 0.11 0.20 0.06 
SZ 24 211 1277 11300 8 0.4 0.5 21.5 1.1 30.9 1.9 216 0.25 0.48 0.04 
SZ 25 678 3468 14800 22 0.5 8.3 104.2 1.6 69.4 2.3 185 0.32 0.73 0.04 
SZ 1 

Area 4. Along the 
River Rawa, to the 
N and NE of the 

former Uthemann 
zinc smelter 

515 3740 8300 33 1.7 1.4 27.9 2.9 41.6 3.1 210 0.09 0.16 0.04 
SZ 2 322 4185 10500 30 0.9 1.7 10.5 2.7 79.3 4.0 233 0.13 0.32 0.06 
SZ 3 978 7601 26800 47 1.5 3.2 47.8 7.2 163.5 10.8 425 0.47 0.78 0.10 
SZ 4 555 3032 10200 31 1.4 1.9 18.2 3.8 89.0 4.9 259 0.10 0.16 0.05 

SZ 31 235 1054 12300 11 1.3 1.1 15.0 4.4 59.9 5.3 214 0.16 0.42 0.05 
SZ 32 875 4056 20600 33 1.8 2.5 30.2 9.1 115.9 9.2 449 0.20 1.00 0.09 
SZ 33 1793 6399 23600 44 5.0 3.1 153.3 9.2 57.3 5.5 307 1.23 2.87 0.53 
SZ 34 59 305 7100 3 0.4 0.1 5.3 0.7 11.0 0.9 162 0.09 0.27 0.04 
SZ 35 582 1857 14200 20 1.1 1.1 28.2 6.8 50.3 6.3 330 0.25 0.92 0.06 
SZ 40 1458 3763 21400 32 5.9 7.1 171.6 17.0 91.5 9.4 318 0.33 0.95 0.05 
SZ 5 

Area 5. Urban 
square areas and 

childrens' 
playgrounds 

252 2320 11000 25 1.1 1.0 24.7 5.0 68.3 12.4 191 0.11 0.65 0.06 
SZ 6 431 2188 17800 22 2.4 1.1 58.0 2.8 80.8 4.7 257 0.14 0.33 0.04 

SZ 26 2323 6129 25200 52 3.6 11.6 65.8 35.5 234.4 18.6 373 0.49 1.21 0.11 
SZ 27 2022 3566 19700 35 2.0 8.9 49.5 32.7 190.9 20.4 347 0.31 0.69 0.10 
SZ 36 683 1415 13300 11 0.7 1.6 31.0 6.0 57.6 6.1 306 0.16 0.39 0.05 
SZ 37 2533 4504 19100 46 2.4 6.2 47.3 21.0 128.7 16.2 459 0.23 0.63 0.10 
SZ 38 438 1748 15100 14 0.7 1.1 27.8 4.0 40.4 6.2 297 0.17 0.58 0.04 
SZ 39 498 446 16700 4 0.9 1.0 33.0 25.5 36.8 12.0 323 0.11 0.16 0.04 

 
 
                                                                                      APPENDIX 2 
                                                  Summary of the Tessier et al. (1979) sequential extraction procedure 

 
Step Fractions Reagent Shaking time and 

temperature 
1 Exchangeable (F1) 8 ml of 1 M MgCl2 (pH 7) in 1 g soil 2 h at 25˚C 
2 Bound to carbonates (F2) 8 ml of NaOAc (pH 5.0 with HOAc) 5 h at 25˚C 
3 Amorphous iron-manganese oxides (F3) 20 ml of 0.04 M hydroxylamine hydrochloride in 25% acetic acid (pH 2 with HNO3) 6 h at 96˚C 
4 Organic-bound (F4) 5 ml of 30% H2 O2 (pH 2), plus 3 ml of 0.02 M HNO3 and 3 ml of 30% H2 O2 (pH 2) Cool, 

add 20 ml of a mixture of 3.2 M NH4Ac and 20% HNO3 
2 h at 85˚C 

5 Residual (F5) The residual fraction was digested by 8 ml of a mixture of HCl and 0.5 M HNO3 Volume 
ratio of 3 to 1 

30 min at 25˚C 

 
 


