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Cen tu ries of gold-ar senic ore min ing ac tiv i ties in Czarnów vil lage within the Evelinens glück mine (SW Po land) have left an
en dur ing im pact on the lo cal en vi ron ment, char ac ter ized by dis tinct geo chem i cal anom a lies and con tam i na tion in wa ter and
plants. We have com pre hen sively in ves ti gated the spa tial dis tri bu tion of ar senic and met als in soils, plants, and wa ter in
close prox im ity to post-min ing dump sites. The find ings re veal strik ing anom a lies in the vi cin ity of the mine, no ta bly el e vated
lev els of ar senic, zinc, lead, cop per and co balt. The high est re corded ar senic con tent sur passed 290,000 ppm, with co balt
reach ing al most 18,000 ppm and cop per ex ceed ing 21,000 ppm. This con tam i na tion was most pro nounced around min ing
ex ca va tions and in the im me di ate vi cin ity of min ing dumps. Ad di tion ally, pore wa ter anal y sis from the study area un cov ered
el e vated ar senic lev els, sur pass ing per mis si ble stan dards, with con cen tra tions ex ceed ing 600 ppb. More over, plant spec i -
mens (Rubus idaeus, Deschampsia flexuosa, Dryopteris carthusiana) in the re gion were ob served to ac cu mu late ar senic
and other toxic el e ments, with Rubus idaeus re cord ing the high est ar senic con cen tra tion at 19.0 ppm. These ac cu mu la tions
con sis tently ex ceeded es tab lished en vi ron men tal norms. The pres ence of such el e vated con cen tra tions of toxic el e ments in
both soil and plant life un der scores pro found con cerns for hu man health, with po ten tial im pli ca tions for a range of health is -
sues.
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INTRODUCTION

The phe nom e non of ar senic mi gra tion in soils re fers to the
mo bil ity of ar senic through out the soil pro file, which can oc cur
nat u rally through pro cesses such as leach ing or ero sion, or can
be ex ac er bated by anthropogenic ac tiv ity. Such pro cesses can
have a del e te ri ous im pact on lo cal eco sys tems, with aban -
doned or un con trolled min ing sites in par tic u lar hav ing a pro -
found and en dur ing ef fect on the en vi ron ment (Salomons,
1995). Dur ing the ex ploi ta tion of ore, large quan ti ties of waste
in clud ing gangue and bar ren rocks, some times with ore min er -
als, are ex posed to sur face weath er ing con di tions. This ma te rial 
po ten tially leads to soil pol lu tion by heavy met als via mech a -
nisms such as mine tail ings run off and the ex po sure of pri mary
min er als to at mo spheric con di tions. Min eral de com po si tion re -

leases el e ments, which can then ac cu mu late in soils, wa ter,
and plants across the af fected area. Heavy met als and toxic el -
e ments com monly found in min ing soil in clude lead, cad mium,
ar senic, cop per, zinc and mer cury. Nu mer ous stud ies have in -
ves ti gated the ex tent of heavy metal con tam i na tion in post-min -
ing ar eas world wide (e.g., Razo et al., 2004; Yabe et al., 2010;
Li et al., 2014; Shaji et al., 2021; Chen et al., 2022) and in Po -
land ( Karczewska, 2006; So³ek-Podwika et al., 2016; Lewiñska 
et al., 2021; Szopka et al., 2021; Ka³aska et al., 2022; Swêd et
al., 2022; Derkowska et al., 2023). The Czarnów de pos its have
been stud ied in terms of both ore ge ol ogy (e.g., Zimnoch, 1983; 
Mikulski 2007, 2010; Mochnacka, 2009), en vi ron men tal con -
cerns (e.g., Karczewska et. al., 2006; Mickiewicz and
Marsza³ek, 2016; Dradrach et al., 2020) and most re cently re -
gard ing the geo phys i cal prospection of ore veins (Mikulski and
Ostrowski, 2023). How ever, com pre hen sive multidisciplinary
geo chem i cal stud ies, in clud ing of plants, wa ters and soils
around the Czarnów aban doned mine were not con ducted prior 
to our cur rent study.* Cor re spond ing au thor: e-mail: a.januszewska3@uw.edu.pl
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The Czarnów min eral de pos its are sit u ated on the SE slope
of Skalnik Mt. near Czarnów vil lage within the Rudawy Land -
scape Park (Dolnoœl¹skie Voivodeship, East ern Sudetes). Ac -
cord ing to the physiogeographical di vi sion of Po land, this area
is clas si fied as part of the Rudawy Janowickie (Fig. 1). This de -
posit are known to be rich in ar senic, which is con sid ered a
highly haz ard ous el e ment for both the en vi ron ment and hu man
health.

GEOLOGICAL SETTINGS

The As-Au de posit is sit u ated within the Kowary–Czarnów
unit (Kozdrój et al., 2017). Its west ern bound ary is formed by the 
gran ite in tru sion of the Karkonosze Moun tains, while the east -
ern bound ary fol lows the fault zone with the Leszczyniec unit.
The Kowary–Czarnów unit pri mar ily con sists of Neoprotero -
zoic-Cam brian meta mor phosed rocks, in clud ing sed i men tary
and vol ca nic for ma tions known as the “supracrustal se ries”. Ad -
di tion ally, it con tains the Kowary orthogneisses, which mark the
tran si tion zone from the gran ite in tru sion of the Karkonosze
Moun tains. The supracrustal se ries com prises mica-schists 
and phyllites with spo radic oc cur rences of graph ite schist, mar -
ble, erlane, leptinite, and am phi bo lite (Fig. 2; Kozdrój et al.,
2017).

Dur ing the Late Car bon if er ous, a gran ite pluton in truded
within the meta mor phic dome. The re sult ing ther mal ef fects
trans formed the coun try rocks un der con di tions of the am phi bo -
lite hornfels fa cies along the en tire con tact zone in the Rudawy
Janowickie re gion. As the in tru sive body cooled, min er al ized
hy dro ther mal so lu tions cir cu lated, and due to in tense tec tonic
de for ma tion of the host rocks, they mi grated be yond the cool ing 
batholith. In ter ac tion of acid hy dro ther mal so lu tions with car -
bon ate rocks along their path way caused metasomatic al ter -
ation. The change in the chem i cal en vi ron ment led to the pre -
cip i ta tion of min er als ul ti mately form ing the Czarnów de posit
(Zimnoch, 1983).

The polymetallic ores are found within a quartz vein. The
vein trends in a NE–SW di rec tion, dip ping at an an gle of 80°
south-east and ex hib its a len tic u lar ge om e try. Its el e va tion
ranges from 670 to 760 m a.s.l. Fol low ing its course, the vein is
~500 m in length, with a thick ness vary ing from 0.5 m to as

much as 3 m. The vein is heavily af fected by tec tonic de for ma -
tion and in ter sected by nu mer ous faults, with the most prom i -
nent faults trending NW–SE. The min er al ized vein near
Czarnów ex hib its vari a tions in terms of min eral com po si tion and 
de posit thick ness. Ar seno py rite zones typ i cally have a thick -
ness of no more than 0.2 m but can oc ca sion ally reach up to
1 m (Zimnoch, 1983; Mikulski, 2010). The pre dom i nant ore min -
eral in the de posit is ar seno py rite (FeAsS), ac com pa nied by
chal co py rite (CuFeS2), pyrrhotite (FeS), py rite (FeS2), and sub -
or di nate ga lena (PbS), sphalerite (ZnS), anti mo nite (Sb2S3), na -
tive gold (Au) and cas sit er ite (SnO2; Mochnacka, 2009;
Mikulski, 2010). Ar seno py rite within the min er al ized quartz
veins can oc cur in a nest-like form, with such ores ex hib it ing the
high est con cen tra tion of ar senic, oc ca sion ally reach ing up to
29% As. Lower con cen tra tions of ar senic ores were found in
min er al ized veins cut ting through am phi bo lites, with val ues fluc -
tu at ing around 10% As. Ad di tion ally, apart from pure ar seno py -
rite ores, there are ar seno py rite-chal co py rite ores, which may
con tain ~10% As and 12% Cu. Gen er ally, ar seno py rite in the
ore veins most com monly oc curs as strongly frac tured gran u lar
ag gre gates or in an automorphic form. The frac tures within the
ar seno py rite crys tals are of ten filled with iron, cop per, lead, zinc
sulphides and bis muth min er als. The oc cur rence of ar seno py -
rite is closely as so ci ated with the most abun dant gold-bear ing
ores (Mikulski, 2007, 2010).

MINING HISTORY

The old est men tions of mines in Czarnów date back to the
mid-18th cen tury (Dziekoñski, 1972). How ever, the re mains of
the old est min ing ex ca va tions in di cate that the lo cal min ing in -
dus try is much older. The ex ploi ta tion method em ployed, in -
volv ing bell pits, is typ i cal of me di eval min ing prac tices. To day,
at the sur face, there are per fectly pre served se quences of small 
de pres sions and col lapsed bell pits. Dur ing the pe riod from
1800–1825, the fo cus of the min ing ac tiv i ties was on the ex trac -
tion of ar senic, lead, cop per and py rite from the Rothezeche
mine. None the less, due to the mine’s fluc tu at ing prof it abil ity, it
was pe ri od i cally opened and closed. It was not un til 1838 that a
sig nif i cant break through was made when the de posit was ex -
ploited in two new mines – Evelinens glück and Ar nold
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(Zimnoch, 1983). The min ing ac tiv i ties were con ducted in five
min ing fields, over ten lev els, reach ing depths of 250 m
(Mikulski, 2010). Dur ing this time, an ore pro cess ing plant was
es tab lished in Czarnów to fa cil i tate the ex trac tion pro cess. In
the twen ti eth cen tury, the pro duc tion of ore con cen trate
reached be tween 500 to 1,000 tons per year. The de posit was
ex ploited to a depth of ~250 m, with min ing ac tiv i ties car ried out
across ten lev els. How ever, due to the over pro duc tion of ar -
senic con cen trate and a sub se quent drop in raw ma te rial prices
dur ing the eco nomic cri sis, the mines were fi nally closed in
1925 as they were no lon ger prof it able (Zimnoch, 1983). Af ter
World War II, pros pect ing ac tiv i ties were con ducted in
Czarnów, but these ef forts came to a halt in 1955 (Madziarz,
2009).

ARSENIC CHARACTERIZATION

Ar senic, a met al loid el e ment, is the 20th most abun dant el e -
ment in the Earth’s crust (Mandal, 2002). De spite its highly toxic 
na ture, ar senic and its com pounds have been uti lized by hu -
man so ci et ies since an tiq uity. For in stance, the ear li est
bronzes, dat ing back to 4,000 B.C., were likely made from al -
loys of cop per and ar senic (Lechtman and Klein, 1999). Fur -
ther more, ar senic sul phide, com monly known as orpiment, was
used as a dye or an in gre di ent in me dic i nal prep a ra tions un til
the 19th cen tury (Sambus and Willson, 2008). Ar senic ex hib its
a sulphophilic na ture, in di cat ing its high af fin ity to wards sul phur, 
sim i lar to other el e ments such as cop per, sil ver, gold, zinc, bis -
muth, nickel and iron. In geo log i cal set tings, ar senic is pre dom i -
nantly found as sulphides and sulphosalts or as sec ond ary ar -
se nates. More than 200 min er als con tain ar senic as a com po -

nent, with the most fre quently oc cur ring ones be ing realgar,
aurypiment, ar seno py rite, lölingite and cobaltite (Maher, 1984;
Niedzielski et al., 2000; Mandal, 2002).

When pri mary ar senic min er als, such as ar seno py rite, are
ex posed to at mo spheric con di tions through weath er ing pro -
cesses or anthropogenic ac tiv i ties, sol u ble arsenite As(III), sul -
phate (SO4), and fer rous iron can be re leased, as shown in Fig -
ure 3 and de scribed by Equa tion 1. This pro cess also causes a
strong drop in pH. The pres ence of fer ric ions can also has ten
the weath er ing pro cess (Cul len and Reimer, 1989). The rate at
which these pro cesses oc cur is re li ant on the avail abil ity of ox y -
gen, or ganic mat ter, pH, re dox po ten tial, and the sul phide ox i -
da tion rate (Mahimairaja et al., 2005). The ar senic re leased
from these pro cesses may un dergo ox i da tion to ar se nate As(V) 
due to biogenic ac tiv ity (Gar cia-Manyes, 2002; Mahimairaja et
al., 2005; Violante et al., 2010).

FeAsS + 13Fe3+ + 8H2O ® 14Fe2+ + SO4
2– + 13H+

 +
H3AsO4 (aq)

[1]

As can ex ist in soil as in or ganic forms, which are more mo -
bile, such as ar se nate – As(V) and arsenite – As(III), or as or -
ganic forms, such as methylarsenate (MMAA) and
dimethylarsenate (DMAA). Tri va lent As can ex ist as arsenous
ox ide (As2O3), ar se ni ous acid (HAsO2), arsenite and many
other forms. Pentavalent As oc curs as ar senic pentoxide
(As2O5), orthoarsenic acid (H3AsO4), metaarsenic acid (HAsO3) 
and ar se nate ions (Turpeinen et al., 1999; Mahimairaja et al.,
2005). These chem i cal spe cies show the abil ity to form com -
plexes with other po ten tially toxic el e ments, such as cop per,
lead, zinc and co balt, and have a high sol u bil ity in wa ter. Con -
se quently, plants and other liv ing or gan isms can readily take up 
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these spe cies, lead ing to po ten tial con tam i na tion of the food
chain. The spe cific ar senic spe cies pres ent in soil play a crit i cal
role in de ter min ing its po ten tial tox ic ity, mo bil ity and
bioavailability. The speciation of ar senic is in flu enced by var i -
ous en vi ron men tal fac tors, in clud ing pH, re dox po ten tial, or -
ganic mat ter and bi o log i cal ac tiv ity.

In soils, the av er age con cen tra tion of ar senic can vary from
0.2 to 40 ppm. The av er age As con tent in the Earth’s man tle is
~2 ppm, which may in crease up to 3,000 ppm un der highly re -
duc ing con di tions. In un con tam i nated soils, As con cen tra tion is
typ i cally around 5 ppm (Hooda, 2010). Sandy soils tend to have
the low est As con cen tra tions, rang ing up to 4.4 ppm, whereas
clay-silty soils may ex hibit higher As con cen tra tions, up to
8.4 ppm due to As bind ing by clay min er als (Kabata-Pendias,
2010). How ever, in cer tain ar eas af fected by anthropogenic ac -
tiv i ties such as min ing, As con cen tra tions may be sig nif i cantly
higher. Due to its easy sol u bil ity, this el e ment can eas ily en ter
aque ous so lu tions, lead ing to po ten tially high con cen tra tions in
both wa ter and ma rine or gan isms (Maher, 1984; Niedzielski et
al., 2000).

Ar senic con cen tra tion in plants grow ing on non-con tam i -
nated soils usu ally var ies from 0.009 to 1.5 ppm of dry weight
(DW) (Kabata-Pendias and Pendias, 2001). The role of ar senic
in plant me tab o lism has still not been thor oughly clar i fied, but
most stud ies in di cate that As is a non-es sen tial el e ment for
plant growth and toxic when it ac cu mu lates in plant tis sues
(Farooq et al., 2016; Chandrakar et al., 2018). All plant spe cies
take up As from the en vi ron ment and its con cen tra tion in plants
in creases pro por tion ally to the con tent of As in a soil, al though

many spe cies have de vel oped strat e gies re duc ing ac qui si tion
and tox ic ity of that el e ment (Li et al., 2015). Up take of ar senic
from soil de pends not only on the plant spe cies, but also on
edaphic fac tors con trol ling ar senic mo bil ity, e.g. soil pH, or ganic 
mat ter, mi cro bial ac tiv ity, pres ence of iron and phos pho rous
(Krysiak and Karczewska, 2007; Ociepa-Kubicka and Ociepa,
2012). Ar senic ac cu mu lates in plants mostly in roots, stems and 
old leaves, while seeds usu ally have the low est con tent of As
(Kabata-Pendias and Pendias, 2001). Con cen tra tion of As in a
plant bio mass reach ing 5–20 ppm DW has toxic ef fects for most 
spe cies, but even lower con tents can re duce plant growth, and
yield in cul ti vated plants (Kabata-Pendias and Pendias, 2001).
How ever, tol er ance mech a nisms to wards high As con cen tra -
tions in tis sues have been re vealed in some plant spe cies e.g.
in the grasses Holcus lanatus and Agrostis tenuis (Por ter and
Pe ter son, 1970). More over, ex tremely large con cen tra tions of
As, reach ing 23,000 ppm DW, were found in Pteris vittata,
which is an ex am ple of a As hyperaccumulator as are sev eral
other fern spe cies (Zhang et al., 2002), and in bras sica Isatis
cappadocica (Souri et al., 2017).

MATERIALS AND METHODS

Soil sam ples were sys tem at i cally col lected within a grid pat -
tern that cor re sponds to the field com plex ity. A to tal of 236 sam -
ples were ob tained from two dis tinct lev els (Fig. 4 – soil sam -
pling points). The doc u men ta tion points were spaced at
20-metre in ter vals. For the first level probes, sam pling was con -
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ducted at a depth of 15–20 cm be low the ground, while the sec -
ond level probes were col lected at a depth of 50–60 cm. Twelve
soil probes were col lected from var i ous lo ca tions within the soil
pro file for two spe cific lo cal i ties. Probes were taken from the
south west ern mine dump, and from the nat u ral soil pro file lo -
cated near a road ditch (Fig. 4 – soil pro file lo ca tion). All the
sam ples col lected un der went a dry ing pro cess in am bi ent tem -
per a ture for ap prox i mately one week, fol lowed by siev ing to en -
sure ma te rial ho mo ge ne ity.

All sam ples col lected were an a lyzed us ing the XRF model
MinPal 4 by PANalytical. The anal y sis was per formed with a
cur rent of 150 mA and a volt age of 14 kV. Each sam ple un der -
went a mea sure ment time of 60 sec onds. The el e ments as -
sessed dur ing the anal y sis in cluded Ti, P, Fe, As, V, Cr, Co, Ni,
Cu, Zn, Ag, Ba and Pb. Con cen tra tions of these el e ments were
re ported in parts per mil lion (ppm). Se lected data were vi su al -
ized as in ter po la tion maps cre ated us ing Surfer 25 made by
Golden Soft ware, Inc., and QGIS De vel op ment Team, 2023,
QGIS Geo graphic In for ma tion Sys tem, soft ware.

Four teen soil sam ples were dis solved in deionized wa ter
and left for 24 hours. Sub se quently, pH mea sure ment was car -
ried out us ing Elmetron CPC-411 pH/con duc tiv ity me ter equip -
ment.

For anal y ses of ar senic and heavy metal con tents in plant
bio mass three spe cies were se lected, which were rel a tively
most com mon in the study area and that rep re sent dif fer ent tax -
o nomic groups: red rasp berry Rubus idaeus L. (pres ent throu -
gh out the study area), wavy hair-grass Deschampsia flexuosa
L. (syn onym Avenella flexuosa (L.) Drejer, pres ent mostly in
open hab i tats in the study area), and nar row buck ler-fern
Dryopteris carthusiana (Vill.) H.P. Fuchs (oc cur ring in a for -
ested part of the study area). Plant ma te rial sam ples were col -
lected from 22 sam pling points sit u ated at var i ous dis tances
from for mer min ing sites (Fig. 4 – plant sam pling points). Two of
the se lected spe cies were pres ent in each sam pling point, be -
sides four plots where only one spe cies oc curred. At each point, 
leaf sam ples were ob tained from a 25 m2 area, com pris ing 8–12 
shoots with a com bined mass of ~20–30 g per spe cies. We se -
lected only green, ma ture leaves, with out signs of yel low ing,
dis ease or soil con tam i na tion. In to tal, we col lected 20 sam ples
of R. idaeus, 10 sam ples of Deschampsia flexuosa, and 10
sam ples of Dryopteris carthusiana. In the lab o ra tory these sam -

ples un der went a dry ing pro cess at a tem per a ture of 100°C for
48 hours. Af ter ho mogeni sa tion ~0.3 g of the ma te rial was min -
er al ized fol low ing the di ges tion pro ce dure of Nawrocka et al.
(2022). This pro cess was con ducted with an UltraWave (Mile -
stone, Sorisole, It aly) mi cro wave di ges tion sys tem in stru ment.
Sub se quently, mea sure ments of ar senic, lead, zinc, cad mium,
co balt, and cop per con tent in the di gested plant sam ples were
made with an ICP-MS spec trom e ter NexION 300D
(PerkinElmer, Schwerzenbach, Swit zer land). All the lab o ra tory
anal y ses of bio mass sam ples were per formed in the Lab o ra tory 
of Biogeochemistry and En vi ron men tal Con ser va tion in the Bi -
o log i cal and Chem i cal Re search Cen tre, Fac ulty of Bi ol ogy,
Uni ver sity of War saw. For pairs of spe cies co-oc cur ring in the
same sam pling lo ca tion (R. idaeus vs. two other spe cies) a
paired t-test was per formed to check whether the con tents of
ar senic and heavy met als dif fered be tween spe cies. More over,
us ing in ter po la tion maps cre ated us ing the re sults of soil anal y -
ses and QGIS soft ware, val ues of As, Co, Cu, Zn, Cd, and Pb
con tents in the soil were ob tained for each point where plant
ma te rial was col lected. Then, sim ple lin ear re gres sion anal y sis
was ap plied to test the re la tion ship be tween the con tent of
those el e ments in the soil (in de pend ent vari ables) and plant
bio mass (de pend ent vari ables). Soil pH was ad di tion ally in -
cluded in the mod els to check for pos si ble in ter ac tions be tween
soil acid ity and el e ment up take by plants, but in none of the
cases was the in ter ac tion term sig nif i cant. Thus, only the re -
sults of sim ple lin ear re gres sion anal y sis were re ported. All the
sta tis ti cal anal y ses were per formed in the R programme (R
Core Team, 2022).

A to tal of six suc tion lysimeters were de ployed in the field
to col lect pore wa ter sam ples. Through out a pe riod of one
year, an ad e quate amount of wa ter for geo chem i cal anal y sis
was only ob tained in two lysimeters po si tioned on the min ing
dumps (SW and NW dump, Fig. 4 – wa ter sam pling points).
Physicho chemical anal y sis was con ducted in-situ for the wa -
ter sam ples us ing Elmetron CPC-411 pH/con duc tiv ity me ter
equip ment. Sam ples were pre served by one drop of pure ni tric 
acid. The wa ter sam ples col lected were sub jected to anal y sis
us ing the ICP-MS (In duc tively Cou pled Plasma Mass Spec -
trom e try) method at the Hydrogeochemistry Lab o ra tory in the
Fac ulty of Ge og ra phy and Earth Sci ences at the Adam
Mickiewicz Uni ver sity.
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Fig. 4. Sam pling points in the vi cin ity of the mine in Czarnów
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Two sam ples of soil with the high est ar senic con cen tra tions
(from the SW dump) were col lected to ana lyse their phase com -
po si tion. The pres ence of all min er als was con firmed by pow der 
X-Ray dif frac tion (PXRD). Iden ti fi ca tion of these min er als was
per formed us ing a pow der X-ray diffractometer X`Pert PRO
MPD by the DSH method. The pa ram e ters of the X-ray beam
were as fol lows CoKa: wave length, fi nally monochromatized by 
par a bolic X-ray mir rors, emit ted from the X-Ray tube with
40 mA and 40 kV cur rent ap plied. X-ray pat terns was re corded
in the 2.5 to 75.99°2q range, with a step size of 0.02°2q. The re -
sults were pro cessed us ing the X-ray anal y sis soft ware X`Pert
Plus HighScore (ver. 2.2e) and the ICDD PDF-2 da ta base.

RESULTS

SOIL

The anal y sis of soil ar senic con tent re vealed no ta ble pat -
terns across two dif fer ent soil lev els (Ta bles 1 and 2). In the first
soil level, the min i mum con cen tra tion of ar senic was 53 ppm,
while in the sec ond soil level, it was slightly lower at 42 ppm.
The max i mum con cen tra tions were sig nif i cantly higher, reach -
ing val ues of 298,957 and 231,480 ppm for the first and sec ond
soil lev els, re spec tively. El e vated val ues, ex ceed ing
100,000 ppm, were re corded for a to tal of 11 sam ples. Ex am in -
ing the cen tral ten den cies, the me dian con cen tra tion of ar senic
in the first soil level was 420 ppm, while in the sec ond soil level,
it was slightly lower at 346 ppm. The mean val ues also dif fered
be tween the two soil lev els, with ar senic con cen tra tions av er ag -
ing 21,776 ppm in the first soil level and 18,245 ppm in the sec -
ond soil level.

The vari abil ity in the data was as sessed us ing the stan dard
de vi a tion, which was found to be 62,387 ppm for the first soil
level and 49,262 ppm for the sec ond soil level. Ad di tion ally, the
25th per cen tile in di cated that 25% of the data fell be low val ues
of 185 ppm in the first soil level and 150 ppm in the sec ond soil
level. In con trast, the 75th per cen tile re vealed that 75% of the
data fell be low val ues of 2,302 ppm in the first soil level and
1,495 ppm in the sec ond soil level. These re sults em pha size
the sig nif i cant vari abil ity in ar senic con tent within the soil lev els
ex am ined.

In the first soil level, the min i mum val ues were ob served for
Co (20 ppm), Cu (12 ppm), Pb (22 ppm) and Zn (16 ppm). Com -
par a tively, the sec ond soil level ex hib ited lower min i mum val -
ues for Co (14 ppm), Cu (11 ppm), Pb (19 ppm), and higher for
Zn (62 ppm). Ana lys ing the me di ans, the first soil level had me -
dian val ues of Co (233 ppm), Cu (44 ppm), Pb (67 ppm), and Zn 
(129 ppm). By con trast, the sec ond soil level dis played lower
me dian val ues for Co (195 ppm), Cu (52 ppm), Pb (48 ppm) and 
Zn (153 ppm). These sta tis tics in di cate vari a tions in el e ment
con cen tra tions be tween the two soil lev els. The first soil level
gen er ally ex hib ited higher min i mum and me dian val ues for Co,
Cu, Pb and Zn com pared to the sec ond soil level. This sug gests 
po ten tial dif fer ences in el e ment avail abil ity and dis tri bu tion be -
tween the two soil lay ers.

The dis tri bu tion of el e ments in the en vi ron ment re veals dis -
tinct anom a lies (Fig. 5). The most sig nif i cant anom a lies are as -
so ci ated with the SW and SE mine dumps, as well as the min ing 
ex ca va tions, par tic u larly in the cen tral part of these ex ca va -
tions. There is a strong sim i lar ity be tween ar senic and co balt, as 
their dis tri bu tions in the re search area are al most iden ti cal. The
dis tri bu tions of cop per, lead and zinc also show prom i nent
anom a lies on the mine dump and within the ex ca va tions, al -
though there are some dif fer ences com pared to the dis tri bu -
tions of ar senic and co balt.

Soil sam ples ob tained from the SW heap for phase anal y sis 
re vealed the ex is tence of iron ar se nates. The sam ples in clude
scorodite (Fe3+AsO4·2H2O) and zýkaite, a rare ar senic sec ond -
ary min eral (Fe3+

4(AsO4)3(SO4)(OH)·15H2O) pre vi ously iden ti -
fied in the nearby lo ca tion in Radzimowice (Siuda and
Januszewska, 2022). These min er als are formed dur ing al ter -
ation of py rite and ar seno py rite, con sti tut ing in te gral com po -
nents of the ar senic-en riched soil. In the sec ond soil level
(Fig. 6), the dis tri bu tion of ar senic is sim i lar to that of the first
level, but it shows larger anom a lies in the vi cin ity of the SW
mine dump.

The pH mea sure ments ob tained span a range of 3.7 to 5.6
across the en tirety of the re search site (Fig. 7). The ag gre gate
soil spec i mens are uni formly in dic a tive of acidic pH lev els. Of
par tic u lar note is the iden ti fi ca tion of the low est pH val ues within 
re gions char ac ter ized by the high est con cen tra tions of ar senic,
namely the SW dump and the min ing ex ca va tions.

The ar senic dis tri bu tion in the soil pro files high lights the im -
pact of the mine dump on con tam i na tion lev els, the dis persal of
ar senic in the sur round ing nat u ral soils, and the con trast ing ar -
senic dis tri bu tion in a purely nat u ral soil pro file (Fig. 8). The first
soil pro file (Fig. 8A) rep re sents the anthropogenic heap de pos -
its (anthropogenic soil). The sec ond pro file (Fig. 8B) de picts
nat u ral soils char ac ter ized by a sandy com po si tion and a lack of 
well-de fined di ag nos tic lev els. These soils fall into the cat e gory
of arenosoil.

In the first pro file, lo cated on the mine dump, the high est
con cen tra tion of ar senic is ob served in the cen tral part of the
pro file within the heap de pos its, reach ing >250,000 ppm. This
ex tremely high level of ar senic in di cates se vere con tam i na tion
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As Co Cu Pb Zn

Min. 53 20 12 22 16

Max. 298957 17923 21589 1150 1542

Mean 21776 1764 1067 140 216

Me dian 420 233 44 67 129

Std. er ror 5311 358 261 18 22

Stand. dev. 62387 4206 3071 206 253

25 per cen tile 185 168 27 47 103

75 per cen tile 2302 412 308 99 193

T a b l e  1

Sta tis ti cal pre sen ta tion of an a lyt i cal re sults from the first soil
level in Czarnów [ppm]

As Co Cu Pb Zn

Min 42 14 11 19 62

Max 231480 14958 12870 1253 1690

Mean 18245 1488 1018 120 233

Me dian 346 195 52 48 153

Std. er ror 4926 336 238 21 25

Stand. dev 49262 3341 2384 211 247

25 per cen tile 150 112 29 36 118

75 per cen tile 1495 382 344 71 230

T a b l e  2

Sta tis ti cal pre sen ta tion of an a lyt i cal re sults from the sec ond
soil level in Czarnów [ppm]

https://doi.org/10.24425/agp.2022.142646
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Fig. 5. El e ment dis tri bu tion in soils and leaves of Rubus idaeus



in that area. The nat u ral soils above the heap are also en riched
in ar senic, al though at a lower level of 4,000 ppm. Be neath the
mine dump, the ar senic con cen tra tion re mains rel a tively high,
av er ag ing around 4,880 ppm. In con trast, the sec ond pro file,
sit u ated within the nat u ral soil pro file, does not show such high
con cen tra tions of ar senic. The high est level of ar senic is found
at the top of the pro file, mea sur ing 340 ppm. The val ues
through out the rest of the pro file are around 100 ppm, show ing
no sig nif i cant di ver sity.

PLANTS

The As con tent in all plant ma te rial col lected ranged from
0.26 to 19.02 ppm DW (mean = 3.40, me dian = 1.46). Among
the heavy met als, Zn had the high est con tent in the plant sam -
ples (28.44–107.77 ppm DW, mean = 55.44), fol lowed by Cu
(3.94–10.40 ppm DW, mean = 6.46), Pb (0.23–4.12 pm DW,
mean = 0.81), Cd (0.03–1.21 ppm DW, mean = 0.35), and Co
(0.05-0.43 ppm DW, mean = 0.16). Rubus idaeus and
Deschampsia flexuosa sam ples had higher max i mum con tents
of As than did Dryopteris carthusiana (Ta ble 3). But, there was
no sig nif i cant dif fer ence be tween the mean con tent of As in R.
idaeus and in two other spe cies (Ta ble 4). By con trast, such dif -

fer ences were found for heavy met als, ex cept Zn (Ta ble 4).
Deschampsia flexuosa ac cu mu lated less Cu and Cd, and more
Pb, than R. idaeus, while Dryopteris carthusiana ac cu mu lated
more Co, Pb and Cd than R. idaeus (Ta ble 4).

The ar senic con tent in the soil had a sig nif i cant im pact on
the As con tent in plant bio mass in all spe cies stud ied, with the
stron gest re la tion ship found for Deschampsia flexuosa (R2 =
0.75) and Dryopteris carthusiana (R2 = 0.66) (Ta ble 5 and
Fig. 9). The only re la tion ships be tween the soil and plant bio -
mass heavy metal con tents were found for Deschampsia
flexuosa (Ta ble 5). In ter est ingly, in that spe cies the con tents of
Co and Pb in plant bio mass re lated neg a tively to the con tents of 
these el e ments in the soil (Ta ble 5).

PORE WATER SAMPLES

The pore wa ters of the mine dumps show el e vated con cen -
tra tions of ar senic. The SW heap shows an ar senic con tent of
651.4 ppb, while the SE dump ex hib its a slightly lower con cen -
tra tion of 638.8 ppb (Ta ble 6). These find ings sug gest a sig nif i -
cant pres ence of ar senic in the wa ter sam ples, which can have
po ten tial en vi ron men tal and health im pli ca tions.
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Fig. 6. Ar senic dis tri bu tion in soil of the first and sec ond level

measured pH

Fig. 7. Mea sured pH of the soils in the vi cin ity of the mine in Czarnów



In terms of the en vi ron men tal con di tions, the pH of the SE
dump was mea sured at 9.4, in di cat ing al ka line wa ter. The tem -
per a ture was re corded as 12°C, and the re dox value as
153 mV. Ad di tion ally, the con duc tiv ity of the wa ter sam ple was
354 µS . The SW dump dis plays a pH value of 7.5, sug gest ing
more acidic con di tions com pared to the SE dump. The tem per -
a ture re mains con sis tent at 12°C, and the re dox value was re -
corded as 166 mV, and the con duc tiv ity as 258 µS.
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Fig. 8. Dis tri bu tion of ar senic in the soil pro files

A – SW heap de pos its; B – nat u ral soil; thou. – thou sand

 Min. Max. Mean Std. error

Rubus idaeus

As 0.32 19.02 3.73 4.23

Co 0.07 0.19 0.12 0.03

Cu 4.72 10.40 6.70 1.40

Zn 31.64 78.87 51.17 14.28

Pb 0.23 1.07 0.42 0.18

Cd 0.11 0.83 0.31 0.16

Deschampsia flexuosa

As 0.39 14.74 4.17 5.30

Co 0.05 0.19 0.10 0.04

Cu 3.94 7.00 4.71 0.89

Zn 32.70 50.06 39.96 5.19

Pb 0.32 1.76 1.00 0.51

Cd 0.03 0.22 0.08 0.05

Dryopteris carthusiana

As 0.26 9.49 2.00 2.72

Co 0.09 0.43 0.29 0.12

Cu 6.33 9.80 7.72 1.06

Zn 28.44 107.77 79.44 22.01

Pb 0.35 4.12 1.41 1.16

Cd 0.46 1.21 0.71 0.23

T a  b l e  3

Sum mary sta tis tics of ar senic and heavy metal con tents in
leaves (in ppm/DW) of Rubus idaeus (rasp berry, n = 20),
Deschampsia flexuosa (grass, n = 10), and Dryopteris

carthusiana (fern, n = 10) in Czarnów

Deschampsia flexuosa–
Rubus idaeus

Dryopteris carthusiana–
Rubus idaeus

Mean diff. p Mean diff. p

As 1.67 0.19 –2.97 0.24

Co –0.03 0.16 0.19 0.00

Cu –1.39 0.00 0.42 0.47

Zn –10.05 0.06 21.87 0.12

Pb 0.58 0.00 1.12 0.04

Cd –0.25 0.01 0.37 0.00

Mean dif fer ence unit is ppm DW; significant re la tion ships (p-value
<0.05) are marked in bold

T a  b l e  4

Re sults of paired t-test on ar senic and heavy metal con tents
in leaves of Deschampsia flexuosa vs. Rubus idaeus (n = 10),

and Dryopteris carthusiana vs. R. idaeus (n = 8) oc cur ring
within the same sam pling points in Czarnów



DISCUSSION

The ar senic con tent in the soils greatly ex ceeds the per mis -
si ble limit of 100 ppm (Reg u la tions, 2016), with the high est con -
cen tra tions ex ceed ing it many times (Ta ble 7). Ad di tion ally, the
me dian value for ar senic is also four times higher than the per -
mis si ble limit. The high est con cen tra tions of ar senic in the soil,
ex ceed ing 100,000 ppm, cor re late with the pres ence of iron ar -
se nates that have crys tal lized within the dump de pos its.

Com pared to other min ing lo cal i ties such as Miedzianka,
Z³oty Stok, ¯elaŸniak and the Up per Silesian In dus trial Dis trict,
the max i mum ar senic con tent in the soils is sig nif i cantly higher
(Karczewska and Bogda, 2006; Krysiak and Karczewska,
2007; Pasieczna et al., 2018). Fur ther more, the co balt con tent
in the first soil level sur passes the per mis si ble limit and, com -
pared to other lo cal i ties, it is also con sid er ably higher. How ever, 

the me dian con tent of other el e ments in the soils does not ex -
ceed per mis si ble lim its, and in some cases, their con cen tra -
tions are even lower than in other lo cal i ties com pared, with a
few ex cep tions. Our find ings high light the alarm ing lev els of ar -
senic and co balt in these soils, which in di cate po ten tial en vi ron -
men tal con cerns.

The el e vated co balt con tent is as so ci ated with the pri mary ore
min eral, ar seno py rite, known for its high co balt lev els (Mikulski,
2010). The dis tri bu tion of both min er als cor re sponds to a com mon
source of ions, namely the weath er ing of ar seno py rite.

The pH mea sure ments of the soils pro vides ev i dence for a
link be tween the ox i da tive deg ra da tion of ore min er als and the
en su ing low er ing of soil pH within the con fines of the min ing
area. The weath er ing of ore min er als there fore seem to re sult in 
the acid i fi ca tion of the sur round ing pedosphere.

Re search into the soil pro files in di cates that the pres ence of
the mine dump sig nif i cantly af fects the ar senic lev els in the soil,
re sult ing in ex tremely high con cen tra tions within the dump ma -
te ri als and grad u ally de creas ing con cen tra tions on mov ing
away, sug gest ing a lo cal ized con tam i na tion source as so ci ated
with the mine dump. The nat u ral soils above the dump also
show el e vated lev els of ar senic, al beit lower than within the
dump de pos its. This in di cates the po ten tial dis persal of ar senic
be yond the im me di ate vi cin ity of the dump.

All spe cies of plants stud ied are good in di ca tors of bio -
available As in a soil and their mean con tents of As were
>1.5 ppm DW, thus higher than av er age val ues in plants from
non-con tam i nated sites (ac cord ingly to the range re ported by
Kabata-Pendias and Pendias, 2001). How ever, nei ther
Deschampsia flexuosa nor Dryopteris carthusiana reached
such high con tents of As in bio mass as the max i mum val ues re -
ported for Deschampsia flexuosa and Dryopteris ssp. from ar -
senic-pol luted sites in the Sudety Mts. by Dradrach et al. (2020). 
Also, the me dian of As con tent in the plant bio mass stud ied was 
lower than re ported by Dradrach et al. (2020) for 13 plant spe -
cies col lected in Z³oty Stok, Radzimowice and Czarnów (me -
dian = 8.9 ppm). But, in the cur rent study in Czarnów, plant
sam ples were col lected along a gra di ent of pol lu tion, not only di -
rectly from min ing dumps or their very close sur round ings.
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Rubus idaeus Deschampsia flexuosa Dryopteris carthusiana

Coef. R2 p Coef. R2 p Coef. R2 p

As   0.21 0.23 0.03   0.41 0.75 0.00   0.61 0.66 0.00

Co –0.05 0.09 0.21 –0.16 0.67 0.00 –0.28 0.18 0.22

Cu   0.04 0.14 0.10   0.02 0.04 0.57   0.05 0.32 0.09

Zn –0.02 0.00 0.89 –0.24 0.39 0.05 –0.40 0.33 0.08

Pb –0.05 0.02 0.57 –0.52 0.65 0.01 –0.35 0.04 0.60

Cd –0.01 0.00 0.95 –0.15 0.03 0.61 –0.01 0.00 0.90

Sig nif i cant re la tion ships (p-value <0.05) are marked in bold

T a  b l e  5

Results of lin ear re gres sion anal y sis per formed for ar senic and heavy metal con tents in soil
and in leaves of Rubus idaeus (rasp berry, n = 20), Deschampsia flexuosa (grass, n = 10), and

Dryopteris carthusiana (fern, n = 10) in Czarnów

Fig. 9. Re la tion ships be tween ar senic con tent in the soil and in
the plant bio mass of three spe cies (rasp berry Rubus idaeus,
grass Deschampsia caespitosa and fern Dryopteris carthu -
siana) stud ied in Czarnów

Lines rep re sent sim ple lin ear re gres sion lines fit ted to the data for
each plant spe cies

[ppb] Na Mg Al K Ca Fe As Co Cu Zn Pb Ni

SW dump 912.4 12597.8 145.6 7450.5 14925.7 236.3 651.4 0.4 24.0 5.1 2.8 5.2

SE dump 656.8 7076.2 34.9 3649.0 5972.3 64.2 638.8 0.5 9.3 4.2 2.0 1.6

T a  b l e  6

Wa ter anal y sis from two lo ca tions

https://doi.org/10.3390/ijerph17093342
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The As con tent in R. idaeus leaves was higher than con -
tents de tected by Kotu³a et al. (2022) in wild and cul ti vated rasp -
ber ries in non-con tam i nated ar eas of Po land (mean con tent in
leaves of a wild crop was 0.12–0.40 de pend ing on the year).
The ar senic con tent of rasp berry leaves in Czarnów was also
higher than in Z³oty Stok min ing dumps, where the As con tent
was 1.3 ±0.1 ppm DW (Jedynak et al., 2012). Leaves of R.
idaeus are of ten used for herbal in fu sions. The max i mum al -
lowed level of As con tam i na tion in a tea is 0.01 ppm DW. De -
spite only 40% of a tea or herb con tam i nant, on av er age, mi -
grat ing into an in fu sion, reg u lar drink ing of herbal tea pre pared
from R. ideaus leaves with As con tents as de tected in Czarnów
may pose a health risk (Wojciechowska-Mazurek et al., 2010).

Kotu³a et al. (2022) found sim i lar or even lower con tents of
heavy met als in rasp berry leaves than in those grow ing in
Czarnów. Pop u la tions of plants oc cur ring in sites highly con -
tam i nated with heavy met als of ten ex hibit higher tol er ance to
the metal stress than pop u la tions from non-con tam i nated sites
(Ernst, 2006). Plants may limit up take of heavy met als from a
soil and their trans port to the above ground bio mass
(Viehweger, 2014). But, many such mech a nisms are ac ti vated
only when metal stress thresh olds are ex ceeded (i.e. metal con -
tam i na tion reaches ex tremely toxic lev els) as such de fence
mech a nisms re quire en ergy and re sources e.g. for syn the sis of
phytochelatins and hor mones (Viehweger, 2014). Thus, the re -
la tion ship be tween the soil heavy metal con tents and those in
plants is not al ways straight for ward, as in di cated also by very
weak re la tion ships in the case of al most all heavy met als and
spe cies stud ied in Czarnów. De fense mech a nisms un der metal
stress are par tic u larly well-de vel oped in Deschampsia flexuosa, 
a rel a tively com mon spe cies which is known as a dom i nant spe -
cies in other sites rich in heavy met als e.g. in the Harz re gion
(Ernst et al., 2004) and in Slovakia (also in places of his tor i cal
min ing ac tiv i ties; Banásová et al., 2006). Al though, no typ i cal
oblig a tory metallophytes grow on the min ing dumps (Ernst,
2006), other spe cies tol er at ing heavy con tam i na tion by As were 
pres ent, such as Agrostis capillaris (Dradrach et al., 2020).

The study area is quite het er o ge neous in terms of to pog ra -
phy, veg e ta tion cover and land use. It is mostly cov ered by a
beech for est (in the NE part), and herb and shrub veg e ta tion
typ i cal of for est clear ings (in the SW part). The pH of soil in the
study area var ied from 3.6 to 5.6 (Fig. 7). Al though we did not

con firm the in flu ence of soil pH on heavy metal up take by plants 
in the study area, other en vi ron men tal fac tors like or ganic mat -
ter, phos pho rus and iron con tent in soil might im pact heavy
metal bioavailability (Ociepa-Kubicka and Ociepa, 2012), and
ob scure the re la tion ship be tween soil and plant bio mass con -
tents of heavy met als. Also, plants can in crease bioavailability
of heavy met als in the rhizosphere by re leas ing a va ri ety of root
exudates, which have pH-low er ing ef fect  (Dalvi and Bhalerao,
2013). Fi nally, dif fer ent el e ment spe cies can vary in their
bioavailability, as is of ten re ported e.g. in the case of Pb (Brown
et al., 1999) and may ex plain the neg a tive re la tion ship be tween
soil and plant bio mass con tent of Pb in our study. Both in the
past and at pres ent, af for es ta tion of the area with co nif er ous
spe cies (in clud ing spruce) was car ried out, which can pro mote
fur ther acid i fi ca tion of soils and may lead to fu ture lo cal
changes in up take of As and heavy met als by plants  (Dradrach
et al., 2019).

Wa ter sam ples were col lected from two dis tinct dumps, de -
noted SW and SE. Dis crep an cies in pH val ues were ob served
be tween the re spec tive sam ple so lu tions, a phe nom e non likely
at trib uted to the com po si tion of the ma te ri als de pos ited on each 
dump. The SW dump pre dom i nantly fea tures ma te ri als re flect -
ing ore ex ploi ta tion, and ma te rial anal y sis re veals the pres ence
of coal frag ments, re lated to fire-ex trac tion of metal from ore.
Con versely, the SE heap in cludes more waste ma te rial, com -
pris ing car bon ate rocks. Vari a tion in the ma te rial de pos ited has
sig nif i cantly in flu enced the physicochemical char ac ter is tics of
the wa ter sam ples col lected. Al ka lin ity is pos i tively cor re lated
with waste rock pres ence, lead ing to higher pH lev els, whereas
acid ity is as so ci ated with ore-de rived ma te ri als, re sult ing in
more acidic wa ter con di tions.

Ar senic con cen tra tions in pore wa ters from min er al ized
soils in SW Eng land range from 93–240 ppb (Haswell et al.,
1985), which is lower than the con cen tra tions found in the SW
and SE dumps in the Czarnów min ing area. Pore wa ters near
Gi ant Mine, Yel low knife Bay, Can ada, shwo an ar senic con tent
of 585 ppb (Andrade et al., 2010), in di cat ing com par a tively
lower con tam i na tion. How ever, at the old min ing site of Jedová
jáma in the Czech Re pub lic, the ar senic con tent in pore wa ters
reaches around 4,600 ppb af ter rain fall, which is sig nif i cantly
higher than the con cen tra tions in the SW and SE dumps
(Drahota et al., 2016).
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[ppm]
Czarnów Reg u la tion

(2016)
Karczewska and

Bogda (2006)
Krysiak and Karczewska

(2007) Pasieczna et al.(2018)

Min-max Me dian The per mis si ble
con tent

Miedzianka, Rudawy
Janowickie Z³oty Stok ¯elaŸniak,

Radzimowice
The Up per Silesian In dus -

trial Dis trict

As
*53–298,95

7
42–231,480

420

346
100 n.d. 272–43,500 100–9,650 10–5,288

Co
*20–17,923

14–1, 958

233

195
200 n.d. n.d. n.d 1–218

Cu
*12–21,589

11–12,870

44

52
600 180–460 5–100 7–3,430 53–13,230

Pb
*22–1,150

19–1,253

67

48
600 139–348 45–320 5.8–2,090 4–54,940

Zn
*16–1,542

62–1,690

129

153
2,000 213–698 51–280 28–3,660 8–55,460

* – first soil level in Czarnów; sec ond soil level in Czarnów is marked in ital ics
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Com par i son of the con tents of As, Co, Cu, Pb, Zn with those from other lo ca tions in Po land, as well as with the reg u la tions of
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In terms of sur face wa ters in Po land, the high est con cen tra -
tions of As are found in Z³oty Stok with 6,830 ppb (Marsza³ek
and W¹sik, 2000) and the Truj¹ca stream with a sig nif i cantly el -
e vated ar senic con tent of 3,778 ppb (Komorowicz and
Bara³kiewicz, 2016). These lev els are much higher than those
ob served in the wa ters from Czarnów. Con versely, Z³otoryja
(0.41 ppb), Legnica (0.21 ppb), and Wa³brzych (0.25 ppb) dem -
on strate con sid er ably lower ar senic con cen tra tions com pared
to the mine dumps of our study, in di cat ing less con tam i na tion of 
their wa ter sources (Komorowicz and Bara³kiewicz, 2016).

Ac cord ing to the Reg u la tions of the Pol ish Min is try of
Health, the ac cept able limit for ar senic con tent in drink ing wa ter
is set at 10 ppb (Reg u la tion, 2017). How ever, the wa ter test ing
re sults from the SW and SE dump re veal that ar senic lev els in
the pore wa ters far ex ceed the ac cept able limit for drink ing wa -
ter. Such high con cen tra tions of ar senic can pose po ten tial
health and en vi ron men tal risks. Mickiewicz and Marsza³ek
(2016) also found in creased ar senic con tents in ground wa ter
(springs) and sur face wa ter (streams) in the Czarnów area. But
the con tent of this el e ment there was many times lower than in
the pore wa ter an a lyzed in this work.

Our find ings un der score the im per a tive for strin gent con trol
mea sures over post-min ing pol lu tion within the study area. No -
ta bly, el e ments such as ar senic and co balt emerge as par tic u -
larly haz ard ous, war rant ing con tin u ous mon i tor ing ef forts. To
ef fec tively remediate con tam i nated soils, sev eral meth ods may
be em ployed. One such ap proach is phytoremediation, which
le ver ages plants with the abil ity to se ques ter toxic el e ments,
and has proved to be ef fi cient (Wei et al., 2006; Martínez-López 
et al., 2014; Lopes et al., 2016). Chem i cal meth ods (im mo bi li -
za tion, soil wash ing) can be ap plied to hin der the dis so lu tion of
ar senic. Fur ther more, bioremediation pres ents ad van tages in
this con text and can be em ployed in con junc tion with other
remediation tech niques (Wan et al., 2020).

SUMMARY

Min ing op er a tions span ning cen tu ries in the Czarnów re -
gion (SW Po land) have played a sig nif i cant role in shap ing a
dis tinct geo chem i cal anom aly. The high est con cen tra tions of

met als and ar senic are ob served in soils de vel oped di rectly on
post-min ing dumps or in their im me di ate vi cin ity. In the study
area, the SW dump re gion stands out, where the high est con -
cen tra tions of el e ments such as ar senic, lead, cop per and co -
balt were found. No clear cor re la tion was ob served be tween the 
con cen tra tion of el e ments and depth in the soil. This may in di -
cate far-reach ing mi gra tion pro cesses of el e ments deep into
the soil pro file. The con tent of ar senic and other toxic el e ments
in pore wa ter col lected from the soils also ex ceeds the per mis si -
ble stan dards. The acidic na ture of the lo cal soils pro motes the
pen e tra tion of these el e ments into pore wa ter. In the study area, 
ac cu mu la tion of As and other toxic el e ments by plants was ob -
served. Ar senic con tents were high in the plant bio mass of all
three spe cies stud ied and were pos i tively re lated with As con -
tents in the soils. The high est max i mum val ues were found in
rasp berry (Rubus idaeus) leaves. The el e ment con tents de -
tected in plant bio mass ex ceed the per mis si ble en vi ron men tal
norms. Such high con cen tra tions of toxic el e ments may pose a
real threat to hu man health, and ex po sure to these haz ard ous
sub stances may lead to a range of health con cerns. As a re sult,
it is im per a tive to closely mon i tor and ad dress these geo chem i -
cal anom a lies to safe guard the well-be ing of the lo cal pop u la -
tion and eco sys tem.
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