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Ac cu mu la tion of 34 trace and ma jor el e ments was ana lysed in 9 plant spe cies (Tussilago farfara, Arctium tomentosum,
Solidago canadensis, Populus L., Eupatorium cannabinum, Verbascum sp., Solanum nigrum, Rumex crispus L., Betula
pendula) and one fun gus (Schizophyllum com mune) col lected from coal, PbZn-smelt ing, and mixed-type waste heaps in Up -
per Silesia (Po land). The most per sis tent and ex treme en rich ment was found in the burnt bark of Betula pendula from Bytom.
En rich ment fac tors in re la tion to the geo met ric mean of el e vated (PE) and hyperaccumulator (PH) plant con tents show ex -
treme val ues for el e ments toxic to veg e ta tion, such as Zn (EFPE up to 13, EFPH up to 17), Pb (EFPH up to 4, EFPE up to 161), Tl
(EFPE up to 8), Cd (EFmax of 327), Hg (EFPH up to 3), and Ag (max i mum EFPE of 14). El e vated are also V (EFPN up to 13), Sc
(EFPN up to 14), Ni (EFPN up to 17), Se (EFPN up to 16), Fe (EFPN up to 48), Co (EFPN up to 23), Sb (EFPN up to 31), and Bi (EFPN

up to 34). Al though the lev els of the el e ments stud ied were usu ally be low po ten tially toxic lev els, they were of ten above the
nor mal ones. Fur ther more, sig nif i cant dif fer ences in the con tents be tween dif fer ent plant tis sues were ob served, as re flected 
in the translocation fac tor (TF). Verbascum sp. and S. nigrum ac cu mu late such el e ments mostly in their above-ground tis -
sues, and may thus be con sid ered use ful in phytoextraction of Zn, Pb and other el e ments. Sl. canadensis and E. cannabinum 
mostly dis play the op po site strat egy, with el e ment im mo bi li za tion in their roots. Ex treme Zn con tents in E. cannabinum,
peak ing in its roots, sug gest it to be a po ten tial Zn phytostabilizer.

Key words: toxic met als, burn ing heaps, en vi ron ment con tam i na tion, coal/smelt ing waste, plant hyperaccumulation, el e ment 
translocation.

INTRODUCTION

BURNING COAL-MINING WASTE HEAP ENVIRONMENT

Long-term coal min ing in Po land has led to sig nif i cant land -
scape trans for ma tion, with set tling ponds, per im e ter ditches,
and – most im por tantly – nu mer ous waste heaps. The lat ter
con tain vast amounts of post-min ing waste rocks (coal rem -
nants, shales, and other sed i men tary and mi nor non-sed i men -
tary rock types) with masses reach ing tens of mil lions of met ric
tons. Heap for ma tion and their long-term ex is tence are lead ing
to sub stan tial en vi ron men tal dis tur bance. Many of the heaps
are af fected by fires (and are herein re ferred to as BCWHs, for
burn ing coal-min ing waste heaps). The fires are ini ti ated by
spon ta ne ous coal com bus tion pre ceded by ini tial coal ox i da tion
and self-heat ing. As a re sult, en tire lev els of the waste burn, of -
ten with mul ti ple fire foci, in a pro cess that may last for tens of

years. Remediation of the BCWHs is very cost-con sum ing.
This is es pe cially true in the case of large heaps, of area of ten
>100 ha (e.g., the BCWH in Czerwionka-Dêbieñsko, Up per
Silesian Coal Ba sin, or USCB) and height >100 m a.g.l. (e.g.,
138, the “Szarlota” BCWH in Rydu³towy – the high est heap in
Eu rope; PZPWŒ, 2004).

Self-heat ing, the causes and evo lu tion of the com po nent
pro cesses be ing char ac ter ized by Wag ner (1980), Cebulak et
al. (2005) and Sokol et al. (2005), trig gers long-term waste rock
trans for ma tion; the pro cesses are grouped into high-tem per a -
ture (~330–1200°C) pyrometamorphic, mod er ate-tem per a ture
(~up to 500–600°C) ex ha la tive, and low-tem per a ture (<50°C)
supergene (e.g., Srebrodolskiy, 1989; Nasdala  and Pekov,
1993; Stracher, 2007; Kruszewski et al., 2018, 2019, 2021;
Kruszewski, 2013). Pyrometamorphism in cludes ini tial rock fu -
sion, par tial or com plete melt ing, and par tial (re)crys tal li za tion
from lo cally formed melts, mainly gov erned by solid-phase
physico-chem i cal trans for ma tions and gas eous mat ter trans fer. 
The fire gas as cent is also re lated to ex ha la tive pro cesses: min -
eral crys tal li za tion di rectly from the gas phase (con den sa tion,
i.e., desublimation) or via gas-waste pneu mato lyt ic/hy dro ther -
mal in ter ac tion, so lu tion crys tal li za tion, and evap o ra tion. The
supergene pro cesses are ei ther low-tem per a ture evap o ra tive
crys tal li za tion or weath er ing. Coal fire gas chem is try mainly
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com prises H2O, CO2, some CH4 and CO, other hy dro car bons
(aliphatics, aromatics, cycloalkanes, and their alkyl and
halogenated de riv a tives), and, most likely, some (semi)metal
and non metal hy drox ides, car bon yls, nitrosyls, hy drides, and
organo(semi)metallics. These gases and newly formed min er -
als are sources for lo cal anom a lies of am mo nium, B, F, K, Na,
Ca, Mg, Al, Ti, Cr, V, Mn, Fe, Ni, Cu, Zn, Ga, Ge, As, Se, Br, Sr,
REE, Mo, Ag, Cd, In, Sn, Sb, Te, I, Ba, Re, Au, Hg, Tl, Pb, Bi,
Th, and U. The ex ha la tive and supergene min er als that may in -
flu ence lo cal wa ters due to their un sta ble na ture (in clud ing sol u -
bil ity), are mainly sul fates and halides (mainly chlo rides, with
mi nor fluoro sili cates, fluoroaluminates, and flu o rides) of NH4, K, 
Mg, Fe, Al, Ca, and Na (Kruszewski et al., 2018, 2019, 2021).
The list of the or ganic com pounds de pos ited in the BCWH en vi -
ron ment was fur ther up dated by Nádudvari et al. (2018).

SOURCES OF ELEMENTS IN THE BCWHs

Coal’s or ganic mat ter is well-known to fix many el e ments
via ligand co or di na tion (e.g., Montross et al., 2020). This phe -
nom e non was largely ad dressed by Ketris and Yudovich
(2009), who re ported Coal Clarkes (av er age world wide coal
con tents), of mainly trace el e ments (TEs). They also re port the
Coal Af fin ity In dex (CAI) for the par tic u lar TEs. Seredin and
Finkelman (2008) de liv ered a de tailed re view of ex treme TE
con tents in coals. Their re ported max i mum lev els, in ppm, are
100 for Ag, 32000 for As, 15 for Au, 9000 for B, 22000 for Ba,
330 for Be, 170 for Cd, 1185 for Ce, 932 for Co, 3200 for Cr, 75
for Cs, 7000 for Cu, 198 for Ga, 2116 for Ge, 45 for Hf, 1000 for
Hg, 2685 for La, 747 for Li, 3200 for Mo, 300 for Nb, 3490 for Ni,
1900 for Pb, 6.1 for Pd, >10 for Pt, 408 for Rb, 46 for Re, 5800
for Sb, 700 for Sc, 2900 for Se, 2800 for Sr, 500 for Th, 420 for
Tl, 14100 for U, 10600 for V, 2800 for W, 1400 for Y, 19000 for
Zn and 1852 for Zr. As much as 8.1 ppm Bi, 0.14 ppm In, 168
ppm Se, and 0.08 ppm Te was found in coal nanotubes from
the Ruth Mul lins coal fire site (Silva et al., 2012). The listed val -
ues are much higher than typ i cal con tents in both the Earth’s
crust (e.g., Parker, 1967), and plants (e.g., Kabata-Pendias and 
Pendias, 2001). In deed, some coal de pos its are mined for rare
el e ments – es pe cially Ge, but also Sb and Cs – that are of ten
rec og nized as crit i cal or stra te gic ma te ri als. This mat ter is worth 
a closer look when ad dress ing veg e ta tion, es pe cially since
plants have been sug gested by some au thors as a po ten tial in -
dus trial source of such ma te ri als (e.g., Liu et al., 2020; Vural,
2017; Novo et al., 2015).

VEGETATION OF THE HEAP HABITATS

Geochemically ex treme con di tions in the heaps lead to the
de vel op ment of hab i tats where a small num ber of plant spe cies
are able to sur vive (es pe cially on ster ile heaps; Bârlea and
Ardelean, 2009) or where dis tinc tive fauna and flora flour ish.
Such ex treme sites may be re lated to anom a lous toxic metal
con cen tra tions, as ex em pli fied by mer cury in an ex ten sively
stud ied Wuda coal fire zone (Li et al., 2018). The veg e ta tion
struc ture of heaps is of ten sim ple and char ac ter ized by low spe -
cies di ver sity. Anom a lies in plant de vel op ment are also ob -
served (Alekseenko et al., 2018). Such ex treme en vi ron ments
are thus es pe cially at trac tive for study ing the eco log i cal tol er -
ance of par tic u lar spe cies and the in flu ence of stress ors on bi o -
log i cal com mu ni ties.

Stud ies of the di ver sity of spon ta ne ously de vel op ing veg e -
ta tion on heaps are es pe cially im por tant for proper plan ning of
remediation. As noted by many au thors, the iden ti fi ca tion of lo -
cal spe cies able to form pop u la tions and achieve re pro duc tive

suc cess in such ex treme hab i tats is im por tant for the re duc tion
of rec la ma tion costs (Rostañski, 2006). Plant spe cies spon ta -
ne ously ex pand ing around post-in dus trial ar eas are ex cel lent
in di ca tors of hab i tat con di tions (Zaj¹c and Zarzycki, 2013), with
some spe cies be ing pi o neers in this field.

The spe cies com po si tion of some of the Pol ish heaps is well 
known (e.g., Hanczaruk, 2017; Hanczaruk and Kompa³a-B¹ba,
2019; Rostañski and WoŸniak, 2000). The last au thors stud ied
veg e ta tion in 112 coal mine spoil heaps within the USCB. Re -
cently, self-heat ing dumps have also at tracted sci en tists to
study their bo tan i cal com po si tion. For in stance, Abramowicz et
al. (2020) showed a dom i nance of spe cies from the Asteraceae
fam ily on two BCWHs in the USCB (Bytom and Ruda Œl¹ska
sites). They pointed out that the veg e ta tion spread ing in such
an en vi ron ment is af fected by a range of fac tors, in clud ing heap
shape, ex po sure, and ther mal ac tiv ity.

The re la tion ship be tween soil type with its physicochemical
prop er ties and veg e ta tion has also been ad dressed
(Kompa³a-B¹ba et al., 2019). Plants able to grow in such un fa -
vor able con di tions, e.g., the met al lif er ous ar eas of post-in dus -
trial sites, must have de vel oped strat e gies for sur vival (Siwek et
al., 2008; Hanczaruk and Kompa³a-B¹ba, 2019). Al though
vary ing from spe cies to spe cies, toxic el e ments de rived from
the sub strates have ac cu mu lated in most parts of the plants
(Baker, 1981; Hanczaruk and Kompa³a-B¹ba, 2019). Im por tant
sources of po ten tial plant tox ic ity in the coal-min ing in dus trial
en vi ron ment come from coal ash and PAHs de pos ited in lo cal
soils, as ex em pli fied by a study by Atanassova et al. (2018).
Fur ther more, soils may be largely in flu enced by fires (coal fires,
veg e ta tion fires), e.g., by en rich ment in or ganic ni tro gen and
car bon due to gas eous emis sions, and changes in soil mois ture 
con tent (Mar ti nez and Ressler, 2001; Knicker, 2007;
Tobin-Janzen et al., 2015). They act as scav en gers of fire-de -
rived pol lu tion (Querol et al., 2011). Dump veg e ta tion, in turn,
not only causes vari a tions in soil lev els of biophilic el e ments
and their par tic u lar forms (es pe cially ni trate and am mo nium ni -
tro gen, due to min er al iza tion pro cesses), but may also in flu -
ence the slope sta bil ity of heaps (Tripathi et al., 2012).

Con cen tra tion lev els of heavy met als stored by plant tis sues 
are of ten higher than in sur round ing soils and are spe cies-
(Stefanowicz et al., 2016) and fam i lies-de pend ent (Hobbs and
Streit, 1986). The abil ity of veg e ta tion to ac cu mu late el e ments
may play an im por tant role in mat ter trans fer within heaps.
Stefanowicz et al. (2016) stud ied con cen tra tions of 9 met als in
roots and shoots of plants from Zn-Pb met al lur gi cal waste
heaps and ob served much higher lev els of, e.g, Cd, Pb, Tl, and
Zn in plant tis sues than “val ues for a ref er ence plant”. Sim i lar
stud ies were made by Nadgórska-Socha et al. (2013, 2015).
Most of these stud ies fo cus on a few (Pb, Zn) met al lur gi cal
waste heaps.

UPTAKE AND MIGRATION OF ELEMENTS IN PLANTS

Met als ex ist mainly in the soils in a form that is not
bioavailable to plants. Re leas ing root exudates, how ever,
plants may in crease metal sol u bil ity by change of rhizosphere
pH (Dalvi and Bhalerao, 2013). Sub se quently, metal ions may
en ter into a plant shoot via two main mech a nisms: pas sive dif fu -
sion (apoplastic path way) and ac tive trans port (symplastic path) 
through the plasma mem branes. Later, met als are complexed
with chelators (Clem ens, 2001; Hall, 2002) and mostly im mo bi -
lized (Thakur et al., 2016; Yan et al., 2020). Re ten tion in the
roots is a re sis tance mech a nism to toxic el e ments or high con -
cen tra tions of met als, and thus the larg est amount of met als are 
ac cu mu lated in the roots. How ever, some plants (hyper -

2 Marta Wojewódka-Przyby³ et al. / Geo log i cal Quar terly, 2022, 66: 30



accumu lators) have an abil ity to translocate a high con tent of
met als through the xy lem by dint of a symplastic path way
(Thakur et al., 2016). How ever, plants adopt dif fer ent strat e gies
to cope with high con cen tra tions of dif fer ent met als. This means 
that the same plant spe cies be have dif fer ently in re la tion to dif -
fer ent el e ments: some el e ments may be ac cu mu lated in the
roots, whereas oth ers are trans ferred to the above-ground tis -
sues. For in stance, spec i mens of Noccaea caerulescens have
a great abil ity to ac cu mu late ex treme con cen tra tions of Zn in
com par i son to non-hyperaccumulators (Peer et al., 2006).
Polymetallic ac cu mu la tion also ex ists, e.g., Thlaspi goesin -
gense ac cu mu lates Ni, Zn Co, and Mn (Baker et al., 2000).

Ac cord ingly, veg e ta tion in the heaps may play a dual role in
el e ment cy cles. De spite ex ten sive re search re gard ing the con -
tent of spe cific el e ments in dif fer ent plant tis sues, there are still
gaps in knowl edge that are cru cial to es tab lish ing a proper man -
age ment strat egy for pol luted ar eas. De pend ing on the spe cies
strat egy re gard ing el e ment man age ment, they may im mo bi lize
pol lut ants and may thus be use ful in phytoremediation.  Also,
due to bioaccumulation in shoots, they may trans fer par tic u lar
el e ments to higher strata of the food chain, which poses a threat 
to hu man and wild life health. Be cause of this en vi ron men tal risk 
and the po ten tial of veg e ta tion for the re cov ery of rare el e -
ments, it is es sen tial to know what kind of strat e gies are
adopted by par tic u lar spe cies to wards par tic u lar el e ments.
There fore, the main goal of our re search was to eval u ate the
po ten tial of el e ment ac cu mu la tion by nine cho sen plant spe cies
(Solidago canadensis, Rumex crispus L., Arctium tomentosum, 
Verbascum sp., Populus L., Betula pendula, Tussilago farfara,

Solanum nigrum, Eupatorium cannabinum) and one fun gus
(Schizophyllum com mune). These plant spe cies were cho sen
be cause they con sti tuted the dom i nant taxa of the plant com -
mu nity, whereas the fun gus Sc. com mune was se lected due to
its ex ten sive and dense cover on Populus L.

To this pur pose, the chem i cal com po si tion of dif fer ent parts
of the plants was an a lysed. The data ob tained are dis cussed in
the con text of en rich ment in re la tion to Coal Clarkes, lo cal
coals, lo cal shales, and plant con cen tra tions (in clud ing mean,
mod er ately el e vated – po ten tially toxic, and hyperaccumulation
lev els). This com par i son was to make pre lim i nary as sess ment
of po ten tial en vi ron men tal risks re lated to pol lut ant dif fu sion.
Translocation fac tors were cal cu lated for four spe cies
(Verbascum sp., S. nigrum, E. cannabinum, Sl. canadensis) to
ad dress their po ten tial as hyperaccumulators. The re sults ob -
tained will help plan fur ther, more de tailed, stud ies.

MATERIALS AND METHODS

STUDY AREA AND SAMPLING

The study area is lo cated within the Up per Silesian Coal Ba -
sin, south ern Po land (Fig. 1 and Ap pen dix 1).  Nine plant spe -
cies (Sl. canadensis, R. crispus L., A. tomentosum, Verbascum
sp., Populus L., B. pendula, T. farfara, S. nigrum, E. canna -
binum), and one fun gus spe cies (Sc. com mune), that are wide -
spread in the heaps stud ied, were col lected.
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Fig . 1. Lo ca tion map of the Up per Silesian Coal Ba sin (USCB) in Po land and the heaps
sam pled in the USCB

Sam pling de tails on the Bytom-Stroszek heap in set: 1 – riv er side, 2 – burn ing slope, 3 –
pla teau, 4 – smelt ing-waste part



Plant sam ples were col lected es pe cially from BCWH no. 4a
in Bytom (Stroszek dis trict, at the bor der with the Radzionków
Nowy dis trict of Radzionków). This heap is re lated to
“Powstañców Œl¹skich” mine ac tiv ity, and be sides coal wastes,
it also col lects post-smelt ing PbZn(CdAgTl)-rich slags due to
past PbZn min ing in the area. This large (11.6 ha; Parusel,
2003) heap has been burn ing strongly since at least 2018; start -
ing from about 2019, the fire has spread over a ridge-like pile of
the heap, on the em bank ment of Szarlejka River (Fig. 2). Due to 
the mixed char ac ter of the waste and the vi cin ity of a fresh
subsurface fire, the sam ples were col lected in both coal- and
slag-rich ar eas, close to the burn ing wall and fire front. The first
col lect ing spot is di rectly at the river bank; here, sam ples of
Verbascum sp. (mul lein), R. crispus L. (curly dock), and A.
tomentosum (wooly/downy bur dock) were col lected. In a zone
above, i.e., im me di ately be low the burn ing es carp ment, burnt
and un burnt branch frag ments of B. pendula (birch) were col -
lected. These were de rived from trees once grow ing within the
burn ing es carp ment, and then fallen due to their roots be ing
burnt out. The holes thus formed glowed at their bot toms, and
the lo cal gases were shown (via a por ta ble Fou rier-Trans form
In fra Red spec trom e ter) to be re duced, with methyl disulphide
as a ma jor com po nent (un pub lished re sults). Within the es carp -
ment, a nar row area min er al ized with greenockite (CdS), a
Cd-Sb sul phide, na tive bis muth, and prob a bly also lo cally en -
riched in Ni and Mo, with the sur face tem per a ture reach ing
800°C, was once pres ent (P. Kosa³ka pers. comm.; £.K. por ta -
ble X-Ray Flu o res cence study). The pres ence of greenockite
with bis muth drop lets has been con firmed by Nowak et. al.
(2020). Most branches of Populus L. were cov ered by Sc. com -
mune fun gus. Riverfront, burnt slopes with Populus L. (pop lar)
trees still stand ing were also sam pled. An other sam ple of
Verbascum, and a sam ple of lo cally abun dant Sl. canadensis
(Ca na dian gold en rod) were col lected from the top of the heap,
close to the burn ing es carp ment. The Verbascum sp. was
grow ing by a thin fire-crack, the gases emit ted be ing en riched in 
AsH3 (~3 ppm). The fi nal Bytom sam ple, of T. farfara (coltsfoot), 
was de rived from slag wastes in the heap cen tre.  In Zabrze, a
sam ple of S. nigrum (black night shade) was col lected on the
“Ruda” heap, Biskupice dis trict. This heap, 35 ha in area,
formed by the “Zabrze-Bielszowice” mine, has been burn ing
since at least 2004 (£.K. field ob ser va tions). Now a days, the fire
is still ac tive even de spite rec la ma tion. S. nigrum was the only
plant grow ing near the lo cal fumarolic vents (not in clud ing some 
un iden ti fi able, burnt stems). The heap is lo cated di rectly on the
bank of Bytomka river, with very sa line wa ter (a min er al iza tion
of ~1500 mg/L was de ter mined in situ, re lated to mine-de rived
brine dump ing and brine-rich waste pore wa ter – e.g., Pa³ys,
1966). The third sam ple of Verbascum sp. was col lected from
the large pla teau of a strongly burn ing south ern pile of the fa -
mous “Szarlota” (Ruch 1 cones) heap in Rydu³towy – the high -
est heap in Eu rope (~138 m high; 37.8 ha area; PZPWŒ, 2004), 
re lated to the “Rydu³towy-Anna” mine. A sec ond sam ple –
E. cannabinum (hemp-agrimony, holy rope) – was col lected
from slag wastes that come from the “Kopyto” heap (on the
shores of the “Ajska” pond) of the for mer Guidotto smelter. This
area is in the Lipinka River val ley, part of which is a na ture-land -
scape con ser va tion area. The smelt ing-slag sub strate was
probed for com par i son with the coal-waste one.

LABORATORY WORK AND CHEMICAL ANALYSIS OF THE PLANTS

At a lab o ra tory, the col lected sam ples were shorn of dead
shoots and thor oughly washed with tap wa ter fol lowed by
deionized wa ter. The plants were split into roots and shoots,
and, if pos si ble, into flow ers. They were then dried at 60°C for
48 h. In to tal, 9 shoots (Verbascum – 3 sam ples; Solidago,

Rumex, Arctium, Tussilago, Solanum, Eupatorium), 4 roots
(Solidago, Verbascum, Solanum, Eupatorium), 4 stems
(Solidago, Tussilago, Solanum, Eupatorium), 2 flow ers
(Solidago, Eupatorium), 2 wood, 3 bark, and 1 pericarp sam ples 
were ob tained, to tal ling 25 sam ples. The dried parts were
ground, ho mog e nized, and split into two subsamples. On the
first subsamples the con cen tra tion of 34 el e ments (Al, Ca, Fe,
K, Mg, P, S; As, Au, B, Ba, Bi, Ca, Cd, Co, Cr, Cu, Ga, Hg, La,
Mn, Mo, Ni, Pb, Sb, Se, Sr, Te, Ti, Tl, U, V, W, Zn; rare earth el -
e ments, REEs: La, Sc, Th) were mea sured by In duc tively Cou -
pled Plasma Mass Spec trom e try (ICPMS) at a com mer cial lab -
o ra tory (Bu reau Veri tas, VG101 pro ce dure). Ad di tional el e -
ments – Be, Ce, Cs, Ge, Hf, In, Li, Nb, Pd, Pt, Rb, Re, Sn, Y, Ta, 
and Zr – were only mea sured in se lected sam ples, within a re -
con nais sance for fur ther, ex tended stud ies planned. One-gram
sam ple aliquots were first dis solved in HNO3 and then aqua
regia di ges tion of raw ma te ri als (i.e., with out ashing) was used
due to sus pected el e vated amounts of As, Se, and Hg. Other
subsamples were used to mea sure to tal ni tro gen (TN), to tal or -
ganic car bon (TOC), and to tal hy dro gen (TH). These el e ments
were de ter mined us ing the Vario MicroCUBE el e men tal an a -
lyzer at the In sti tute of Geo log i cal Sci ences PAS in War saw.
Sulfanilic acid was used as a stan dard for anal y sis, and the typ i -
cal an a lyt i cal er ror was smaller than 0.1%.

INITIAL DATA PROCESSING

The el e ment con cen tra tions ob tained were com pared to
cal cu lated geo met ri cal means (Mg) of typ i cal (nor mal, back -
ground) lev els (PN), ex cess, po ten tially toxic lev els, found in
pub lished data (see Ta ble 1 for ref er ences), herein re ferred to
as PE. En rich ment fac tors (EFs) were then cal cu lated, by di vid -
ing our val ues by the Mg val ues (Ta ble 1). The EFs are thus ex -
pressed as mul ti ples. EFs were also cal cu lated con sid er ing the
Mg of ex treme (hyperaccumulator) plant con cen tra tions (PH),
Coal Clarkes (CC, i.e., mean world wide coal con tents), lo cal
coal (LC), and lo cal shale (LS) lev els. EFs ³2 were treated as
anom a lies. Al though the means ob tained were usu ally based
on large datasets, the mean ex cess lev els should be treated
with care as they are only rough es ti mates. This is due to large
dis crep an cies in the lit er a ture re lated to both the geo chem i cal
char ac ter of the lo cal soils and the spe cies-de pend ent be hav ior
of the par tic u lar el e ments. Fur ther more, translocation fac tors
(TFs) were cal cu lated for Sl. canadensis, S. nigrum, and E. can -
na binum, to as sess the po ten tial of these plants as hyper -
accumulators (McCutcheon and Schnoor, 2003; Wei et al.,
2005; Sasmaz et al., 2021).

CORRELATION ANALYSIS

Cor re la tion anal y sis was per formed for fur ther ex plo ra tion of 
the chem i cal data. The nor mal ity of dis tri bu tion was checked
us ing the Shapiro-Wilk test. The Levene test was run to check
the homoscedasticity of the dataset. Nor mal ity tests dis played a 
non-nor mal dis tri bu tion of the data, while the Levene test
pointed out heteroscedasticity of the data. There fore, the Kend -
all Rank Cor re la tion Co ef fi cient was used to in ves ti gate re la -
tion ships be tween the given chem i cal vari ables. Prior to these
anal y ses, the data set was nor mal ized by log ra tio. All sta tis ti cal
cal cu la tions were per formed us ing R soft ware.

To avoid in cor rect con clu sions, the re sults of Li, Be, Ge, Rb, 
Y, Zr, Nb, Pd, In, Se, Ce, Hf, Ta, Re, Pt anal y sis were ex cluded
from the sta tis ti cal pro cess ing be cause of the small num ber
(n = 4) of ob ser va tions. Con cen tra tion val ues be low de tec tion
lim its com posed <15 % of the whole dataset; there fore, they
were in cluded in fur ther pro cess ing.

4 Marta Wojewódka-Przyby³ et al. / Geo log i cal Quar terly, 2022, 66: 30
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Sam -
ple BST-VSc BST-VRc BST-VAt BST-VV1 BST-VV2 RDT-VV NRS-VV

BST-FSc
Typ i cal /

toxic level2
Plant

part1 S F R St S S S S R S S

Spe -

cies
Solidago canadensis

Rumex
crispus L.

Arctium
tomen -
tosum

Verbascum sp.
Schizo -
phyllum

com mune

Trace el e ments [ppm]

B 212 80 46 55 31 30 26 45 21 37 21 8.0 60 / 47

Sc 0.40 0.40 0.60 0.30 0.20 0.40 0.20 0.20 0.20 0.30 0.20 1.1 0.08

V 2.0 <2.0 7.0 <2.0 <2.0 7.0 3.0 4.0 2.0 2.0 <2.0 <2.0 0.52 (7.5)

Cr 2.6 3.3 9.3 2.0 2.6 8.9 4.3 5.2 3.1 3.4 2.9 9.7 1.6 (1920)

Mn 65 56 140 21 47 128 125 254 111 108 62 59 134 (1178)

Co 1.4 0.94 2.6 0.43 0.16 1.1 1.0 0.96 0.57 0.33 0.45 1.1 0.14 (108)

Ni 3.2 2.5 7.0 1.5 4.0 10 2.8 4.5 6.2 19 2.1 5.0 1.1 (434)

Cu 21 19 30 15 17 28 53 70 76 14 16 28 6.3 (80)

Zn 200 173 290 233 146 450 362 746 483 39 42 280 43 (195)

Ga <0.10 <0.10 0.50 <0.10 <0.10 0.60 0.30 0.30 0.20 0.40 0.10 0.90 2.2 (125)

As <0.10 1.2 1.3 <0.10 1.4 9.0 1.7 3.8 2.4 0.90 <0.10 1.9 5.8 (72)

Se 3.2 2.1 1.9 1.2 0.60 0.50 0.90 0.90 0.80 1.7 0.60 0.70 0.24 (8.3)

Sr 54 39 75 43 15 68 48 44 25 21 15 31 48

Mo 0.50 0.35 0.73 0.33 5.4 2.9 0.61 1.3 1.1 0.66 0.30 0.49 0.62 (488)

Ag 0.15 0.15 0.15 0.04 0.15 0.31 0.24 0.33 0.38 1.1 0.24 0.21 0.50 (0.18)

Cd 4.4 5.0 8.3 4.8 0.78 2.5 2.4 5.7 8.3 0.25 0.10 6.0 0.11 (12)

Sb 0.21 0.56 1.6 0.54 0.17 0.91 1.3 2.2 1.9 0.37 0.10 1.3 0.16
(<0.20)

Te <0.02 <0.02 <0.02 <0.02 <0.02 <0.02 0.05 <0.02 <0.02 <0.02 0.03 0.03 0.07 (2.0)

Ba 9.4 7.4 30 8.1 38 641 20 33 23 8.9 12 21 121 (500)

La 0.18 0.16 1.3 0.01 0.18 2.3 0.73 0.82 0.37 0.78 0.25 2.1 0.13

W <0.10 <0.10 <0.10 <0.10 <0.10 0.30 0.10 0.30 0.20 <0.10 <0.10 0.20 2? (36)

Au 0.002 0.003 0.001 0.001 0.004 0.007 0.001 0.003 0.003 0.003 0.003 0.002 0.004

Hg 0.24 0.16 0.06 0.02 0.03 0.06 0.18 0.10 0.06 0.08 0.04 0.08 0.002 (20)

Tl 0.06 0.06 0.19 0.12 1.7 1.1 0.34 2.4 1.1 0.07 <0.20 0.12 0.04 (0.45)

Pb 16 22 53 5.5 14 122 77 178 132 428 2.6 55 1.8 (5.5)

Bi <0.02 <0.02 0.07 <0.02 <0.02 0.22 0.16 <0.02 <0.02 0.40 0.09 0.19 <0.02

Th 0.10 0.10 0.50 0.20 0.20 0.70 <0.10 0.30 0.20 0.30 <0.10 1.1 0.20 (35)

U 0.05 0.04 0.33 <0.01 <0.01 0.16 0.13 0.07 0.03 0.12 0.03 0.36 2.0

Main el e ments [wt.%]

Na 0.019 0.022 0.02 0.039 0.769 0.115 0.05 0.055 0.027 0.049 0.04 0.018 3.28

Mg 0.487 0.395 0.28 0.197 0.519 0.308 0.40 0.504 0.308 0.222 0.20 0.189 0.40

Al 0.01 0.02 0.12 <0.01 0.02 0.19 0.06 0.08 0.04 0.06 0.03 0.17 0.007

P 0.117 0.181 0.053 0.083 0.858 0.349 0.24 0.236 0.292 0.165 0.24 0.31 0.08

S 0.82 0.69 0.23 0.30 0.56 0.40 0.59 0.24 0.16 0.19 0.22 0.40 0.21 (0.35)

K 0.96 1.61 0.79 1.65 5.93 4.78 1.3 2.35 1.46 2.83 1.2 0.33 0.90 (2.9)

Ca 1.63 1.08 1.73 0.67 0.44 1.46 1.3 1.46 0.44 0.65 0.83 0.63 1.90

Ti 0.0009 0.001 0.004 0.0004 0.002 0.007 0.002 0.003 0.001 0.002 0.001 0.005 0.001

Fe 0.074 0.075 0.326 0.018 0.056 0.374 0.31 0.216 0.094 0.106 0.05 0.432 0.02

T a  b l e  1

Re sults of bulk ICP anal y ses of the veg e ta tion sam ples col lected in the waste heaps of the Up per Silesian Coal Ba sin
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Sam -
ple BST-VA BST-Bp BST-VTf ZBB-VSn SWA-VEc

Plant
part W B W Bn Bb S St S St R S R F St

Spe -
cies Populus L. Betula pendula Tussilago

farfara Solanum nigrum Eupatorium cannabinum

Trace el e ments [ppm]

B 7.0 28 13 14 36 43 40 34 32 20 99 12 53 17

Sc 0.20 0.20 0.20 0.20 0.60 0.80 0.20 0.30 0.20 0.10 0.30 0.30 0.30 <0.10

V 2.0 <2.0 <2.0 <2.0 5.0 5.0 <2.0 2.0 <2.0 <2.0 3.0 3.0 5.0 <2.0

Cr 3.4 2.8 1.9 3.6 4.6 5.6 2.5 3.0 2.4 3.0 4.0 4.5 8.4 1.7

Mn 6.0 27 15 50 147 715 163 663 326 172 210 216 129 27

Co 0.14 0.46 0.10 0.33 3.1 3.2 0.87 0.90 0.62 0.76 0.88 1.3 0.73 0.10

Ni 2.1 3.4 0.90 3.6 7.6 5.7 1.8 3.5 2.2 3.2 3.4 5.6 6.0 0.70

Cu 6.2 14 5.1 16 16 24 9.4 25 15 19 17 24 22 6.7

Zn 72 411 233 508 1060 3150 976 235 230 235 1760 2640 1200 305

Ga 4.9 4.6 <0.10 <0.10 0.60 0.50 0.10 0.20 <0.10 <0.10 0.30 0.50 0.30 <0.10

As <0.10 0.30 <0.10 0.10 0.30 23 6.4 0.90 0.50 1.0 81 140 58 9.7

Se 0.30 0.80 <0.10 0.50 3.8 1.6 1.3 0.50 0.40 0.30 0.70 0.70 0.50 0.30

Sr 23 129 19 41 129 93 71 46 51 29 48 15 25 17

Mo 0.08 0.37 0.28 0.36 1.4 0.96 0.32 1.6 0.76 0.83 0.82 0.79 0.76 1.0

Ag 0.10 0.26 0.09 0.34 0.13 1.0 0.30 0.12 0.07 0.08 2.6 4.0 1.2 0.31

Cd 1.1 6.3 0.80 2.4 29 31 12 8.7 5.6 4.4 36 18 15 24

Sb 1.7 1.5 0.39 2.1 12 0.51 1.5 0.32 1.4 1.4 1.8 2.9 1.9 1.1

Te <0.02 <0.02 <0.02 0.04 0.12 <0.02 0.03 <0.02 <0.02 <0.02 <0.02 <0.02 <0.02 <0.02

Ba 3.2 17 17 50 66 19 8.4 44 51 27 36 58 27 5.3

La 0.03 0.14 <0.01 0.20 1.2 1.2 0.24 0.42 0.14 0.09 0.48 0.66 0.33 0.01

W <0.10 <0.10 <0.10 0.10 0.30 0.10 <0.10 <0.10 <0.10 <0.10 <0.10 <0.10 <0.10 <0.10

Au 0.0007 0.004 0.001 0.0005 0.0008 0.01 0.002 0.002 0.0002 0.0002 0.0009 0.0005 0.0004 0.0003

Hg 0.01 0.03 0.01 0.12 0.44 0.05 0.009 0.03 0.007 0.004 0.04 0.01 0.02 0.007

Tl <0.20 0.10 0.07 0.17 0.49 8.2 16 0.37 0.41 0.49 0.16 0.41 0.15 0.06

Pb 1.7 32 3.7 43 100 428 197 7.5 6.5 7.9 467 884 398 71

Bi <0.02 0.02 <0.02 0.10 0.68 0.13 <0.02 <0.02 <0.02 <0.02 0.02 <0.02 <0.02 <0.02

Th <0.10 0.20 <0.10 <0.10 0.40 1.2 0.10 0.20 <0.10 0.10 0.10 0.20 0.10 0.10

U <0.01 <0.01 <0.01 0.03 0.79 0.35 0.10 0.03 0.01 <0.01 0.09 0.12 0.05 <0.01

Main el e ments [wt.%]

Na 0.02 0.014 0.003 0.01 0.01 0.023 0.031 0.041 0.033 0.031 0.02 0.004 0.011 0.009

Mg 0.048 0.168 0.04 0.10 0.17 1.72 0.82 0.346 0.25 0.181 0.24 0.164 0.168 0.071

Al 0.12 0.01 <0.01 0.02 0.16 0.13 0.02 0.05 0.01 0.01 0.06 0.06 0.03 1.3

P 0.31 0.052 0.03 0.07 0.04 0.112 0.097 0.428 0.262 0.198 0.11 0.093 0.171 0.043

S <0.05 0.21 0.17 0.21 1.30 4.39 2.79 0.67 0.38 0.37 2.48 0.35 0.40 0.26

K 0.06 0.11 0.05 0.19 0.04 4.01 7.27 4.35 4.88 5.40 1.58 0.99 0.92 1.3

Ca 0.39 3.19 0.35 0.88 5.40 6.46 2.54 1.50 1.01 0.46 3.57 0.67 1.40 0.90

Ti 0.0002 0.0005 0.0001 0.0007 0.003 0.003 0.0007 0.002 0.001 0.0007 0.003 0.003 0.002 0.0002

Fe 0.01 0.066 0.01 0.07 0.22 0.959 0.215 0.089 0.035 0.024 0.559 0.908 0.356 0.056

1 – V – plant veg e ta tion, F in the sam ple name – fungi, W – wood, Bn – nor mal bark, Bb – burnt bark, S – shoots, St – stem, R  – roots, F  – flow -
ers; de tailed sam ples de scrip tion is avail able in the Ap pen dix 1; 2 – geo met ric means cal cu lated based on Welch et al. (1973), Chaudhry et al.
(1977, 1997), Cowgill (1988), Kabata-Pendias  and Pendias (1989), Patra and Sharma (2000), Mengel and Kirkby (2001), Shtangeeva and
Ayrault (2004), Shtangeeva et al. (2004), Ty ler (2004), Wierzbicka et al. (2004), Shtangeeva (2005, 2008), Broadley et al. (2007), Chen et al.
(2009), Men zies (2009), Tschan et al. (2009), Yruela (2009), Millaleo et al. (2010), Ahmad and Ashraf (2011), Bergqvist (2011), Wei et al.
(2011), Adamakis et al. (2012), Lamb et al. (2013),  Pé-Leve Santos et al. (2013), Lutgen (2015), Farooq et al. (2016), Karbowska (2016), Koca 
et al. (2016), Lange et al. (2016), Noubissie et al. (2016), Li et al. (2017), Lyu et al. (2017), Wiche et al. (2017), Vural (2017), Abbas et al.
(2018), Gupta and Wal ter (2018), Ismael et al. (2018), Jensen et al. (2018), Ma et al. (2018), Tang et al. (2018), IPNI (2019), Brdar-Jokanoviæ
(2020), Jasinskas et al. (2020), Ray et al. (2020) ; nor mal con tent with ex cess (po ten tially toxic) con tent in pa ren the ses; con cen tra tions highly
el e vated as com pared to both the typ i cal/toxic lev els and other sam ples stud ied are in bold; the ex cess lev els are ap prox i mate – see the main
text for de tails

Tab. 1 cont.
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Fig . 2. Field im ages of the hab i tats and plant spec i mens ana lysed

A – riv er side hab i tat with burn ing slope in the back ground; B – dead Populus trees on the burn ing slope; C – Eupatorium cannabinum (pink
flow ers) and Tussilago farfara in the smelt ing-waste zone (yel low flower), A–C – Bytom-Stroszek heap; D – Zabrze-Biskupice (Ruda heap)
hab i tat, dom i nated by Solanum nigra, on the burn ing slope; E – Œwiêtoch³owice-Chropaczów smelt ing heap (Kopyto) lakeside hab i tat; F –
Rydu³towy (Szarlota) pla teau hab i tat with prom i nent Verbascum spec i mens in the mid dle



RESULTS

CONCENTRATION OF ELEMENTS IN THE VEGETATION

The ICP anal y sis re sults for both trace (and mi nor) and
main el e ments are col lected in Ta ble 1. The CHN anal y sis re -
sults are given in Ap pen dix 2. The el e ment con cen tra tions in
the tis sues of the veg e ta tion sam ples stud ied vary with the type
of el e ment and plant spe cies. The el e ments ana lysed, there -
fore, are char ac ter ized by high intra-sam ple vari abil ity. Cal cu -
lated co ef fi cients of vari a tion (CVs) show that most of the el e -
ments de ter mined were char ac ter ized by strong (45–100%; B,
Sc, Cr, Co, Ni, Cu, Se, Sr, P, K, Ca, and Ti) or very strong
(>100%; Mo, Ag, Cd, Sb, Ba, La, Au, Hg, Tl, Pb, Th, U, Na, Mg,
Al, Ga, As, Mn, Fe, and Zn; Ap pen dix 3) dis per sion within the
data set. Many of these el e ments reach high con tents in the
plant tis sues, that ex ceed toxic lev els (Ta ble 1). For in stance,
veg e ta tion sam ples from the Bytom heap ac cu mu lated a sig nif i -
cant amount of Zn, which in most cases ex ceeds the toxic level
of 195 ppm. Ex treme val ues of Zn were noted in parts of T.
farfara (up to 3150 ppm) and E. cannabinum (up to 2640 ppm).
A high con tent of zinc was also noted in the burnt bark of B.
pendula (up to 1060 ppm) and in Verbascum sp. (up to 746
ppm; Ta ble 1), and in the tis sues of Verbascum sp. from an -
other heap (Rydu³towy). In most of the sam ples, en rich ment to
toxic lev els was also ob served for Sb and Pb. The con cen tra -
tion of Pb in sev eral sam ples has ex treme val ues rang ing from
428 (Verbascum sp., T. farfara) to 884 ppm (E. cannabinum).
Harm ful con tents of As and Ba were found, re spec tively, for E.
cannabinum (up to 140 ppm in the roots, Œwiêtoch³owice heap), 
and A. tomen tosum (641 ppm, Bytom heap). In ad di tion, toxic
con cen tra tions of Cd were found in some sam ples (Ta ble 1). Al -
though the toxic lev els of the el e ments stud ied were not fre -
quently ex ceeded, the con cen tra tions were of ten higher than
those typ i cally re ported for plants in gen eral. For in stance, in
most of the sam ples the con tents of Sc, Cr, Co, Ni, Zn, Se Cd,
Sb, Te, La, Hg, Al, P, and Fe were above the nor mal plant val -
ues.

Con tents of the main biophilic el e ments such as C and N
var ied rel a tively strongly (Ap pen dix 2). Car bon ranged from
39.85 wt.% in the roots of Verbascum sp. to 51.83 wt.% in the
Populus L. bark. In the case of ni tro gen, a high con tent
(>6 wt.%) was found in the shoots of R. crispus L. and
S. nigrum, while Sl. canadensis and all the tis sue types of the
Verbascum sp. and E. cannabinum stud ied were poor in N. Hy -
dro gen con tent ranged from 2.46 wt.% (T. farfara shoots) to
5.78 wt.%  (Sl. canadensis shoots). Re sults of the re con nais -
sance ad di tional-el e ment anal y ses are given in Ap pen dix 4.
These ad di tional anal y ses were run for 3 sam ples of B. pendula 
and 1 sam ple of Verbascum sp. shoots from the Bytom heap. A
wide range of val ues was noted for Rb (1.6–14 ppm) and Li
(0.04–0.93 ppm). The min i mum and max i mum con tents of Rb
and Li, as well G, Rb, Y, Cs, and Ce, con cern B. pendula wood
and Verbascum sp., re spec tively.

ENRICHMENT FACTORS

EFs based on the cal cu lated Mg and con sid er ing CC, LC,
and LS lev els are listed in Ap pen dix 5. Cor re spond ing fac tors
re lat ing our re sults to PN, PE, and PH lev els are shown in Ap -
pen dix 6.

In to tal, 142 anom a lous EFs were found. Three el e ments
showed ex treme en rich ment, based on EFs cal cu lated by re fer -
ring to PH lev els (EFPH). These are zinc, mer cury, and lead. A
sin gle ura nium anom aly of this kind was also found. Mean ing ful

EFPE is mainly found for Zn, Pb, Ag, S, Tl and Cd. Scan dium, V,
Co, Ni, Cu, Zn, As, Se, Cd, Sb, Hg and Tl (all sam ples), Pb, Al,
P, S, Bi, Fe, Ti, K, and more rarely N, Mo, La, Th, K, Ag, Sr, B,
Au, Te, Ba and Mg show anom a lous EFs, i.e., ³2, com pared to
nor mal plant lev els (EFPN). Max i mum and av er age (Mg) EFPH for 
Zn, Hg, and Pb are as fol lows: 13 and 3.7 (n = 12); 2.9 and 4
(n = 4); and 2.3 and 4 (n = 5). The cor re spond ing data for EFPE

is: 19 and 161 for Pb (n = 18); 4.4 and 13 for Zn (n = 12); 4.1 and 
22 for Ag (n = 11); 6.1 and 38 for Tl (n = 6); 2.4 and 3 and for Cd
(n = 5). The high est EFPN for Hg, Tl, Cd, Pb, Zn and Ag are 491,
220, 400, 327, 220, 73, and 22, re spec tively. En rich ment de -
picted by EFPN is also shown in the case of V (Mg = 5.2, n = 26),
Sc (Mg = 4.2, n = 24), Ni (Mg = 3.8, n = 23), Cu (Mg = 3.6, n = 22), 
Se (Mg = 4, n = 22), Fe (Mg = 8.3, n = 22), Al (Mg = 9.7, n = 20),
Co (Mg = 6.1, n = 17), La (Mg = 5, n = 16), S (Mg = 3.7, n = 15),
Sb (Mg = 9, n = 14), P (Mg = 3.3, n = 14), Ti (Mg = 2.9, n = 13), K
(Mg = 3.7, n = 12) and Bi (Mg = 9.1, n = 9).

The burnt bark of B. pendula from Bytom is the most
geochemically anom a lous ma te rial stud ied. Two anom a lies re -
lated to PH, 3 for PE, 12 for PN, 5 for LS, and 5 for LC (26 in to -
tal) were found in the spec i men. It shows most of the max i mum
lev els ob served – for Bi, Ca, Co, Hg, Se, Sr, Sb, Te, U and W –
while be ing sec ond for the larg est num ber of anom a lous EFs.
When com pared to un burnt, nor mal bark, the EFs are 26 for U,
12 for Cd, 9 for Co, 8 for Se and Al, 7 for Bi, 6 for Ga, La and Sb,
4 for Mo and Th, 3 for B, Sc, V, Mn, As, Sr, Te, Hg and Tl, and 2
for Ni, Zn, Au and Pb. This en rich ment clearly re flects the lo cal
min er al ogy/geo chem is try (Cd-Sb-Mo en rich ment). Com pared
to the BpBb sam ple, the nor mal bark only shows 2 anom a lies
(PE ba sis), with el e vated Ag and Pb.

T. farfara from Bytom’s heap smelter waste area showed
the re cord num ber of EFs anom a lies, 30 in to tal, with 2 for PH, 5 
for PE, 12 for PN, 5 for LS, and 6 for LC anom a lies. Its shoots
show max ima for Zn, Pb, Cd, but also el e ments not nec es sar ily
de rived from this type of waste: Co, Au, Th, Mn, S, Fe, Mg and
Ca. It also has clearly el e vated Ag, Tl, Sc and V. The stem (12
anom a lies: 5 for PE, 3 for PN, 2 for LS, and 2 for LC) has the
high est-ob served lev els of Tl and K, and el e vated Zn, Ag, Pb
and S.

A. tomentosum (14 anom a lies: 2 for PE, 6 for PN, 4 for LS,
and 1 for CC) col lected at a riv er bank, within the es sen tially
coal-waste-dom i nant part, has its shoots rich est in Ba, La, Ti
and N, and has el e vated Ag, Tl, V, Ni, W, Co, Na, P and N. R.
crispus L. from the same hab i tat (12 anom a lies: 3 for PE, 4 for
PN, 3 for LS, and 2 for LC) is the spec i men rich est in Mo, Na, K,
and P, and has el e vated Tl, Pb, S, and N. The shoots of the
heap-top Sl. canadensis (10 anom a lies: 1 for PH, 3 for PE, 4 for
PN, 1 for LS, and 1 for LC) show very high B and Hg, and el e -
vated Pb, Se, S and Co. Roots (6 anom a lies) have the high est
V lev els, el e vated Co, Ni, Pb and, to a lesser ex tent, also Cu. A
sin gle bo ron anom aly was found in its flow ers. The bark of
Populus L. (4 anom a lies) from the coal-fire zone in Bytom is
rich est in Sr and has el e vated Pb. The Sc. com mune fun gus (6
anom a lies) grow ing on it shows the high est Sc lev els and
anom a lous La, Th, Pb, W and Co.

The plants from the heaps in Bytom and Œwiêtoch³owice
showed the high est con tents of many el e ments. The shoots of E. 
cannabinum (14 anom a lies: 2 for PH, 4 for PE, 4 for PN) show
max ima for B, Cd, As, and have anom a lous Pb, Zn, Ca, Ag and
S. Roots of this plant (17 anom a lies: 2 for PH, 3 for PE, 6 for PN,
3 for LS, and 3 for LC)  show max ima for Pb, As, Ag, Fe, and
have el e vated Co, the lat ter sug gest ing a pos si ble source from
the nearby coal-waste heap. Its stem (3 anom a lies) has the high -
est ob served Al con tent. Six anom a lies con cern its flow ers, with
very high As, and el e vated Zn, Cd, Pb and V.
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The Rydu³towy Verbascum sp. shoots (5 anom a lies) have
the high est Ni, and el e vated Ag, Pb and Bi, while the spec i men
from Bytom riv er side (VV2; 8 anom a lies) has the high est Cu
(also in its roots). The lat ter sam ple is also en riched in Ag, Tl,
Pb, Zn and W. The VV1 spec i men from the heap top (5 anom a -
lies) has el e vated W, Cu, Pb, and S. The high est Mn and el e -
vated S and N - pos si bly re lated to na tive sul fur, S8, and
salammoniac, NH4Cl, ob served in the nearby fumaroles – were
found in the shoots of S. nigrum from Zabrze (5 anom a lies).

The most fre quent anom a lies (n >100) con cern zinc. Its CAI 
is quite low at 3.3. Zn en rich ment is ex pressed even when jux ta -
pos ing our mea sure ments with PH (12 re cords, Mg = 2, max =
13). Al most 100 anom a lies were also found for cad mium, >20 of 
which are re lated to PN, CC, LC, and LS. Fur ther more, >50
anom a lies char ac ter ize, in de creas ing or der, Pb, Sn, B, Tl, Se,
Ag, and Au. A sig nif i cant num ber of anom a lies (n >10) were
also ob served for Hg, As, V, Mo, Cu, Sc, Co, Ni, and Sr. Anom -
a lous ma jor el e ment lev els (es pe cially P, S, and K) con cern
sub strate-to-plant veg e ta tion trans fer.

ROOT/SHOOT RATIOS AND TRANSLOCATION FACTORS

The dis tri bu tion of el e ment con tent var ies sig nif i cantly be -
tween dif fer ent parts of the fol low ing plant spe cies: Sl.
canadensis, S. nigrum, Verbascum sp., and E. cannabinum.
The high est val ues of most com po nents in Verbascum sp. and
S. nigrum were con cen trated in shoots, which is re flected in
their translocation fac tor TF >1. Eleven and thir teen el e ments
dis played max i mum con cen tra tions in the shoots of Sl.
canadensis and E. cannabinum, re spec tively. The low est num -
ber of TF >1 con cerns Sl. canadensis. The translocation fac tors 
of B and Hg are above 1 in all plant spe cies (Ta ble 2). Ex tremely 
high val ues of translocation fac tor were noted for Au (TF = 10)
in S. nigrum and B (TF = 8.3) in E. cannabinum.

STATISTICAL ANALYSIS

Re la tion ships be tween the mea sured physicochemical pa -
ram e ters of plant and fungi sam ples are shown by the cor re la -
tion co ef fi cients. The Kend all’s tau co ef fi cients (Fig. 3) point to
nu mer ous cor re la tions be tween the el e ments stud ied, with sta -
tis ti cal sig nif i cance at the p <0.05 level. A strong pos i tive cor re -
la tion (t >0.8) oc curs be tween La and Ti. The cor re la tion anal y -
sis also re veals a high pos i tive cor re la tion (t >0.6) be tween U
and Sc, Cr, Co, La, Fe and Ti; La with Th, Al, Fe, Ni and Cr; Ti
and Cr, Ni and Fe; Pb and As, Ag and Fe; Sr and Ca; and in the
Ni-Th sys tem. More over, many pos i tive cor re la tions with mod -
er ate de pend ence (t in the 0.4–0.6 range) are found. Most of
the cor re la tions with t be tween 0.4–0.6 were found for sev eral
groups of el e ments, i.e., Cr with Sc, Co, Ni, Cu, Ga, Hg, Th, Al
and Fe; Co and Ni, Cu, Se, Sr, La, Na, Ca, Ti and Fe; Ti with
Mn, Sc, Ga, As, Pb, Mo, Ba, Th and Al; Zn and As, Ag, Cd, Sb,
Pb, Ca, Fe. Neg a tive cor re la tions were found be tween C-Na,
C-Mn, and C-K. Among the toxic el e ments pos i tive cor re la tions
also char ac ter ize the fol low ing sys tems: Ni with Pb, Mo, U and
Pb; As with Al, Cd and Ag; and Hg with Sc.

DISCUSSION

RELATIONSHIP BETWEEN THE ELEMENTS STUDIED

The stron gest pos i tive cor re la tion found be tween Ti and La
re sults from their el e vated ac cu mu la tion usu ally within the
same veg e ta tion (sub)sam ples  (roots of Solidago canadensis,
and in Schizophyllum com mune). Both La and Ti may show a

ben e fi cial in flu ence on plant growth. Low con cen tra tions of La
may re sult in an en hanced photosynthetic rate, root growth, and 
nu tri ent up take (de Oliveira et al., 2015). Ti ta nium, ab sorbed via 
roots and shoots, plays a sim i lar role (Lyu et al., 2017). It was
shown that a low Ti amount may have a sim i lar ben e fi cial ef fect
to La. Ac cord ing to the study of Lyu et al. (2017), op ti mal con -
cen tra tions of La and Ti are up to 1.4 ppm and 50 ppm, re spec -
tively – lev els sim i lar to these re ported by us, of 1–2.3 and
50 ppm.

Re cently, it was pro posed that the pos i tive role of Ti re sults
mainly from its in ter ac tions with other nu tri ents, es pe cially Fe.
How ever, the link be tween Ti and Fe may be syn er gis tic and
an tag o nis tic. The re la tion ship be tween Ti and Fe was also re -
vealed herein by Kend all’s cor re la tion anal y sis. As al ready
noted, there is a con firmed de pend ence be tween these el e -
ments. This may be dem on strated, for in stance by Ti sup port -
ing Fe up take and uti li za tion. In the case of el e vated Fe, the role 
of Ti is vari able and it may ac tu ally be phytotoxic (Lyu et al.,
2017). Con cen tra tions of Fe re ported within this study were
mostly above the typ i cal level in plants (>0.02 ppm) and the
high est val ues pos i tively cor re late with Ti.

Apart from those el e ments, sev eral low-level heavy met als
are ben e fi cial for plants, too. This group of me tal lic nu tri ents en -
com passes Cr, Cu, Co, Mn,  Mo, Mg, Ni, Se and Zn (Alloway,
2013). Two met als from this group – Cr and Ni – were found to
be highly pos i tively cor re lated with Ti within our dataset. Chro -
mium and nickel also ac tively par tic i pate in ox i da tion-re duc tion
re ac tions and are in cluded in var i ous cel lu lar en zymes
(Emamverdian et al., 2015). These el e ments, there fore, may
pos i tively in flu ence plant de vel op ment. This also seems to be
true for our spec i mens, es pe cially since their re ported con cen -
tra tions ex ceed the PN lev els, while still be ing be low the toxic
thresh old. The Ti cor re la tion with Fe, and also with La, Cr, and
Ni, may sug gest the ex is tence of other el e ment pairs that are in
an anal o gous re la tion. This as sump tion, how ever, is far-reach -
ing and should def i nitely be tested first. More likely, these
above-men tioned cor re la tions with Ti are re lated to lo cal anom -
a lies in the soils, as dem on strated by (1) gas ex ha la tions and
newly formed min eral con tents of Ni, Fe and Ti, and (2) the abil -
ity of some plant spe cies to en able se lec tive up take and ac cu -
mu la tion. This ex pla na tion may be also ap plied to the re main ing 
groups of cor re lated el e ments. In the case of the al ka line met -
als Sr and Ca, the cor re la tion may also re sult from their sim i lar
geo chem i cal be hav iour.

The ob served pos i tive cor re la tion of actinides (U and Th)
with REE (La and Sc) may arise from two causes. Firstly, these
el e ments have sim i lar ionic ra dii. As such, they of ten sub sti tute
each other in min eral struc tures (diadochy). How ever, due to
the cor re la tion be ing pos i tive, it is rather a dem on stra tion of par -
al lel ad sorp tion by plant tis sues that is rem i nis cent of the be hav -
ior of these el e ments in the litho sphere: La, Sc and Th (part of
the REEs) of ten co ex ist with U. All these el e ments show
lithophile be hav iour, be ing co-de pos ited as ox ides, phos -
phates, car bon ates, and – more rarely – sil i cates. Al though
these el e ments are not es sen tial for plants, they may be ad -
sorbed and ac cu mu lated in the course of soil-to-veg e ta tion
trans fer not only gov erned by ac tive trans port but also by pas -
sive pro cesses (Findenegg and Broda, 1965). The avail abil ity
of these el e ments to the lo cal veg e ta tion may also be re lated to
an ob ser va tion by Kruszewski et al. (2021), who stud ied the
geo chem is try of some Up per Silesian BCWH soils. They found
that Th, La, Sc, (the high field strength el e ments, of HFSE), but
also Al, K, and some other el e ments were cor re lated with S and
N. Alu minium and po tas sium, to gether with am mo nium-con -
tained ni tro gen, are ma jor com po nents of usu ally wa ter-sol u ble
sul fate min er als de pos ited in BCWHs due to both ex ha la tive
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El e ments
Plant spe cies

Solidago canadensis Verbascum sp. Solanum nigrum Eupatorium cannabinum

C 1.09 1.11 1.10 1.01

H 1.25 1.03 1.31 0.93

S 2.65 0.13 1.46 8.25

B 4.61 2.14 1.70 8.25

Sc 0.67 1.00 3.00 1.00

V 0.29 2.00 1.00 1.00

Cr 0.28 1.68 1.00 0.89

Mn 0.46 2.29 3.85 0.97

Co 0.54 1.68 1.18 0.68

Ni 0.46 0.73 1.09 0.61

Cu 0.70 0.92 1.32 0.71

Zn 0.69 1.54 1.00 0.67

Ga 0.20 1.50 2.00 0.60

As 0.08 1.58 0.90 0.58

Se 1.68 1.13 1.67 1.00

Sr 0.72 1.76 1.59 3.20

Mo 0.68 1.18 1.93 1.04

Ag 1.00 0.87 1.50 0.65

Cd 0.53 0.69 1.98 2.00

Sb 0.13 1.16 0.23 0.62

Te 1.00 1.00 1.00 1.00

Ba 0.31 1.43 1.63 0.62

La 0.14 2.22 4.67 0.87

W 1.00 1.50 1.00 1.00

Au 2.00 1.00 10.00 1.80

Hg 4.00 1.67 7.50 4.00

Tl 0.32 2.18 0.76 0.39

Pb 0.30 1.35 0.95 0.53

Bi 0.29 1.00 1.00 1.00

Th 0.20 1.50 2.00 0.50

U 0.15 2.33 3.00 0.75

Na 0.95 2.04 1.32 5.00

Mg 1.74 1.64 1.91 1.46

Al 0.08 2.00 5.00 1.00

P 2.21 0.81 2.16 1.18

S 3.57 1.50 1.81 7.09

K 1.22 1.61 0.81 1.60

Ca 0.94 3.32 3.26 5.33

Ti 0.23 3.00 2.86 1.00

Fe 0.23 2.30 3.71 0.62

T a  b l e  2

Translocation fac tor (shoot-root quo tient) of the stud ied el e ments cal cu lated for Solidago canadensis,
Verbascum sp., Solanum nigrum and Eupatorium cannabinum



and supergene pro cesses. This sug gests the oc cur rence of wa -
ter-sol u ble REE (and pos si bly also U, e.g., due to its en rich ment 
within mod er ately sol u ble gyp sum, CaSO4 · 2H2O) spe cies,
pos si bly sul fates and/or ni trates, in the BCWHs.

ANOMALOUS CONCENTRATION OF ELEMENTS AS A POTENTIAL
ENVIRONMENTAL RISK

The cal cu lated en rich ment fac tors for the plant sam ples
stud ied dis play a sig nif i cant level of pol lu tion se ver ity. Enor -
mous con cen tra tions of sev eral el e ments in di cate their avail -
abil ity to the lo cal veg e ta tion and the pos si bil ity of their ac cu mu -
la tion at sig nif i cant lev els. This, in turn, al lows fur ther trans port
within lo cal biocenoses and con sti tutes a sig nif i cant en vi ron -
men tal is sue.

El e vated con cen tra tion and en rich ment fac tors in re la tion to 
both po ten tially toxic and hyperaccumulator plant con tents were 
found for Zn, Hg and Pb. The or i gin of these anom a lies is re -
lated to the type of the wastes and orig i nal (i.e., protolith) con -
cen tra tions ex ceed ing nor mal crustal con tents. These find ings
show that toxic el e ments are con stantly be ing re leased into the
lo cal en vi ron ment, de spite these be ing old heaps (>60–80 yr).
This is es pe cially dan ger ous be cause the tox ic ity of these el e -
ments has del e te ri ous ef fects on hu mans, an i mals, and also
plants. Zinc, as long as it is in its op ti mal range, plays an im por -
tant role in plant met a bolic pro cesses. How ever, its ex cess is
nox ious for plants and causes de te ri o ra tion of pho to syn the sis
and re duc tion of re spi ra tory rate and plant growth (Kaur and
Garg, 2021). De spite its toxic thresh old level be ing ex ceeded in
most stud ied sam ples, the lo cal veg e ta tion was able to suc -
cess fully col o nize the study sites.

Mer cury, in con trast to zinc, is re dun dant for plants and its
high level is phytotoxic. The toxic ef fect of Hg is man i fested, for

in stance, in re duc ing the abil ity of plants to take up wa ter, loss
of cru cial el e ments (K, Ca), and ac cu mu la tion of Fe (Pastricha
et al., 2021). How ever, all the herein-re ported con cen tra tions of 
Hg were above the typ i cal val ues noted in plants. The high est
val ues were re ported in the shoots, which con tra dicts the be lief
that this metal is mostly ac cu mu lated by roots. Li et al. (2018)
how ever, stressed the pos si bil ity of mer cury ac cu mu la tion in
shoots via translocation and ab sorp tion of its va por form. This is 
es pe cially in ter est ing in the con text of the heaps stud ied, where
gas ex ha la tions take place due to coal com bus tion. While the
cal cu lated TF dis played the pos si bil ity to ac cu mu late Hg by
translocation of its sol u ble form, the ex tent to which plants may
ab sorb Hg0 va pors in such an en vi ron ment is no ta ble. The oc -
cur rence of me tal lic mer cury va pors within the coal fire gases of 
a BCWH within the USCB (in the Rybnik Coal Area) was con -
firmed by Kruszewski et al. (2018) and is con sis tent with ob ser -
va tions of emissive Hg flux into soils over the Wuda coal field
fires in China (Li et al., 2018). Ad dress ing this is sue could have
a sig nif i cant role in the phytoremediation of the BCWHs. High
Hg lev els were not only noted in the burnt bark of B. pendula
(where nu mer ous other el e ments were found to be ex tremely
en riched), but also in Sl. canadensis from the same heap. This
sug gests the pres ence of a dif fuse, but rather ev i dent and con -
stant, source of Hg in the en vi ron ment, likely con nected with
coal-fire-gas em a na tions within lo cal fumaroles. In deed, most
of the ex ha la tive min eral sam ples from the USCB BCWHs
stud ied had >50 ppm Hg, and some gas eous Hg spe cies other
than Hg0, such as (HgH)2 or SiH3HgH, were ini tially de tected by
in situ FTIR gas spec trom e try (Kruszewski et al., 2018). Re cent
stud ies by Nádudvari et al. (2022) con firmed the pres ence of
high con cen tra tions of HgS and MeHg in the Bytom heap,
which may rep re sent a source of Hg-en rich ment in plant tis -
sues. This poses a se ri ous prob lem for the lo cal en vi ron ment
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Fig. 3. Re sults of Kend all’s tau cor re la tion anal y sis

Correlations with p val ues <0.05 given in bold



and so ci ety. Se vere en vi ron men tal risks re lated to wastes ac -
cu mu lated in this heap have also been stressed by Nádudvari
et al. (2022).

Along with the high est con tents of mer cury, high val ues of
Zn, Pb, Bi, U and Tl were also ob served. Spe cial at ten tion must
be paid to the lat ter el e ment, Tl, due to its ex treme tox ic ity and
high con tents noted. Fur ther more, in for ma tion about Tl con -
tents is es pe cially valu able due to the pau city of such data. As
in the case of Hg, Tl does not show any role in the met a bolic
pro cesses in plants. Its tox ic ity to plants is dem on strated, e.g.,
by neg a tive in flu ence on pho to syn the sis and trig ger ing ox i da -
tive stress (Mazur et al., 2016). The re ported Tl lev els are sev -
eral times higher than the toxic lev els in plants but much lower
than the le thal value of Tl for hu mans (12–15 ppm; Fer gu son,
2012). How ever, the en vi ron men tal risk re sults not only from
the tox ic ity of Tl but also be cause it is a cu mu la tive poi son that
can be ab sorbed through the skin and re spi ra tory sys tem. En vi -
ron men tal ex po sure of peo ple at low lev els causes sleep dis or -
ders, head aches, mus cle pains, and tired ness. Such symp toms 
were ob served in a pop u la tion from a con tam i nated area in
Ger many (Kazantzis, 2000). In other places, e.g., Olkusz
PbZn(Ag) min ing area, close to the USCB, high con tents of Tl
were re ported in some mam mal and plant tis sues. This means
the prob lem has a re gional sig nif i cance (Dmowski, 2000;
Wierzbicka et al., 2004).  El e vated con cen tra tions of thal lium
were re ported in three plant spe cies from dif fer ent parts of the
Bytom BCWH but were much lower than those re ported by
Wierzbicka et al. (2004). The size of these anom a lies is re lated
to the type of waste lo cally de pos ited, e.g., PbZn(CdAgTl)-rich
slags. Note wor thy, a high con cen tra tion of Tl was re ported in
plants col lected on the riv er side of the heap which means that
there is a risk not only re lated with lo cal gas emis sions, but also
via leach ing out of the heap area due to its con tact with sur face
wa ters.

DISTRIBUTION OF ELEMENTS IN THE PLANTS 
AND (HYPER)ACCUMULATION POTENTIAL

The el e men tal con cen tra tions dif fer among plant tis sues.
Ionic forms of el e ments are mostly ab sorbed from soil so lu tions
by roots and then complexed by che lat ing agents and
chaperones (pro teins). Fur ther, the ions are trans ported into
dif fer ent organelles where they are trans formed, used by met a -
bolic pro cesses, or ac cu mu lated (Clem ens, 2001; Hall, 2002).
Me tal lic ions may also be in cluded in long-dis tance trans port
and trans ferred to above-ground parts like shoots and flow ers
(Pend and Gong, 2014).

The dis tri bu tion of el e ment con tent var ies sig nif i cantly be -
tween dif fer ent parts of the stud ied plant spe cies: Sl.
canadensis, S. nigrum, Verbascum sp., and E. cannabinum.
The high est val ues of most com po nents in S. nigrum and
Verbascum sp. are con cen trated in the shoots. This dis plays
their po ten tial to be hyperaccumulators of many el e ments. The
op po site sit u a tion con cerns Sl. canadensis and E. cannabinum,
which have higher con cen tra tions of the most stud ied el e ments
in their roots.

Un til now, many plant spe cies have been de scribed as ac -
cu mu la tors that co-oc cur with some trace el e ments. Con cen -
tra tions of in or ganic el e ments in such plants are in ter me di ate
and are in the range be tween the usual con cen tra tion and
hyperaccumulation (Reeves and Baker, 2000). A unique sink of 
el e ments com prises hyperaccumulators that have the abil ity to
ab sorb large amounts of met als, up to thou sands of times
greater than the norm (Reeves, 2003) in their above ground tis -
sues.

As of 2017, 721 hyperaccumulator spe cies were known.
Such spe cies may be in dic a tive of min er al iza tion and con tam i -
na tion pro cesses. It is gen er ally ac cepted that the thresh old of
hyperaccumulators for most trace el e ments is 0.1 wt.%. On the
other hand, it var ies by el e ment, and in the case of Tl, Se and
Cd equals 0.01 wt.%, Co and Cu – 0.03 wt.%,  Pb, As, and Ni –
0.1 wt.%, Zn – 0.3 wt.%, and Mn – 1 wt.% (Reeves et al., 2018).
In our dataset, the quan ti ties de tected of these el e ments did not 
ex ceed the thresh olds. The ex cep tion is T. farfara for which
3150  ppm (~0.32 wt.%) of zinc was re ported in the shoot sam -
ples from Bytom’s heap smelter waste (Ta ble 2).

The po ten tial of T. farfara to ab sorb me tal lic el e ments has
been re cently de scribed based on ma te ri als from Ser bia
(Jakovljeviæ et al., 2019). How ever, these au thors could not de -
fine T. farfara as a (hy per)ac cu mu la tor of Zn be cause of the low
val ues (< 500 ppm) re corded. Thus, they doubted its po ten tial in 
phytoextraction. Hence, the data pre sented herein pro vide pre -
lim i nary ev i dence for the po ten tial of this spe cies as a
hyperaccumulator ac cord ing to the cri te rion of Reeves et al.
(2018).

El e vated con cen tra tions of Zn, close to the thresh old value,
were also noted in the roots of E. cannabinum (2640 ppm) from
the smelter heap in Œwiêtoch³owice. How ever, in the shoots,
flow ers, and stem of this plant, the con tent of Zn was much
lower and var ied be tween 305 and 1760 ppm, with the min i mum 
in the stem. Such a dis tri bu tion of metal con cen tra tions in plants 
may in di cate a strat egy for their tol er ance based on ex clu sion
that is con firmed by a translocation fac tor (TF) of 0.67
(Boularbah et al., 2006). De spite the ex tremely high con tent of
Zn in the waste de pos its (from 7300 to 171790 ppm), low lev els
of Zn have been found in the shoots of E. cannabinum from
other Zn-Pb heaps in Po land (Wójcik et al., 2014). The max i -
mum value re corded in the shoots (276.9 ppm) by these au -
thors was al most 10 times lower than those re ported herein.
The rea son may be re lated to dif fer ences in the avail able Zn
lev els in the sub strate, its bioavailability, and the share of its
mo bile frac tion (Rieuwerts et al., 1998). The slags from the
Œwiêtoch³owice heap com prise 0.32 to 47.26 wt.% ZnO (Bril et
al., 2008). Plant spe cies grow ing on sub strates with vari able
metal con tents may be ei ther ac cu mu la tors or ex clud ers. Af ter
ex ceed ing the crit i cal con tent of met als in the sub strate, the ex -
clu sion mech a nism may break down, re sult ing in un lim ited
trans port (Baker, 1981). How ever, de spite the el e vated con cen -
tra tion of Zn in the shoots of the Œwiêtoch³owice E. cannabinum
the re lated TF sug gests that this spe cies is rather an ex cluder
over a wide range of ground-Zn con cen tra tions. To test this, fur -
ther study is needed.

Plant spe cies’ be hav iour to wards var i ous met als is di verse
(Baker, 1981). Thus, the ex clu sion strat egy by par tic u lar spe -
cies with re spect to a par tic u lar metal does not ex clude this spe -
cies as an ac cu mu la tor of an other el e ment. Our data for E.
cannabinum sug gests con sid er ation of this spe cies as a po ten -
tial ac cu mu la tor of var i ous el e ments. A TF >1 was in this very
case re corded for B, Sr, Mo, Cd, Au, and Hg. A par tic u larly high
TF (8.25) was re corded for B, which sug gests the po ten tial of E.
cannabinum as a bo ron hyperaccumulator. A sim i lar con clu sion 
was drawn re cently by Sasmaz et al. (2021) who pointed out the 
use ful ness of this plant for en vi ron men tal de con tam i na tion or
re ha bil i ta tion. On the other hand, bo ron is known to be an es -
sen tial plant nu tri ent (e.g., Nejad and Etassami, 2020). Wang et 
al. (2015) pointed out a higher B de mand for woody plants due
to their body size and in re la tion to their ex pected de fi ciency (as
com pared to her ba ceous plants). In ter est ingly, this may be con -
firmed by our stud ies, as the Mg bo ron con tent in our woody
plant sam ples (17 ppm) is half as great as in the her ba ceous
plants.
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The E. cannabinum stud ied dis plays an op po site be hav iour
in re la tion to As than in the case of B. The high est con tent of As
was re ported in its roots, as re flected by a TF <1. At the same
time, the max i mum value for E. cannabinum was al most twice
as high as the toxic level. This, along side the pre vi ous find ings,
could sug gest the po ten tial of E. cannabinum for phytosta -
bilization of pol luted soils. This find ing in ter sects with the con -
clu sion drawn by González et al. (2019) that the spe cies can tol -
er ate sig nif i cant lev els of As with out any symp toms of tox ic ity.
The high est con tents were found by them in the roots, which co -
in cides with our find ings. They also con cluded that As up take
and ac cu mu la tion in the roots both in crease in a ba sic pH and
its con cen tra tion in the plant tis sues may ex ceed 3500 ppm. In
a remediation strat egy, there fore, op ti mi za tion of pH would as -
sist its efficacity.

Sev eral spe cies of Verbascum have been iden ti fied as ac -
cu mu la tors and hyperaccumulators of dif fer ent el e ments. For
in stance, Verbascum densiflora has been rec og nized as a
hyperaccumulator of bar ium (Kowalska et al., 2012). Data from
Tur key shows the great abil ity of Verbascum cheiranthifolium
Boiss to ac cu mu late Ag, As, Cd, Cu, Mo, Zn and Pb (Sagiroglu
et al., 2006). Those ob ser va tions are in part con sis tent with our
data. The TFs re ported herein for Ag, Cd, and Cu sug gest the
op po site sit u a tion. How ever, this may be due to spe cies-re lated 
dif fer ences. The cal cu lated TFs al lowed us to in fer the great po -
ten tial of Verbascum spec i mens as an ac cu mu la tor of many
other el e ments. This taxon was found to ac cu mu late more el e -
ments in its shoots than in its roots. These el e ments, listed in
de scend ing or der of TF, are U, Fe, Mn, La, Tl, B, V, Sr, Cr, Co,
Hg, As, W, Ca, Th, Ba, Sb and Se.

Other plants that could be clas si fied as ex clud ers, based on
the TFs in re la tion to given met als, may be po ten tially use ful in
the im mo bi li za tion of pol lut ants (phytostabilization; Yoon et al.,
2006). Within this study, it was found that Sl. canadensis and E.
cannabinum had the high est con tents of most el e ments in their
roots. The TFs of nu mer ous el e ments cal cu lated for the for mer
were be low 1. This plant spe cies has re cently at tracted the at -
ten tion of en vi ron men tal sci en tists due to its abil ity to col o nize
highly con tam i nated ar eas. Bielecka and Królak (2019a) found
that it may be use ful as a phytostabilizer of Zn and Pb, and for
phytoextraction of the for mer. The max i mum con tent of Zn in
plant tis sues re ported by Bielecka and Królak (2019a) was
above 2000 ppm while herein the high est re ported con tent in Sl. 
canadensis was much lower (290 ppm). There is, how ever, an -
other in ter est ing find ing for Sl. canadensis. The cal cu lated TFs
sug gest the po ten tial of this spe cies also as phytostabilizer of
nu mer ous el e ments. For in stance. TF <1 was also noted for Mn
and Cu which are con sis tent with the find ings of Bielecka and
Królak (2019b). How ever, the Cu con tent found within this study 
was slightly higher (30 ppm), which along side TF<1 pro vides
ad di tional ev i dence that this spe cies could be use ful as a Cu
phytostabilizer.

Con sid er ing both the TF and PE-re lated anom a lies, E.
cannabinum, Verbascum sp., Sl. canadensis and S. nigrum
may have po ten tial in phytostabilization and phytoextraction.
For in stance, the con tent of As, Ag, Pb, and Cd in E.
cannabinum ex ceeded the po ten tially toxic lev els while the TFs
sug gest ex cluder strat e gies in re la tion to the first three el e -
ments and ac cu mu la tion of Cd in the above-ground tis sues.

The el e ment up take is also a func tion of the soil con tent; thus,
fur ther stud ies should be de signed. For plants to be classed as
hyperaccumulators, three cri te ria must be met: (1) ab nor mal
con cen tra tions in any above ground part of the plant (above the
hyperaccumulator thresh old), (2) the translocation fac tor
(shoot/root quo tient) must be larger than 1, and, (3) a
bioconcentration fac tor (soil/shoot quo tient) must also
exceed 1. De spite lack ing data herein about soil el e ment con -
tents, our anal y sis points to fur ther re search di rec tions in char -
ac ter iz ing po ten tial plants-el e ment re la tion ships.

CONCLUSIONS

Post-min ing ar eas in clude waste heaps that con sti tute po -
ten tial sources of ma jor, mi nor, and trace el e ments. This study
eval u ates the ex tent to which nu mer ous el e ments, in clud ing
po ten tially toxic ones, may be ac cu mu lated by spe cific plant
spe cies grow ing on burn ing coal- and mixed-waste heaps. The
el e ments stud ied usu ally dis played high vari abil ity be tween the
sam ples (CV >100%). Many cor re lated el e ment pairs and
groups are likely as so ci ated with their lo cal anom a lies in soils
and the ca pac ity of some plant spe cies to se lec tively take up
spe cific el e ments. The stron gest cor re la tion was found be -
tween Ti and La which may re sult from their sim i lar ben e fi cial
ef fect on the plants. In our study, the high est con tent of these el -
e ments were as so ci ated with spec i mens of Sl. canadensis and
Sc. com mune.

The most fre quent anom a lies con cerned Zn, Pb, and Hg,
and re sulted from the type of wastes de pos ited lo cally. There
was sig nif i cant ac cu mu la tion of Hg in the shoots of Sl.
canadensis, the high con cen tra tions be ing likely re lated to ab -
sorp tion of Hg0 va pors orig i nat ing within fumaroles. Fur ther -
more, to gether with the high Hg lev els, el e vated amounts of Zn,
Pb, Bi, U and Tl were found. The high con tent of Tl, from the
pres ence of the PbZn(CdAgT)l-rich slags, is es pe cially alarm -
ing due to its tox ic ity and cu mu la tive char ac ter. The data as -
sem bled here in di cate the high en vi ron men tal risks of the
wastes of the Bytom heap, which agrees with an other, re cently
pub lished study.

Fur ther more, dif fer ences in the con tents of se lected el e -
ments be tween plant or gans were de tected. This, in turn, al -
lowed us to dis cuss the strat egy of spe cific plant spe cies in re la -
tion to these el e ments. Two main trends were ob served. The
high est con tent of most el e ments in the roots was ob served in
E. cannabinum and Sl. canadensis. The op po site be hav iour
was found for Verbascum sp. and S. nigrum. As such, the for -
mer spe cies may be po ten tial can di dates for phytostabilization
of many el e ments, whereas the lat ter ones may find use in
phytoextraction. On the other hand, the high TF of bo ron cal cu -
lated for E. cannabinum con firmed its po ten tial as a 
hyperaccumulator as well.
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APPENDIX 1 

Location of the plant sample collection spots and species identifications 

Sample Latitude Longitude City Species Habitat Heap waste 
material 

Local waste  
type 

BST-VSc 50o 22" 42'  18o 53" 51' 

Bytom 

Solidago canadensis heap top 

mixed 

coal 

BST-VV1 50o 22" 42 18o 53" 51' Verbascum sp. heap top coal 

BST-VV2 50o 22" 43'  18o 53" 54' Verbascum sp. riverside coal 

BST-VRc 50o 22" 43' 18o 53" 54’ Rumex crispus L. riverside coal 

BST-VAt 50o 22" 43' 18o 53" 54' Arctium tormentosum riverside coal 

BST-Bp 50o 22" 43' 18o 53" 53' Betula pendula heap slope,  
active fire zone 

coal 

BST-VP 50o 22" 43' 18o 53" 52' Populus L..  as above coal 

BST-FSc 50o 22" 43' 18o 53" 52' Schizophyllum commune as above, on the bark 
of BST-VP 

coal 

BST-VTf 50o 22" 40' 18o 53" 55' Tussilago farfara internal heap 
escarpment 

smelter 

ZBB-VSn 50o 19" 05' 18o 49" 37' Zabrze Solanum nigrum heap slope,  
active fire zone 

coal coal 

RDT-VV 50o 03" 43' 18o 26" 30' Rydułtowy Verbascum sp. heap top, plateau coal coal 

SWA-VEc 50o 19" 00' 18o 54" 20' Świętochłowice Eupatorium cannabinum pondside  smelter smelter 

BST – abbreviation of the study site name, V – plant vegetation, F – fungi, Sc – shortcut from the species name 

 

 



APPENDIX 2 

Results of the CHN elemental analysis (in wt.%) of the plant samples collected on the waste heaps of the Upper Silesian Coal Basin 

Sample BST-VSc BST-VRc BST-VAt BST-VV1 BST-VV2 RDT-VV NRS-VV 

BST-FSc 
Typical levels3 

Plant 
part1 S F R St S S S S R S S 

Species2 Solidago canadensis Rumex crispus L. Arctium 
tormentosum Verbascum sp. Schizophyllum 

commune 

C 47.47 47.74 43.37 46.51 41.63 43.45 41.61 44.25 39.85 45.59  40.37 45.06 

H 5.78 4.60 4.63 4.74 4.79 4.74 3.53 4.43 4.29 4.19  5.45 4.94 

N 3.02 0.01 0.01 bdl2 6.25 5.35 0.01 0.01 bdl 0.01  3.61 0.59 

Sample BST-VA BST-Bp BST-VTf ZBB-VSn SWA-VEc 
Plant 
part W B W Bn Bb S St S St R S R F St 

Species Populus L. Betula pendula Tussilago farfara Solanum nigrum Eupatorium cannabinum 
C 49.81 51.83    25.06 45.63 43.03 37.04 39.14 43.58 43.28  44.62 
H 4.99 4.72    2.46 5.76 2.46 4.44 3.90 4.59 4.93  4.76 

N bdl bdl    bdl 2.55 6.49 3.24 0.02 0.01 bdl  bdl 
1 – V – plant vegetation, F in the sample name – fungi, W – wood, Bn – normal bark, Bb – burnt bark, S – shoots, St – stem, R  – roots, F  – flowers; detailed samples 
description is available in the Appendix 1; 2 – below the detection limit; 3 – geometric means calculated based on Kabata-Pendias and Pendias (1989), Jasinskas et al. 
(2000) ), Ma et al. (2008), Shtangeeva (2008), Lutgen (2015), Tang et al. (2018), IPNI (2019); normal content with excess (potentially toxic) content in parentheses; the 
excess levels are approximate – see the main text for details 



APPENDIX 3 

 

Coefficient of variation (CV) of 38 elements measured in the plant tissues 
 

Elements CV [%] Elements CV [%] Elements CV [%] 

Na 260 Zn 120 Co 88 

Tl 251 Fe 115 Ti 86 

Ba 245 La 112 Se 86 

As 236 Mn 112 Ni 81 

Al 229 Mo 110 Cu 75 

Ga 195 Th 109 Sc 69 

S 176 Au 107 Sr 66 

Ag 164 Cd 104 Cr 56 

N 151 Mg 102 V 54 

U 150 B 100 H 17 

Pb 142 Ca 96 C 15 

Sb 136 K 96   

Hg 131 P 90   

 



APPENDIX 4 
 

Results of the ICPMS analyses of additional elements in selected plant 
samples collected on the waste heaps of the Upper Silesian Coal Basin 

 
Sample BST-VV1-S BST-Bp-W BST-Bp-Bn BST-Bp-Bb 

ppm 
Li 0.93 0.04 0.22 1.5 
Be <0.10 <0.10 <0.10 0.10 
Ge 0.09 <0.01 0.04 0.19 
Rb 14 1.6 5.8 2.4 
Y 0.63 0.01 0.18 1.3 
Zr 0.23 0.05 0.35 2.1 
Nb 0.12 <0.01 0.07 0.25 
Pd 0.05 <0.002 0.05 <0.002 
In <0.02 <0.02 <0.02 <0.02 
Sn 0.77 0.63 0.52 0.63 
Cs 0.29 0.10 0.17 0.52 
Ce 1.9 <0.10 0.50 2.8 
Hf 0.004 0.001 0.01 0.07 
Ta 0.006 0.007 0.01 0.008 
Re 0.002 <0.001 <0.001 <0.001 
Pt <0.001 <0.001 <0.001 <0.001 

 
BST– Bytom heap, Bp – Betula pendula, W – wood, S – shoots, Bn – normal bark,  
Bb – burnt bark 



APPENDIX 5 

Enrichment factors of the Upper Silesian samples with respect to Coal Clarkes, local coals and local shale concentrations 

Sample BST-VSc BST-VRc BST-VAt BST-VV1 BST-VV2 RDT-VV NRS-VV BST-FSc  
Plant 
part1 S F R St S S S S R S S  

 
Species Solidago canadensis Rumex crispus L. Arctium 

tomentosum Verbascum sp. Schizophyllu
m commune 

Trace elements [ppm] 
B 302; 11; 27 11; 4; 10 7; 2; 6 8; 3; 7 4; 2; 4 4; 2; 4 4; –; 3 6; 2; 6 3; –; 3 5; 2; 5 3; –; 3   
Mn   –; 2   –; 2 –; 2 –; 3      

Ni          –; 2    

Cu       –; –; 2 –; 2; 3 –; 2; 3     

Zn –; 5; 2 –; 4; 2 4; 7; 3 –; 6; 2 –; 3; – 5; 11; 4 4; 9; 3 9; 18; 7 6; 12; 4   3; 7; 3  

As      3        

Se 46; 7 30; 4 27; 4 17; 2 9; – 7; – 13; 2 13; 2 11; 2 24; 3 9; – 10  

Sr –; –; 2  –; –; 3   –; –; 2 –; –; 2       

Mo –; –; 2  –; –; 2  4; 16 2; –; 9 –; –; 2 –; –; 4 –; –; 3 –; –; 2    

Ag 2; – 2; – 2; –  2; – 3; 3 3; 2 4; 3 4; 3 12; 9; 3 3; 2 2; 2  

Cd 26; 18; 4 29; 20; 4 49; 33; 7 28; 19; 4 5; 3 15; 10; 2 14; 10; 2 34; 23; 5 49; 33; 7   35; 24; 5  

Sb   3; 3; 2   2; 2 3; 3; 2 5; 4; 3 4; 4; 3   3; 3; 2  

Te       25    15 15  

Ba      –; –; 8        

W      –; –; 2  –; –; 2 –; –; 2   –; –; 2  

Au –; 10; 20 –; 15; 30 –; 5; 10 –; 5; 10 –; 20; 40 –; 35; 70 –; 5; 10 –; 15; 30 –; 15; 30 –; 15; 30 –; 15; 30 –; 10; 20  

Hg –; 3 –; 2     –; 2       

Tl   –; 3 –; 2 2; 28; 6 –; 18; 4 –; 6 3; 40; 9 –; 18; 4  –; 3 –; 2  

Pb   4; 2   8; 5; 3 5; 3; 2 12; 7; 4 9; 6; 3 29; 10  4; 2  

Bi      2    3    

Main elements [wt.%] 

Na –; –; 2 –; –; 2 –; –; 2 –; 2; 4 –; 38; 77 –; 6; 12 –; 3; 5 –; 3; 6 –; –; 3 –; 2; 5 –; 2; 4 –; –; 2  

Mg –; 2; 3 –; 2; 2 –; –; 2  –; 2; 3 –; –; 2 –; 2; 2 –; 2; 3 –; –; 2     

P –; 6; 4 2; 9; 6 –; 3; 2 –; 4; 3 8; 43; 29 3; 17; 12 2; 12; 8 2; 12; 8 3; 15; 10 2; 8; 6 2; 12; 8 3; 16; 10  

S 21; 5 17; 4 6; – 8; 2 14; 4 10; 3 15; 4 6; 2 4; – 5; – 6; – 10; 3  

K –; 16; 5 –; 27; 8 –; 13; 4 –; 28; 8 2; 99; 28 2; 80; 23 –; 22; 6 –; 39; 11 –; 24; 7 –; 47; 13 –; 20; 6 –; 6; 2  

Ca –; 3; 23 –; 2; 15 –; 3; 25 –; –; 10 –; –; 6 –; 3; 21 –; 2; 19 –; 3; 21 –; –; 6 –; –; 9 –; 2; 12 –; –; 9  

Fe      –; 2      –; 2  



Sample BST-VA BST-Bp BST-VTf ZBB-VSn SWA-VEc 
Plant 
part W B W Bn Bb S St S St R S R F St 

Species Populus L. Betula pendula Tussilago farfara Solanum nigrum Eupatorium cannabinum 

Trace elements [ppm] 

B  4; –; 4 2; –; 2 2; –; 2 5; 2; 5 6; 2; 5 6; 2; 5 5; 2; 4 5; 2; 4 3; –; 3 14; 5; 12 2; –; 2 8; 3; 7 2; –; 2 

Mn     –; 2 –; 9; 3 –; 2 –; 8; 3 –; 4 –; 2 –; 3 –; 3 –; 2  

Zn –; 2 5; 10; 4 3; 6; 2 6; 12; 5 13; 25; 10 38; 75; 29 12; 23; 9 3; 6; 2 3; 5; 2 3; 6; 2 21; 42; 16 32; 63; 24 15; 29; 11 4; 7; 3 

As      9; 3; 3 2; –    31; 12; 9 54; 20; 16 22; 8; 7 4; – 

Se 4; – 11; 2  7; – 54; 8 23; 3 19; 3 7; – 6; – 4; – 10; – 10; – 7; – 4; – 

Sr  –; 2; 4   –; 2; 4 –; –; 3 –; –; 2 –; –; 2 –; –; 2  –; –; 2    

Mo     –; –; 4 –; –; 3  –; –; 5 –; –; 2 –; –; 3 –; –; 2 –; –; 2 –; –; 2 –; –; 3 

Ag  3; –  4; 3  11; 8; 3 3; 3    29; 22; 7 44; 33; 11 13; 10; 3 3; 3 

Cd 6; 4 37; 25; 5 5; 3 14; 10; 2 171; 116; 24 182; 124; 26 71; 48; 10 51; 35; 7 33; 22; 5 26; 18; 4 212; 144; 30 106; 72; 15 88; 60; 13 141; 96; 20 

Sb 4; 3; 2 3; 3; 2  4; 4; 3 25; 24; 17  3; 3; 2  3; 3; 2 3; 3; 2 4; 4; 3 6; 6; 4 4; 4; 3 2; 2; 2 

Te    20; – 60; 2  15; –        

W     –; 2          

Au –; 4; 7 –; 20; 40 –; 5; 10 –; 3; 5 –; 4; 8 2; 50; 100 –; 10; 20 –; 10; 20 –; –; 2 –; –; 2 –; 5; 9 –; 3; 5 –; 2; 4 –; 2; 3 

Hg    –; 2 2; 6          

Tl –; 3 –; 2  –; 3 –; 8; 2 9; 137; 30 17; 267; 59 ;– 6 –; 7; 2 –; 8; 2 –; 3 –; 7; 2 –; 3  

Pb  2  3; 2 7; 4; 2 29; 18; 10 13; 8; 4    31; 19; 11 59; 37; 20 27; 17; 9 5; 3; 2 

Bi     5          

Main elements [wt.%] 

Na –; –; 2     –; –; 2 –; 2; 3 –; 2; 4 –; 2; 3 –; 2; 3 –; –; 2    

Mg      –; 7; 10 –; 3; 5 –; –; 2       

Sample BST-VA BST-Bp BST-VTf ZBB-VSn SWA-VEc 
Plant 
part W B W Bn Bb S St S St R S R F St 

Species Populus L. Betula pendula Tussilago farfara Solanum nigrum Eupatorium cannabinum 

Al              –; 2 

P 3; 16; 10 –; 3; 2 –; 2 –; 4; 2 –; 2 –; 6; 4 –; 5; 3 4; 21; 14 2; 13; 9 2; 10; 7 –; 6; 4 –; 5; 3 2; 9; 6 –; 2 

S  5; – 4; – 5; – 33; 8 110; 27; 3 70; 17; 2 17; 4 10; 2 9; 2 62; 16 9; 2 10; 3 7; 2 

K  –; 2  –; 3  2; 67; 19 3; 121; 35 2; 73; 21 2; 81; 23 2; 90; 26 –; 26; 8 –; 17; 5 –; 15; 4 –; 22; 6 

Ca –; –; 6 –; 6; 46 –; –; 5 –; 2; 13 2; 10; 77 2; 12; 92 –; 5; 36 –; 3; 21 –; 2; 14 –; –; 7 –; 7; 51 –; –; 10 –; 3; 20 –; 2; 13 

Fe      –; 4     –; 2 –; 4 –; 2  
 

1 – V – plant vegetation, F in the sample name – fungi, W – wood, Bn – normal bark, Bb – burnt bark, S – shoots, St – stem, R  – roots, F – flowers; detailed sample descriptions are available in the Appendix 1; 2 – 
geometric means of multiplicity of Coal Clarke (first value), local coals (second value) and local shales (third value), calculated based on Parzentny (1994), Parzentny et al. (1999), Lewińska–Preis et al. (2008), Ketris 
and Yudovich (2009), Juda–Rezler and Kowalczyk (2013), Smoliński et al. (2014), Kokowska–Pawłowska (2015) and own data (including Kruszewski, 2018) 

https://gq.pgi.gov.pl/article/view/8370
https://gq.pgi.gov.pl/article/view/8185


APPENDIX 6 

Enrichment factors of the USCB heap samples considering mean (normal), moderately elevated (potentially toxic), and hyperaccumulator levels 

Sample BST-VSc BST-VRc BST-VAt BST-VV1 BST-VV2 RDT-VV NRS-VV 
BST-FSc 

 
Plant 
part1 S F R St S S S S R S S 

Species Solidago canadensis Rumex crispus L. Arctium 
tomentosum Verbascum sp. Schizophyllum 

commune 

Trace elements [ppm] 

B 42; 5 –; 2            

Sc 5 5 8 4 3 5 3 3 3 4 3 14  

V 4 4 13 4 4 13 6 8 4 4 4 4  

Co 10 7 19 3  8 7 7 4 2 3 8  

Ni 3 2 6  4 9 3 4 6 17 2 5  

Cu 3 3 5 2 3 4 8 11 12 2 3 4  

Zn 5 4 7 5 3 10; 2; 2 8; 2; 2 17; 4; 3 11; 2; 2   7  

As      2        

Se 13 9 8 5 3 2 4 4 3 7 3 3  

Mo     9 5  2 2     

Ag      –; 2  –; 2 –; 2 2; 6    

Cd 40 45 75 44 7 23 22 52 75 2  55  

Sb 3 8 23 8 2 13 19 31 27 5  19  

Ba      5        

La   10   18 6 6 3 6 2 16  

Au      2        

Hg 120; –; 4 80; –; 3 30 10 15 30 90; –; 3 50; –; 2 30 40 20 40  

Tl 2 2 5 3 43; 4 28; 2 9 60; 5 28; 2 2 5 3  

Sample BST-VSc BST-VRc BST-VA BST-VV1 BST-VV2 RDT-VV NRS-VV 
BST-FSc 

 
Plant 
part L F R St L L L L R L L  

Species Solidago canadensis Rumex crispus L. Arctium 
tomentosum Verbascum sp. Schizophyllum 

commune 
 

Pb 9; 3 12; 4 29; 10 3 8; 3 68; 22 43; 14 99; 32 73; 24 238; 78; 
2  31; 10  

Bi   4   11 8   20 5 10  

Th   3   4  2  2  6  

U              



Main elements [wy.%] 

Al  3 17  3 27 9 11 6 9 4 24  

P  2   11 4 3 3 4 2 3 4  

S 4; 2 3; 2   3; 2 2 3; 2     2  

K  2  2 7; 2 5; 2  3 2 3    

Ti   4  2 7 2 3  2  5  

Fe 4 4 16  3 19 16 11 5 5 3 22  

Sample BST-VA BST-Bp BST-VTf ZBB-VSn SWA-VEc 
Plant 
part W B W Bn Bb L St L St R L R F St 

Species Populus L. Betula pendula Tussilago farfara Solanum nigrum Eupatorium cannabinum 

Trace elements [ppm] 

B           2; 2    

Sc 3 3 3 3 8 10 3 4 3  4 4 4  

V 4 4 4 4 10 10 4 4 4 4 6 6 10 4 

Mn      5  5 2  2 2   

Co  3  2 22 23 6 6 4 5 6 9 5  

Sample BST-VA BST-Bp BST-VTf ZBB-VSn SWA-VEc 
Plant 
part W B W Bn Bb L St L St R L R F St 

Species Populus L. Betula pendula Tussilago farfara Solanum nigrum Eupatorium cannabinum 

Ni 2 3  3 7 5 2 3 2 3 3 5 5  

Cu  2  3 3 4  4 2 3 3 4 3  

Zn 2 10; 2; 2 5 12; 3; 2 25; 5; 4 73; 16; 13 23; 5; 4 5 5 5 41; 9; 7 61;14; 11 28; 6; 5 7; 2 

As      4     14 23; 2 10 2 

Se  3  2 16 7 5 2 2  3 3 2  

Sr  3   3 2         

Mo     2 2  2 2  3   2 

Ag    –; 2  2; 6 –; 2    5; 14 8; 22 2; 7 –; 2 

Cd 10 57 7 22 264; 2 282; 3 109 79 51 40 327; 3 164; 2 136 218; 2 

Sb   5 5 5          

Te     2          

La    2 9 9 2 3   4 4 3  

Au      3         

Hg 5 15 5 60 220 25 5 15 4 2 20 5 10 4 

Tl 5 3 2 4; –; 2? 12; –; 7? 205; 18 400; 36 9 10 12 4 10 4 2 



Pb  18; 6 2 24; 8 56; 18 238; 78; 2 109; 36 4 4 4 259; 85; 2 491; 161; 4 221; 72; 2 39; 13 

Bi    5 34 7         

Th     2 6         

U     2?          

Sample BST-VA BST-Bp BST-VTf ZBB-VSn SWA-VEc 
Plant 
part W B W Bn Bb L St L St R L R F St 

Species Populus L. Betula pendula Tussilago farfara Solanum nigrum Eupatorium cannabinum 

Main elements [wt.%] 

Mg      4 2        

Al 17   3 23 19 3 7   9 9 4 186 

P 4       5 3 2   2  

S     6; 4 21; 13 13; 8 3; 2 2 2 12; 7 2 2  

K      4 8; 3 5; 2 5; 2 6; 2 2    

Ca  2   3 3     2    

Ti     3 3  2   3 3 2  

Fe  3  4 11 48 11 4 2  28 45 18 3 

 
1 – V – plant vegetation, F in the sample name – fungi, W – wood, Bn – normal bark, Bb – burnt bark, S – shoots, St – stem, R  – roots, F – flowers; detailed sample descriptions are available in the Appendix 1; 2 
– geometric means of multiplicity of enrichment as compared to normal (first value), moderately elevated (potentially toxic; second value), and elevated (including hyperaccumulator values) contents, calculated 
based on Martin (1937), Saric et al. (1995), Siwek (2008), McGrath et al. (2010), Ashraf et al. (2011), Chang et al. (2017), Gupta and Gupta (2017), Zhou et al. (2018), Aihemaiti et al. (2019), Nejad and Etassami 
(2020) and references listed below Table 1 


