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We de scribe new data con strain ing pat terns of in ter ac tion of soils and veg e ta tion in post-coal-min ing and post-smelt ing
waste heaps of Up per Silesia. Mosses show the high est lev els of many el e ments. We use 3 stan dard bioconcentration in di -
ces to show di rec tions of trans fer of both trace and ma jor el e ments (53 in soils, 37 in plants) in par tic u lar plant or gans.
Solanum nigrum around or ganic- and S-rich fumaroles of the “Ruda” heap (Zabrze) shows 36 in di ces with val ues ³2 (31-el e -
ment ba sis) sug gest ing the larg est hyperaccumulation po ten tial (HP), es pe cially of Cd, Mo, Sr, Zn, Mn and Au; also Hg, U,
Al, Ti, Fe, Cu, Au and few oth ers. Verbascum (4 spec i mens) shows HP for Tl, Sb, Cd and Sr. It is the ma jor scav en ger of V,
Cr, Co, Ni, Ga, As, Hg, P and Bi, and oc ca sion ally of B, Hg, Au and Te. Crepis mollis shows ev i dent af fin ity for W and Au, and
Solidago gigantea for Ag. Anom a lies of W are also pres ent in mosses (2 spec i mens) and a grass, and of Au in one moss,
Tussilago farfara and Eupatorium cannabinum. Most el e ments are trans ferred to leaves, with the par tial ex cep tion of Cd and
Tl. Vari able be hav iour is found for Cd, Tl, Cu, Se, Sr, Mo; Cu, Zn, B and W.

Key words: soil-to-plant el e ment trans fer, waste heaps, bioaccumulation fac tor, bioconcentration in di ces, translocation fac -
tor, Verbascum.

INTRODUCTION

POST-COAL-MINING AND POST-SMELTING HEAPS OF UPPER SILESIA

Both coal min ing and smelter trans for ma tion of
Pb-Zn-Ag-Cd-Tl-bear ing ores within the Up per Silesian Coal
Ba sin (USCB), south Po land (Fig. 1) re sulted in nu mer ous
waste heaps (coal-min ing waste heaps, CWHs, and
post-smelt ing waste heaps, SWHs). Of these, there are
~220 CWHs (Gawor, 2014), of which a small pro por tion has
spon ta ne ously burnt or is still burn ing. As of 2023, af ter 19
years of mon i tor ing by one of us, less than 10 heaps are still on
fire. The CWHs col lect vast amounts of post-min ing waste
rocks (coal, coaly shales, and other mostly sed i men tary rocks),
with a to tal mass of >760 mil lion tonnes (Gawor, 2014) and
grow ing. They can have large ar eas, of ten >100 ha (e.g., at
Czerwionka-Dêbieñsko) and heights [e.g., 138 m above ground 
level (a.g.l.) in the case of the “Szarlota” heap in Rydu³towy;
PZPWŒ, 2004]. Some heaps un dergo de cons truc tion (e.g., at

Zabrze-Mikulczyce), oth ers re culti va tion (e.g., heaps in £aziska 
and the Bañgów – D¹brówka Wielka area), re con struc tion (e.g.
Radlin and Rydu³towy), or sud den fire out breaks as in the
Brynów dis trict of Katowice (Przybytek, 2015). The for ma tion
and long-time ex is tence of these heaps leads to se vere en vi -
ron men tal dis tur bance. Remediation of burn ing CWHs
(BCWHs) is very costly. Spon ta ne ous coal ox i da tion fol lowed
by com bus tion trig gers nu mer ous physico-chem i cal trans for -
ma tions, of main three types: high-tem per a ture (~330–1200°C) 
pyrometamorphic, ex ha la tive, and low-tem per a ture supergene
(e.g., Kruszewski et al., 2018, 2021, and ref er ences therein). In -
for ma tion on the causes of spon ta ne ous gob fires are found in
the pa pers cited. Coal-fire gas – the ma jor agent of chem i cal
and heat trans fer within the burn ing heaps – has a com plex and
ex tremely spatiotemporally vari able chem is try, though dom i -
nated by H2O and CO2, fol lowed by CO, CH4, thiophene, AsH3,
PH3, organohalogens, and nu mer ous other or ganic com -
pounds and rad i cals. Hy drox ides, car bon yls, nitrosyls, hy -
drides, and organo(semi)metallics rep re sent the ma jor
gas-phase forms of (semi)metal and in part non metal trans fer
within the CWHs (e.g., Kruszewski et al., 2018, 2019, 2021).
Fumarolic ac tiv ity and newly formed con den sate min er als
(mainly hy drated and an hy drous sul fates and chlo rides) in tro -
duce am mo nium (the most char ac ter is tic cat ion of burn ing
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Fig. 1. Field im ages of new biotopes stud ied in this re search

A – Bytom – D¹browa Miejska heap, with grass and moss sam ples
taken from es carp ment edge be hind the smok ing fumaroles; B –
Radlin heap, es carp ment of the burn ing zone (Solidago gigantea
col lec tion site); C – hy drated fumaroles within the rim (in ter nal edge) 
of the burn ing pla teau, „Szarlota” heap, Rydu³owy (Crepis mollis col -
lec tion site); D – cen tral part of the pla teau where mosses were col -
lected, same heap; E – Verbascum at the (outer) edge of the
pla teau, same heap; F, G – moss- and Verbascum-rich ar eas over
the burn ing ho ri zon of the Wojkowice-Krzy¿ówka heap (G –
Verbascum and Helichrysum arenarium col lec tion site)



CWHs), B, F (e.g., as [SiF4]
2-, [Al(F,OH)6]

3-, and F-), Cl-, SO4
2-,

K, Na, Ca, Mg, Al, Ti, Cr, V, Mn, Fe, Ni, Cu, Zn, Ga, Ge, As, Se,
Br, Sr, rare earth el e ments (REE), Mo, Ag, Cd, In, Sn, Sb, Te, I,
Ba, Re, Au, Hg, Tl, Pb, Bi, Th and U to the lo cal en vi ron ment
(e.g., Kruszewski, 2018; Kruszewski et al., 2018). Thus, lo cal -
ized multi-el e ment anom a lies oc cur widely across the USCB
from burn ing CWHs.

Mainly due to the fix a tion of many el e ments by the or ganic
mat ter of coal, such el e ments may con sti tute anom a lies within
the fuel (Ketris and Yudovich, 2009) and, due to fire-driven
trans for ma tions, they may be mo bi lized in the CWHs. The most
com mon anom a lies in dif fer ent ma te ri als from the USCB CHWs 
con cern Zn, Pb, Hg, Co and Ga, fol lowed by Sb, Ni, Cu, Bi, As,
Se, Tl and other el e ments (Kruszewski, 2018). This, in turn,
sug gests po ten tial in dus trial uti li za tion of heap-grown veg e ta -
tion, by phytomining (e.g., Siwek, 2008a, b; Vural, 2017).

In the north ern part of the USCB, CWHs are of ten mixed
with post-smelt ing waste re lated to for mer Pb-Zn(Ag) min ing in
this area. Pure SWHs are also pres ent in this re gion. This waste 
is a large source of not only Pb and Zn, but also Cd, Tl, Ag, and,
to some ex tent, Ge and other el e ments (e.g., Wierzbicka et al.,
2004).

SOILS AND VEGETATION IN THE HEAPS

Kruszewski et al. (2021) stud ied soils de vel op ing on burn ing 
and burnt CWHs of the USCB area, in clud ing or ganic- and sul -
fur-rich soil from the “Ruda” heap in Zabrze-Biskupice, fur ther
an a lyzed in the cur rent study. Goethite was found in most soils
as a marker of both pedogenesis and, likely, sa lin ity. Some
trace el e ments (TE; As, Sb, Pb, Ba, Cu) in these soils showed
pos i tive cor re la tion with the fin est silt frac tion. Sb and Ba, along -
side Zn, Ni, and Cr pos i tively cor re lated with 0.5–0.25 mm sand, 
Th, Zr, La, Al with the coarse sand frac tion, and Sb and Zn with
gravel. Higher TE lev els were pos i tively cor re lated with tem per -
a ture of crys tal li za tion of the in her ited min er als. Com par ing with 
data for the pre sum ably fire-free heap hab i tats stud ied by
Rahmonov et al. (2020), we found a higher de gree of pH vari -
abil ity than their 4.1–5.9 range, though our pH data usu ally plot -
ted around 7, in part due to en rich ment in organonitrogen spe -
cies.

Wojewódka-Przyby³ et al. (2022) found a high vari a tion
(CV>100%) in el e men tal con tent be tween the sam ples. The
most com mon anom a lies in the CWHs stud ied con cern Zn, Pb
and Hg – de pend ing on waste type – fol lowed by Bi, U and Tl.
The lo cal veg e ta tion was able to col o nize the heap hab i tats
even though its Zn, Hg, and Tl lev els are (much) higher than
lev els con sid ered to be toxic ones. The high est phyto stabi -
lization and phytoremediation po ten tial was at trib uted to E.
cannabinum and S. canadensis which showed max i mum con -
tents of some el e ments in their roots. The for mer has shown
higher than toxic lev els of As, Ag, Cd and Pb. We have also
sug gested it as a po ten tial B hyperaccumulator. In that pa per
just 9 plant spec i mens were stud ied and we noted that some
de pend en cies ini tially iden ti fied, such as the TiLa and TiFe as -
so ci a tion, needed ad di tional study. In this pa per we con tinue re -
search into soils (fol low ing Kruszewski et al., 2021) and veg e ta -
tion (fol low ing Wojewódka-Przyby³ et al., 2022) on var i ous types 
of heaps of the USCB area.

Spe cies com po si tion on the Pol ish heaps has had some
study (e.g., Zaj¹c and Zarzycki, 2013; Hanczaruk and Kom -
pa³a-B¹ba, 2019; Rahmonov et al., 2020; Sitko et al., 2022).
Due to the ex treme con di tions such as strong in so la tion, low
sub strate hu mid ity, and low ered avail abil ity of nu tri ents, many
heaps rep re sent hab i tats with ei ther a small num ber of plant
spe cies or with dis tinc tive (e.g., en demic) fauna and flora. The

plant suc ces sions in clude lo cal metalophytes: hyperaccumula -
ting spe cies also known from dis tant en vi ron ments, such as
Armeria maritima (e.g., Siwek et al., 2008a, b). On heaps of
coal fly ash (CFA), polycyclic ar o matic hy dro car bons (PAHs)
rep re sent an im por tant source of toxic el e ments (e.g., Atanas -
sova et al., 2018). Sub strate-de rived el e ments are ac cu mu -
lated in var i ous parts of the plants, de pend ing on spe cies.
Heap-grown plants must de velop strat e gies to sur vive ionic
stresses. These in clude se lec tive up take (known, e.g., in wa ter
plants such as Ludwigia palustris, but also trees such as
Populus nigra); avoid ance mech a nisms in clud ing arbuscular
my cor rhi za (e.g., in Trifolium pre tense, Glomus moseae and
oth ers); tol er ance via neu tral iza tion re lated to syn the sis of
metal-bind ing com pounds such as metallothioneins and pro -
tec tive pro teins; de lay of the veg e ta tive sea son, or ad van tage
of veg e ta tive over se lec tive re pro duc tion. Al though as much as
70-98% of the el e ments taken up may be kept in roots, some
plants (e.g., Salix atrocinerea, Lepidium sativum) show
root-to-shoot translocation. Shoot se ques tra tion is known, e.g.,
in Leptoplax emarginata, Nicotiana tabacum, Helianthus annu -
us and Bras sica juncea. In the case of hyperaccumulators –
plants ab sorb ing ex treme lev els of el e ments – pro cesses in -
clud ing me chan i cal ab sorp tion, translocation, de tox i fi ca tion,
compartmentation or via in duc ing of rhizosphere pH low er ing
take place. Hyperacumulator spe cies are some times used in
phytomining. Some are bioindicators of pol lu tion, e.g., Zn pol lu -
tion (Cardaminopsis halleri), Cu and Ni pol lu tion (Betula pubes -
cens)  El e va tion of pH may lower avail abil ity of B, P, Mn, Cu and 
Zn (Siwek, 2008a, b; Hanczaruk and Kompa³a-B¹ba, 2019).
Siwek (2008a, b) re ported im por tant arbuscular-mycorriza spe -
cies over grow ing old Zn-rich heaps to be Cardaminopsis
arenosa, C. halleri, Biscutella laevigata, Thlaspi calaminare and 
Minuartia verna. Many spe cies arise in late stages of suc ces -
sion, in clud ing Armeria maritima and Vi ola calaminaria.

STUDY AREA AND METHODOLOGY

VEGETATION AND SOIL SAMPLES

For the cur rent study, geo chem i cal data on 11 veg e ta tion
sam ples char ac ter ized by Wojewódka-Przyby³ et al. (2022) were
used. They come from a burn ing mixed (coal-smelter) waste
heap in the D¹browa Miejska dis trict of Bytom (Rumex crispus
L., Arctium tomentosum Mill., Verbascum – river bank; Solidago
canadensis L. and Verbascum – heap top; Tussilago farfara L. –
post-smelter slag zone; Betula pendula Roth and Populus L. –
burn ing es carp ment), the “Ruda” heap in Zabrze- Bis kupice
(Solanum nigrum L. – or ganic- and S-rich fumaroles), and the
“Ajska” post-smelter heap in Œwiêtoch³owice-Chro paczów
(Eupatorium cannabinum L.). To el e vate the sta tis ti cal qual ity, 11 
new sam ples (plant or gans) from 6 new spec i mens were stud -
ied. The spec i mens col lected within the cur rent study are: a
moss and a grass grow ing im me di ately above fumaroles of the
burn ing es carp ment at Bytom (BDM sam ples); Solidago
gigantea Aiton from the Radlin CWH top, grow ing im me di ately
above a long-term in tense-fire zone; Crepis mollis Asch. be ing
part of a rich veg e ta tion as sem blage over grow ing a hill within the
outer part of a heap pla teau (RDT-b) cov er ing a long-term strong
pile fire at the “Szarlota” CWH in Rydu³towy; Verbascum and a
moss (most likely Silene acaulis) grow ing at the edge and cen tre
of this pla teau (RDT-plt); and Verbascum and Helichrysum
arenarium col lected from a zone im me di ately above an ex pir ing
fire zone at the CWH in the Krzy¿ówka dis trict of Wojkowice
(Fig. 1 and 2). De tails on the old sam ples and their hab i tats are in 
the pa per cited, while those re gard ing the new sam ples are given 
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in Ap pen dix Ta ble 1 herein. At the RDT-b site, highly hy drated
very-low-tem per a ture fumaroles have been ac tive for at least last 
2 years. Ad di tional plant spe cies iden ti fied there in clude Scandix
pec tin-veneris, Helmintho theca echinoides, Hypericum
perforatum, Verbascum (prob a bly V. thapsus), Sonchus
oleraceus, Evolvus glomeratus, Bellis annua, Fragaria L., and
pro vi sion ally iden ti fied Cirsium brevi stylum (abun dant), Poaceae
(most likely Juncus effusus; abun dant), Bryophyta (pos si bly
Callitriche palustris; abun dant), Hypochaeris glabra (abun dant),
Packera glabella (quite abun dant), Sericocarpus asteroides,
Hieracium gronovii (and/or H. scouleri), Lactuca serriola, Eruca
vesicaria, Heteropogon centaurus, Glechoma hederacea L.,
Arnoseris min ima, Picris hieracioides, Arabidopsis thaliana and
Lapsana. The “plt” hab i tat, by con trast, was spe cies-poor, with B. 
annua as the only spe cies iden ti fied in ad di tion to those pre vi -
ously noted. No other spe cies were iden ti fied at the BDM site. At
the Radlin site, S. gigantea was likely as so ci ated with mi nor H.
echinoides and a grass. The to tal num ber of spec i mens there
was low. A few metres be low the burn ing zone, on a ter race, rich
planted veg e ta tion rep re sented mainly by Elaeagnus angustifolia
and Hippo phae rhamnoides oc curs. The “Ajska” hab i tat in
Œwiêtoch³owice was also poor in veg e ta tion, with E. cannabinum
mostly as so ci ated with Poaceae. The site in Wojkowice was rich
in spe cies and, in gen eral, sim i lar to the “b” hab i tat of Rydu³towy.
Ad di tional spe cies seen on the Wojkowice heap were Erigeron
annuus L. (rich), Matricaria discoidea (rich), Echium vulgare,
Lepidium densiflorum, S. gigantea, Centaurea L. (prob a bly C.
paniculata), a moss, and ten ta tively iden ti fied Rorippa sylves tris,
Lamium amplexicaule, Plantago alfa and Plantago maritima.

Soil sam ples were de rived from the rhizosphere of these
plant spec i mens and its im me di ate sur round ings. We could not
use the soil sam ples de scribed in Kruszewski et al. (2021) be -
cause some of them came from al ready non-ex is tent (col -
lapsed) ar eas. The sec ond, biogeochemical rea son is ex -
plained be low. Thus, for the pur pose of the cur rent study, 12
new soil sam ples were stud ied, along with a re-stud ied sam ple

from Zabrze (see de tails be low). In to tal, 13 soil sam ples were
an a lyzed for 52 el e ment con tents.

SAMPLE PREPARATION AND LABORATORY ANALYSIS

Treat ment and anal y sis de tails of the veg e ta tion sam ples
are es sen tially iden ti cal as in Wojewódka-Przyby³ et al. (2022),
as the sam ples were stud ied us ing the veg e ta tion-ded i cated
ICP MS at Bu reau Veri tas. The same holds for the soil sam ples, 
al though in this case the dis so lu tion was by the mod i fied aqua
regia (AR) method. This was done to gain data for ad di tional el -
e ments (as com pared to the for merly used multi-acid, i.e., MA
di ges tion ap proach), namely Li, B, Ga, Ge, Se, Rb, Pd, In, Te,
Cs, Ce, Hf, Ta, Re, Pt, Au, Hg and Tl. Geo chem i cal anal y sis of
the soil sam ples an a lyzed prior to this study was car ried out by
us ing a much more ag gres sive di ges tion treat ment. In that case 
a multi-acid di ges tion was used. Al though this gave to tal or
nearly-to tal el e men tal com po si tion data, it did not re flect el e -
ments avail abil ity for veg e ta tion. In par tic u lar, the MA re sults
show much higher con tents of Al, K, Ti, Be, Sc, V, Cr, Sr, Y, Zr,
Nb, Ba, La, Th and – in par tic u lar – Fe and Bi, due to their con -
cen tra tion in re frac tory and low- to very-low sol u bil ity min eral
phases such as cor di er ite/indialite, oxyspinels, an or thite, rutile,
zir con, monazite-(Ce) and glass. These phases strongly im mo -
bi lize most of these el e ments. The re sults ob tained are shown
as re ceived, and the typ i cal av er age un cer tainty is ~8%.

STATISTICAL ANALYSIS

Dif fer ent sta tis ti cal tools were used to as cer tain the geo -
chem i cal re la tions of the el e ments stud ied. The data was ana -
lysed us ing PAST soft ware (Ham mer et al., 2001). Cor re la tion
of logratioed data was stud ied by Kend all sta tis tics, and prin ci -
pal com po nent anal y sis (PCA) was also used. To ob tain as
many as so ci a tions as pos si ble, the soil and veg e ta tion sys tems
were both stud ied as merged and sep a rated sys tems. Both the
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Fig . 2. Geo graph ical lo ca tion of the heaps stud ied
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logratio and PCA ap proaches were cho sen based on ad vice in
pa pers de voted to sta tis tics us age in ge ol ogy, e.g., Pingitore
and Engle (2022).

RESULTS

The ICP anal y sis re sults for both trace (and mi nor) and main 
el e ments in soil sam ples are shown in Ta ble 1. The cor re -
spond ing data for new veg e ta tion sam ples is given in Ta ble 2.
Re la tions of the con tents found to lo cal coal, shale, and nor mal
soil and veg e ta tion lev els are jux ta posed in Ap pen dix Ta ble 2,
in the form of en rich ment fac tors (EFs, i.e., lev els mea sured di -
vided by lev els in the ma te ri als listed).

SOIL GEOCHEMISTRY

The soils stud ied show per sis tent high en rich ment in Zn
(geo met ric mean, i.e., GM, of 426, and max i mum
>10,000 mg/kg) Pb (170 and >10,000 mg/kg, re spec tively), Cu
(59 and 961 mg/kg), As (16 and 2340 mg/kg, re spec tively), Cd
(2.9 and 102), Sb (1.6 and 23), and Ag (0.47 and 7.7). Also Se
(0.93 and 3.8), Te (0.07 and 0.19), Bi (0.68 and 2.1), Hg (0.10
and 4.1), and Tl (0.20 and 0.62 mg/kg) show el e vated lev els. El -
e ments strongly undersaturated with re spect to the multi-acid-
so l u ble frac tion (of the for merly stud ied soils) are Nb, Zr, Hf; W,
Na, Ti; Al, Rb, Li, Cr, Be, Sr, Y, Mo, Ag, Mg, Th, Bi, Se, In, Sn,
Sb, Ba, Ce and Tl. Av er age lev els of Ni, Cu, Pb, Ca, Fe, V, and
Mn are sim i lar, and those of Cd, As, P, S, Co and Zn are higher
(Ta ble 1). The mean-and-whis ker plot for the “new” soil sam -
ples (Fig. 3) shows Al, Fe and Ca (main el e ments), Zn and Pb
(trace el e ments) hav ing the larg est spread. They are fol lowed
by K, Mg, S; As, Ba and Cu. The spread of other el e ments is
neg li gi ble, al though of the main el e ments P is the one with the
low est range. In gen eral, much more vari a tion is seen for the
main el e ments. The Kend all sta tis tics ma trix for the soils is
shown in Ap pen dix Ta ble 3.

PLANT GEOCHEMISTRY

The plants are par tic u larly en riched in Zn (GM of 117 and
max i mum of 529 mg/kg), Pb (11 and 151, re spec tively) and Al
(0.14 and 1.48), with lesser anom a lies of U (0.37 and 6.0), Cd
(1.0 and 4.7), As (1.1 and 6.7), Bi (0.18 and 1.9), Sb (1.2 and
2.5), Ag (0.13 and 0.50) and Se (0.32 and 1.1 mg/kg). The
mean-and-whis ker plot for the “new” soil sam ples (Fig. 3)
shows K, Ca, and S show ing a large spread, with Fe, Al and Mg
hav ing mod er ate spread (main el e ments); of the trace el e -
ments, Zn has the larg est spread, al though the log a rith mic ver -
sion sug gests this char ac ter is tic may also be as cribed to As,
Pb, La, Cd, Th and U. As in the case of the soil sam ples, the
main el e ments have larger vari a tions. The Kend all sta tis tics
ma trix for the soils is given in Ap pen dix Ta ble 4. El e ment con -
tents in the veg e ta tion are com pared with the pub lished data in
Fig ures 4–6; the cor re spond ing con cen tra tion/translocation
data is in Fig ures 7–11.

Leaves of A. tomentosum from Bytom are es pe cially rich
(>100 mg/kg) in Tl (EF of 28,  i.e.,  28 x nor mal veg e ta tion lev -
els), Cd and V (23x), Zn and Ba (12x), Cr (9x), Sc (8x), and Pb
and U (5x), with higher (?2x) than typ i cal lev els of B, V, Ni, Cu,
Se, Mo, Sb, Hg, Bi and Th; of the ma jor el e ments, >4 wt.% K is
no ta ble. There has been lit tle such pub lished data on A. tomen -
tosum, and we pro vide data for 30 el e ments seem ingly pre vi -
ously un stud ied for this spe cies. Our spec i men shows rel a tive
en rich ment in Zn, with high val ues also for Ba, Pb and Sr, with
mod er ately el e vated B, Cu, Ni, Cr, V, As, K; Mo, Cd, La; Ca, Tl

and Co. The BAF fac tor re cord be longs to K, fol lowed by Na,
Ba, Tl, S, P, Th, Mo, Sr, Au, B, Ca and Mg.

Leaves of R. crispus from Bytom are es pe cially rich in Tl
(43x), Mo (9x), Cd (7x), Pb (5x), Sc (4x), and Cr (~3), and this is
the spe cies rich est in K (~6 wt.%), P, Na, and Mg. Its B en rich -
ment level is very sim i lar to that in the as so ci ated A.
tomentosum. Rel a tive to pub lished val ues, there is en rich ment
of K, P, S, Na, and to some ex tent of Ti, Fe and Mg. En riched el -
e ments are Zn, Ba, B, Pb, Cu, Sr, Ni, Mo, Cr, V, Tl and As. As in
the case of the as so ci ated A. tomentosum, no com par a tive
BAF (bi o log i cal acumulation fac tor, i.e., leaf con tent/soil con -
tent) data was found. El e vated BAFs con cern es pe cially K, Na,
P, S, Mo, Tl, Mg, B, Se and Au.

Of the Solidago spe cies, S. canadensis is most ex treme in
its TE lev els, with the high est, fif teen-fold en rich ment against
the norm. Other anom a lies in clude Cd (49x), V (23x), Sb (20x),
Se (13x), Sc (12x), Cr (10x), Zn and Hg (8x), Th (7x), Tl (5x), Cu
(4x), U (~3), with the norm dou bled in the case of Ni, Co, Pb and 
Bi. S. gigantea is rel a tively sat u rated in Sb (19x) and Hg (13x),
with much smaller out li ers for B, Cd, Cr, Cu, Zn, Sc, Ni, Bi and
U.

E. cannabinum (var i ous or gans) shows, in re la tion to pub -
lished data, out stand ing lev els of Cd (327x), Zn and As (~75x),
Pb (34x), Sb (18x), V (17x), Ag (16x), Tl and Sc (10x), Cr (9x)
and B (7x), with el e vated Hg, Co, Ni, Cu, Ca, Fe and S. Nu mer -
ous el e ments show dif fer ent or gan pref er ences than as pre vi -
ously re ported: Mn (leaf); Cu, Fe, Pb, and to some ex tent Cr, Ni, 
Ba and U (root). Cd shows leaf pref er ence. Other root-con cen -
trated el e ments are Ga, Sb, Ag, Tl and Th. There are equal
root-leaf lev els of Al, Ti, Mn, V, Cr, Sc, Se, Te and Bi. There are
high BCF (bi o log i cal con cen tra tion fac tor, i.e., root level / soil
level) lev els of Zn and Pb, and el e vated BCF, BAF and TF
(translocation fac tor,  i.e., leaf level / root level) of K, B, and P.
Also, seem ingly higher-than-pub lished BCF and TF char ac ter -
ize As and Cd (plus Sr and Na), and Ca (TF and BAF). The only
el e ment seem ing pref er en tially kept in the stem is Al.

Many el e ments have been de ter mined in T. farfara (leaves
mainly) and it is the most Zn-rich spe cies (90x the norm). It is
also ex tremely anom a lous in terms of Tl (400x) and Cd (182x),
also be ing rich in Sb and Pb (19x), Ni (17x), Sc (16x), As (12x),
Se (7x), Cr (6x), Ag, Co and Bi (~4x), and B, Cu and V (~3x). Cr, 
Co, and Ni are also mod er ately el e vated. Lev els higher than
those re ported by other au thors are Ca, Tl, Zn, Co, Ti, Mn, V,
Hg and Fe; Na lev els are com pa ra ble. The high est anom a lies
are ob served for Zn and Pb, and then for Sr, B, Ba, As, Cu, Tl,
Ca, K, S, V, Cr and Ni. Po ten tially strong leaf pref er ence may be 
shown es pe cially by V, Sc, Fe, Ni, Ga and U, with stem pref er -
ence over leaves clearly in the case of Sb, K and Te. There are
sim i lar stem- and leaf-con tents of B, Pb and Tl. The high est
stem/leaf EF val ues are for Th, Al and Bi, fol lowed by Hg, Au,
La, Ga, Fe, Mn, Ti, Sc, As, Co, Ni, Zn, Ag and U.

The re sults ob tained for the four Verbascum spe cies seem
to sug gest that this ge nus is rel a tively non-se lec tive as re gards
el e ments sorbed. The most en riched el e ments (i.e.,
log(value)>0.1), in gen eral, are Zn, Cu, B, Ba, Pb, Sr, with
smaller or sin gle anom a lies for Cr, V, Ni, Co, Cd; La, Ga, Sc,
Sb, Tl, U; and Th, Ca and K. Norm-re lated en rich ment is vari -
able, but out stand ing for Sc (4-620x), V (10-63x), Tl (6-60x), Sb
(16-28x), Cd (3-49x), Zn (4-21x), Cr (5-16x), Cu (4-10x), Ni
(2-9x) and B (2-4x). There are sin gle anom a lies of Co, Bi, Th,
and U. El e ments with lev els higher than pub lished ones are Ti,
Fe, Sc, V, Pb, Hg and Tl. Most el e ments stud ied fol low the
same or gan pref er ence as in pub lished data, with the ex cep tion 
of Pb, Mo, Cd, As, and in part Bi and Mn. Also, most el e ments
show leaf pref er ence (be ing the most per sis tent for Al, V, La,
Se, S; W and Au), with vari able be hav iour no ticed for Sr, Ag

£ukasz Kruszewski et al. / Geo log i cal Quar terly, 67: 40 5
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and Mg. Both Mn and Zn show com par a tively el e vated BCFs
and TFs; the same is true for the BCFs of Ni, Cu and Cd, and
TFs of Fe, B, Co, As, Mo, Pb and Bi. Mer cury and gold show the 
stron gest po ten tial for the root à shoot shift (TF>10), fol lowed by
Ga, Pb, Bi, Al, Fe, La and As. The high est BAFs are ob served
for Hg, Tl, Ca, Sr, Mo, Cd, W, Sb and Na; some what lower for K, 
P, Na, Zn, B, Cu, S, Mg, Se, Mn, Ti, V, Ba, As, Ni, Al and U.

The S. nigrum en rich ment in re la tion to veg e ta tion-typ i cal
lev els is not that ex treme, with 51 times the norm for Cd, el e -
vated Sb (18x), Tl (12x), Zn and V (7x), Sc (6x), and to a lesser
ex tent Ni, Th, Cr, Cu and B. Of the el e ments with val ues com pa -
ra ble to pub lished ones, only Mn and Cd show dif fer ent, i.e.,
leaf, af fin ity. BCF fac tors larger than pub lished ones are of Cd,
Tl and Zn. High val ues were also ob tained for K, Na, P, Mo, Ca,
Mg, Mn, Sr, Sb, Cu and Ag. Com par a tively el e vated TFs are of
Cd, Au, Th and U, with still rel a tively high val ues for Hg, La, Mg,
Al, P, S, Ca, Ti, Mn, Fe, Sc, B, Na, Cu, Zn, Ga, Ni, Se, Sr, Ba
and Mo. There is rel a tive root undersaturation of Sb, Tl, and K.

The Rydu³towy C. mollis shows high V (33x the norm), Bi
(32x), Sb and U (18x), Tl (12x), Hg (8x), Ni (~7x), Sc (6x), Cu
(5x), Cr, Co and Se (~4x), and is char ac ter ized by el e vated Mo,
W, Ba and La. Rel a tively to pub lished data, Mn, Fe, Sc, Sr, Ag
and Sb seem higher, and Na, S, P, Ca, Cr, Co, Ni, Cu, Zn, Mo
and Cd are lower. Of these, Sr, Ni, and Cr be have dif fer ently in
be ing pref er en tially en riched in dif fer ent or gans. Higher BCF,
BAF and TF were found for Na and Mn; higher BCF and BAF 
for Cu, Sr and Ba; and higher BCF and TF for Pb and Cr. There
are el e vated BAF also for Cd and Al, and higher TF for S, K,
and Zn.

The Wojkowice Helichrysum arenarium proved to be rel a -
tively TE-low, though still show ing ten fold en rich ment in Tl and
el e vated Ni, Sb, B, Co, Cr and Cu. By com par i son with the
norm, higher anom a lies in clude Tl (10x), with much smaller
ones of Ni, Sb, B, Co, Cr and Cu.  Com pared to the pub lished
data this spe cies is en riched in Ag, K, Mn, B and Ni. Al though
the Ag en rich ment might be ex pected based on the en rich ment

£ukasz Kruszewski et al. / Geo log i cal Quar terly, 67: 40 9

Fig. 3. Mean-and-whis ker di a grams for the soil (a) and veg e ta tion (b) sam ples



10 £ukasz Kruszewski et al. / Geo log i cal Quar terly, 67: 40

 f
o t

n
e t

n
o

c l
a t

n
e

 m
 el

e 
d

e
h

si l
b

u
p 

d
n

a 
d

e i
d

ut
s 

e
ht f

o 
n

o
 s ir

a
 p

m
o

C .
4 .

gi
F

m
u

s
ot

n
e

m
ot .

A
 ,

s
u

p
sir

c .
R

 ,
ar

afr
af .

T
 ,

m
u

ni
b

a
n

n
a

c .
E

 ,
si

s
n

e
d

a
n

a
c .

S
 

d
n

a 
a

et
n

a
gi

g .
S

 :
er

u t
 ar

 eti
L .

w
ei

v r
ett

e
b 

a r
of 

ci
 m

hti r
 a

g
ol 

e
d

a
m 

e
b y

a
m 

el
a

c
s 

Y 
e

h
T

.l
a t

e 
a

k
sl

a
w

o
K ;)

0
1

0
2( .l

a t
e 

n
o

o
s

si
K ;)

8
0

0
2( .l

a t
e 

n
o

 s
n i

b
o

R ;)
7

0
0

2( .l
a t

e 
g

n
a

u
h

Z ;)
5

0
0

2( .l
a t

e 
n

e
v

o
hr

e
d

n
a

V ;)
7

8
9

1( .l
a t

e r
et

n
u

H
.l

a t
e 

æi
v

ejl
v

o
k

a
J ;)

9
1

0
2( .l

a t
e 

z
el

á
z

n
o

G ;)
9

1
0

2( 
k

al
ór

K 
d

n
a 

a
k

c
el

ei
B ;)

8
1

0
2( 

c
ar

a
S 

d
n

a 
n

at
s

a
D ;)

6
1

0
2( .l

a t
e 

e
e

w
a

br
a

H l
A ;)

4
1

0
2( 

ui
L 

d
n

a 
e

u
X ;)

2
1

0
2( .l

a t
e 

u
ki

a
F ;)

2
1

0
2( .l

a t
e 

æi
v

eji
n

ot
n

A ;)
1

1
0

2(
;)

2
2

0
2( .l

a t
e 

c
ei

b
m

a
D ;)

1
2

0
2( .l

a t
e 

z
a

m
s

a
S ;)

1
2

0
2( r

e
n

si
o

F ;)
0

2
0

2( .l
a t

e 
c

el
ei

b
ei

S ;)
0

2
0

2( .l
a t

e 
z

sy
by

zr
P ;)

0
2

0
2( .l

a t
e 

k
al

ór
K ;)

0
2

0
2( .l

a t
e 

æi
v

o
k

n
ar

B ;)
9

1
0

2( .l
a t

e r
elt

h
c

e
W ;)

9
1

0
2( 

a
v

o
p

o
P ;)

9
1

0
2(

)
3

2
0

2( .l
a t

e 
æi

d
n

a
K ;)

2
2

0
2( .l

a t
e y

n
n

e
K

https://doi:10.1007/s11356-016-8244-2
https://doi:10.1039/c2em10803h
https://doi:10.1007/s13762-022-03932-3
https://doi:10/1007/s11356-019-05657-2
https://doi:10.1007/s-11356-019-07010-z
https://doi:10.1007/s-11356-019-07010-z
https://doi:10.3390/toxics11020198
https://doi:10.1038/s41598-022-16873-1
https://doi:10.1088/1742-6596/1145/1/012021
https://doi: 10.1016/j.scitotenv.2020.137695
https://doi:10.1007/s00128-021-03222-7
https://doi:10.3390/molecules25235638
https://doi:10.1007/s11356-019-06892-3
https://doi:10.1007/s11356-021-15335-x


£ukasz Kruszewski et al. / Geo log i cal Quar terly, 67: 40 11

 f
o t

n
e t

n
o

c l
a t

n
e

 m
 el

e 
d

e
h

si l
b

u
p 

d
n

a 
d

e i
d

ut
s 

e
ht f

o 
n

o
 s ir

a
 p

m
o

C .
5 .

gi
F

m
ur

gi
n .

S
 ,

si
p

er
C

 ,
m

u
c

s
a

br
e

V
 ,

m
u

s
yr

h
cil

e
H

 ,
e

a
e

c
a

o
P

s
e

s
s

o
m 

d
n

a 

 :
er

u t
 ar

 eti
L .

w
ei

v r
ett

e
b r

of 
ci

 m
hti r

 a
g

ol 
e

d
a

m 
e

b y
a

m 
el

a
c

s 
Y 

e
h

T
 ;)

0
1

0
2( .l

a t
e 

kil
a

M ;)
0

1
0

2( .l
a t

e 
n

al
sr

A ;)
9

0
0

2( 
kilty

P-
ky

z
cr

ot
a

P ;)
8

0
0

2( .l
a t

e 
n

o
 s

n i
b

o
R ;)

1
1

0
2 ,

8
0

0
2( .l

a t
e 

a
s

e
C ;)

3
0

0
2( .l

a t
e 

o
m

a
d

A
;)

4
1

0
2( .l

a t
e 

n
a

g
o

D ;)
3

1
0

2( .l
a t

e ir
a

w
s

e
h

a
M ;)

2
1

0
2( .l

a t
e 

ul
u

g
U ;)

2
1

0
2( .l

a t
e 

z
aí

D ;)
2

1
0

2( .l
a t

e 
h

c
e

B ;)
1

1
0

2( .l
a t

e 
a

k
sl

a
w

o
K ;)

1
1

0
2( .l

a t
e 

æi
v

eji
n

ot
n

A ;)
0

1
0

2( .l
a t

e 
zi

dli
Y ;)

0
1

0
2( .l

a t
e 

a
nir

o
M

.l
a t

e 
o

n
aj

o
R-

at
ei

u
q

zI ;)
6

1
0

2( 
al

ei
p

ei
C 

d
n

a 
a

k
s

w
el

d
o

G ;)
6

1
0

2( 
n

a
zr

h
C ;)

6
1

0
2( .

al t
e 

æi
d

u
È ;)

6
1

0
2( .l

a t
e 

n
a

dr
A ;)

5
1

0
2( .l

a t
e 

u
W ;)

5
1

0
2( .l

a t
e 

o
kj

e³
o

W ;)
5

1
0

2( .l
a t

e 
z

üry
el

ü
G ;)

5
1

0
2( .l

a t
e ri

m
e

dr
E

.l
a t

e i
n

a
m

s
O ;)

8
1

0
2( 

n
e

d
w

o
C ;)

8
1

0
2( .l

a t
e t

ol
e

htr
e

B ;)
7

1
0

2( 
a

k
s

m
ei

z
d

a
R ;)

7
1

0
2( .l

a t
e 

o
z

a
L ;)

7
1

0
2( .l

a t
e 

n
a

h
K ;)

7
1

0
2( .l

a t
e i

m
a

s
e

H ;)
7

1
0

2( .l
a t

e 
ori

err
a

B-
s

allit
u

C ;)
6

1
0

2( .l
a t

e j
a

hil
a

S ;)
6

1
0

2(
;)

0
2

0
2( .l

a t
e 

æij
a

G ;)
0

2
0

2( 
e

h
c

ay
a

M 
d

n
a 

a
k

a
k

u
o

B ;)
9

1
0

2( .l
a t

e 
g

n
a

h
Z ;)

9
1

0
2( .l

a t
e 

orti
nil

a
S ;)

9
1

0
2( 

a
v

o
p

o
P ;)

9
1

0
2( .l

a t
e 

eir
o

w
N ;)

9
1

0
2( 

a
k

s
ñi

ci
K ;)

9
1

0
2( .l

a t
e y

b
s

u
B ;)

8
1

0
2( .l

a t
e 

n
u

Y ;)
8

1
0

2(
;)

1
2

0
2(.l

a t
e 

æi
šil

G ;)
1

2
0

2( r
e

n
si

o
F ;)

0
2

0
2( .l

a t
e 

k
al

a
b

a
Y ;)

0
2

0
2( .l

a t
e it

n
o

c
si

V ;)
0

2
0

2( .l
a t

e 
c

el
ei

b
ei

S ;)
0

2
0

2( .l
a t

e i
u

qi
d

di
S ;)

0
2

0
2( .l

a t
e 

z
sy

by
zr

P ;)
0

2
0

2( .l
a t

e l
o

o
b

q
a

M ;)
0

2
0

2( .l
a t

e 
k

ulyr
w

a
G

)
2

2
0

2( .l
a t

e i
k

s
w

o³
si

w
Œ ;)

2
2

0
2( .l

a t
e 

n
a

h
K ;)

2
2

0
2( .l

a t
e y

n
n

e
K ;)

1
2

0
2( .l

a t
e 

u
X ;)

1
2

0
2( .l

a t
e 

ori
er

d
e

P ;)
1

2
0

2( l
e

m
m

o
L ;)

1
2

0
2( .l

a t
e 

a
k

s
w

oi
n

e
zr

o
K ;)

1
2

0
2( .l

a t
e i

m
e

h
s

a
hij

a
H

https://doi:10.1039/c2em10803h
https://doi:10.1007/s12665-016-5595-4
https://doi:10.1007/s11270-017-3437-y
https://doi:10.3390/plants9050657
https://doi:10.1002/ece3.6627
https://doi:10.15835/nbha49212180
https://doi:10.1080/02757540.2015.1043285
https://doi:10.21203/rs.3.rs-1058712/v1
https://doi:10.1007/s-11356-017-1156-y
https://doi:10.1038/s41598-022-16873-1
https://doi:10.1590/1519-6984.265278
https://doi:10.3390/min11111231
https://doi:10/1016/j.chemosphere.2017.09.132
https://doi:10.3390/ijerph17113850
https://doi:10/3390/toxics7010003
https://doi:10.3390/ijerph18010515
https://doi:10.1088/1742-6596/1145/1/012021
https://doi: 10.1016/j.scitotenv.2020.137695
https://doi:10.1515/ceer-2017-0037
https://doi:10.3390/molecules24152813
https://doi:10.3390/molecules25235638
https://doi:10.3390/biology11121692
https://doi: 10.1016/j.chemosphere.2020.127661
https://doi:10.1007/s11356-015-4384-z
https://doi:10.1007/s11356-021-15335-x
https://doi:10.1080/11263504.2020.1852332
https://doi:10.1039/c9ra01986c


ob served by Vural (Vural, 2017, 2018), this is not the case for
Au. Even though most el e ments stud ied may be more en riched
than in the Wojkowice sam ple, it shows much larger-than-
known BAFs for U, Au, Ba, La, P and K, and el e vated ones for
Na, Mg, Ca, Ti, Mn, Sr and Cd.

B. pendula shows en rich ment, com pared with publsihed re -
cords (see Fig. 6), in Sr, S, Ca, B, Cu, Zn; and also Mg, P, K and 
Fe. All these el e ments are more en riched in the bark, con sis tent 
with pre vi ous ob ser va tions. The BAF-like fac tors are higher
than pub lished ones in the case of Mo, Cd, P, S, Se, Sr, and to

some ex tent B, K, Ni, Ag and Pb. The most en riched el e ments
are Sb, S, Cd, Se, Mo, W, fol lowed by Ca, B, P, Sr and Zn. We
could not find any wood-to-bark translocation fac tors higher
than pub lished val ues. En rich ment in this case is larg est for Au.

Populus el e men tal charge is smaller than pub lished val ues,
with only very mi nor en rich ment in Zn. The most en riched el e -
ments, i.e., the ones with log(value) above 0, are B, Ca, Zn, Sr,
Ba, Cu, Pb, Cd, Cr and Ni. All the el e ments but Ni, Cd and Pb
show the same af fin ity for par tic u lar or gans. The lat ter two el e -
ments in our case show higher con cen tra tion in the bark than in
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Fig. 6. Com par i son of the stud ied and pub lished el e men tal con tent of B. pendula and Populus

The Y scale may be made log a rith mic for better view. Lit er a ture: Madejón et al. (2004); Rob in son et al. (2008); Vangronsveld et al. (2009);
Rafati et al. (2011); Rees et al. (2011); ; Antonijeviæ et al. (2012); Evangelou et al. (2012); Marmiroli et al. (2013); Èudiæ et al. (2016); Mleczek
et al. (2017); Pavloviæ et al. (2017); Szwalec et al. (2018); González et al. (2019); Kiciñska (2019); Kataweteetham et al. (2020); Przybysz et
al. (2020); Rahmonov et al. (2020); G¹secka et al. (2021); Suo et al. (2021); Khan et al. (2022); Opeña et al. (2022); Rustowska (2022); Sitko
et al. (2022)
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the wood. Bark en rich ment was also noted for Co, Zn, Se, Sr,
Mo, Ag, Ba, Pb; and to lesser ex tent La, Mg, S, Mn, Fe, B, Ni,
Cu, Au, Hg, Tl and Th. Slight wood pref er ence is shown by Ca,
Al, P, and to some ex tent by Na, Cr, Ga and Sb. We pro vide
biogeochemical Populus data for ~30 usu ally un stud ied el e -
ments. The BAF-like fac tors are higher in the Bytom Populus
than in pub lished ex am ples in the case of Sb, Zn, and to some
ex tent Pb. As for the for mer tree, we found no bark-to-wood
translocation fac tors higher than val ues re ported be fore.

The two moss sam ples show en rich ment in W, Au, Ca, P, K, 
Ca, and to some ex tent Na, S, B and U. Com pared with the
norm, they show high en rich ment in V (43-133x), Bi (15-63x),
Sc (20-52x), U (5-46x), Cr (~23), Sb (~19), Ni (11-14x), Cr
(6-23x), La (4-10x), Hg and Tl (~8), Th (4-9x), Cd (2-28x), Zn
(2-15x), Cu and Co (~5), As (~3), and W and Mo (~2x). Com -
pared with pub lished data, we ob tained higher val ues of K, V,
Al, Mn, Fe and La. The only el e ment show ing a higher
whole-plant-based BCF-like fac tor in the moss sam ples stud ied 
was Mo (Bytom and Rydu³towy sam ples). The Bytom grass is
one of the least TE-loaded spec i mens stud ied, though is rel a -
tively high in Ba, Co, and Na, fol lowed by Sb. In terms of the
norm, the Sb en rich ment fac tor is 15, Cd 15, Se 7, Zn 6, and
that of Hg and Bi is 5. The whole-plant-based BCF-like fac tors
are higher for Na, S, P and Al; also the cor re spond ing value for
W is rel a tively el e vated.

BIOCONCENTRATION INDICES

To as sess el e ment trans fer and fate at the soil/plant in ter -
face and within the plants them selves, we have cal cu lated the
most com monly used fac tors: (1) the bioaccumulation fac tor, or
BAF (leaf con tent di vided by soil con tent; Ap pen dix Ta ble 5), (2)  
the bioconcentration fac tor, or BCF (root con tent di vided by soil
con tent; Ap pen dix Ta ble 6), and (3)  the translocation fac tor, or
TF (shoot con tent di vided by root con tent; Ap pen dix Ta ble 7). In 
ad di tion, we pro vide sim i lar data for the two pre vi ously an a lyzed 
tree spec i mens (Ap pen dix Ta ble 8).

Of the to tal 403 BAFs, 54 re cords (13%) are anom a lous,
i.e., with val ues ³2. El e ments show ing the larg est num ber of
anom a lous BAF are B (geo met ric mean, i.e., GM-BAF=2.2),
Sr(GM-BAF=1.3), Mo (GM-BAF=1.3), and Tl (GM-BAF=0.71).
The most ex treme BAF, ³10, was found for Cd (22, S. nigrum),

Mo (12, S. nigrum), Mn (13, S. nigrum), and B (11, S.
canadensis). Slightly lower sin gle out li ers con cern Sr, Sb and W 
in the Rydu³towy Verbascum (5, 4 and 4, re spec tively), W in C.
mollis, and Hg and Tl in the Bytom (VV2) Verbascum (8 in both
cases). There is just a sin gle av er age veg e ta tion BAF >1 – for
the Rydu³towy Verbascum (1.4) – al though the cor re spond ing
value for S. nigrum is close to unity, too.

As for the BCFs, the num ber of ev i dently el e vated ones is
the least among the 3 fac tors cal cu lated: of the 216 re cords just
21 (%) are anom a lous. This es pe cially con cerns Cd
(GM-BCF=1.6) and Tl (GM-TF=1.2). S. nigrum is clearly out -
stand ing, while rel a tively high val ues were found for Cd (11),
Zn, Mo, Sb and Tl. No av er age BCFs are higher than 0.6 (value
for S. nigrum equals 0.56).

The most com mon ab er rance is shown by the TFs, with 88
(41%) of the to tal 217 re cords show ing val ues ³2. Some el e -
ments show TF anom a lies but no BCF or BAF anom a lies: Sc,
V, Cr, Co, Ni, Ga (5, Verbascum, Wojkowice), As; La (5, S.
nigrum); Pb and Bi (5 and 6, re spec tively, Verbascum,
Wojkowice); U, Al, Fe and Ti. Most out li ers con cern Hg
(GM-TF=4.9), B (GM-TF=1.7), Au (GM-TF=3.0), and Se
(GM-TF=1.6). The most ex treme TF val ues (³10) were found
for Hg (17, Verbascum, Bytom, VV2), Au (15, Verbascum,
Wojkowice; 10, S. nigrum), and Ag (15, S. gigantea), with still
high though sin gle anom a lies of B (8, E. cannabinum) and Te
(8, S. gigantea). The av er age TF with >1 value was found for
the Wojkowice Verbascum, S. nigrum, Bytom Verbascum
(VV2), C. mollis and E. cannabinum.

STATISTICS – CORRELATION (SOILS AND VEGETATION)

El e ment cor re la tion pairs found for both the sep a rated and
merged sys tems (Ap pen dix Ta bles 3, 4 and 9; with cor re la tion
strength vary ing de pend ing on the sys tem) are: NaMg, NaK,
MgMn, AlV, AlNi, TiV, TiFe, TiNi, TiBa, MnFe, FeCr, NiFe,
FeCu, FeSr, ScTh, VCr, VCo, VSr, VLa, VBa, CrBa, CrSb,
CoNi, ZnPb, AsAg, AsPb, AsMo, GaLa, GaU, CdPb, TeFe,
LaBi, LaU, BiU, BiCr, BiV, ThV, ThGa, and UTh (pos i tive cor re -
la tions). Among the neg a tive ones are el e ments neg a tively cor -
re lated with Hg, Au, Ag, and Te (Na, Mg, Al, K, Ca, S, Sr); Hg,
Ag, and Te (Fe); Au, Hg, and Te (Ca, Ba); Hg and Te (Zn); Te,
Au, and Ag (Mn); Hg alone (Ti, Fe, V, Cu, Ni); Tl alone (K, S); Bi

16 £ukasz Kruszewski et al. / Geo log i cal Quar terly, 67: 40

Fig. 10. Com par i son of the bioconcentration fac tors (BCFs) cal cu lated for Poaceae with
pub lished data (see cap tion to Fig. 5)

The Y scale made log a rith mic for better view
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(P, S, Zn); Th (Na, P, S, Mn, Cu, Zn, Ba, Pb); ad di tional pairs
are PSe, PAg, PAu, and KW. The soil-spe cific pairs in clude
NaSr, NaAl, NaFe, KV, KTh, CaV, CaMn, CaAg, CaPb, MgTi,
MgV, MgSr, AlSr, AlBa, PV, PNi, PBa, TiSr, TiSb, MnAg, FeV,
CrSe, CrTh, NiSr, CuSe, CuAg, CuPb, ZnSe, AsSe, AsCd,
AsLa, SrAg, SrBa, MoSe, MoAg, AgW, AgAu, AgTl, SbSe,
SbAg, TeU, BaAg, WCd, WTl, AuTl, AuPb, TlSc, TlSe, TlPb,
PbSe (pos i tive cor re la tions); SRe, SRb, SCe, PHg (also seen in 
the merged sys tem), LiW, NiRe, SeRe, NbCd, TeHg, CsW,
CeW, HgW, AuRe, AuHg, and PbRb (neg a tive ones). The veg -
e ta tion-spe cific pairs are MgP, MgCa, MgZn, AlFe, AlTi, AlCu,
TiCu, CaSr, PK, SCa, TiPb, MnNi, MnCu, MnBa, VMn, FeZn,
FeBa, ScGa, CrNi, CrTh, NiCu, CoLa, CuBa, GaBi, HgBi,
MoW, MoU, As, and UFe (pos i tive cor re la tions); KGa and TeAu 
(neg a tive ones).

STATISTICS – POLYCOMPONENT ANALYSIS

PCA (Fig. 12) was con ducted sep a rately for the new soil
sam ples, col lec tive veg e ta tion sam ples, and col lec tive new soil
and new veg e ta tion sam ples, to ad dress el e ment de pend en -
cies for dif fer ent sys tems. The intra-soil PCA re sults can be
sum ma rized as:

– isolinear (or close – in pa ren the ses) eigenvectors:
CsRbNb, LiCe, USc, BiLaTe, AlZrLa(GaBeYSc),
NaCrCoVTiCr(NiFeSrHf), MgFeBaTlHf(PInSrVCuNiCr
SeU), MnSeSn, CaSb, AsAu(Ag), ZnW(PbCd);

– con tra-di rec tional eigenvectors: Hg vs. Hf(SrMgFeNi),
Hg vs. MnPCuSeInTl, S vs. K(LiTh), S vs. NbTh, ZnPb
vs. Re;

– the short est vec tors: Re, Te; S, Nb; Hf, P, In, Ce, K, Nb;

– the lon gest vec tors: Cd, Pb, Zn, As; Ag, Mn; Ca, Mg, Sb;
Fe, Mo, Cu, Sn, Hg; W, Sr, Na;

The intra-veg e ta tion PCA re sults (“old” and “new” sam ple
batch merged) con sist of:

– (nearly) isolinear eigenvectors: AlHgU, TeV(WThU),
FeMo, BaCoNiScSrCr, CaSe, CuTi, LaBi, MgSbAu,
NaGa, AsTlPb, BCd(SAg);

– con tra-di rec tional eigenvectors: P vs. Cd, K vs. NaGa;

– the short est vec tors: P, Te, B; K, W;

– the lon gest vec tors: La, Fe, Pb, Ti; U, As, Co, Al; Mn, Hg, 
Ba; Cd, Zn, Ag, Mo, Ba, Ni, Cr.

Fi nally, the PCA re sults for merged “new” soil and “new”
veg e ta tion sam ples are as fol lows:

– (nearly) isolinear eigenvectors: FeCu, AlCa, TiNiV,
CaSb, SeW, NaMnZn, CdTeTh, AgHg; 

– con tra-di rec tional eigenvectors: Mg vs. Au, Ca vs. Au,
(NaMn)Zn vs. CdTeTh, S vs. Tl;

– the short est vec tors: Cd, Tl, W, Sb; Co, Se;

– the lon gest vec tors: K; Ca, P; Al, Fe, S, Mg, Na, U, Bi,
Au; Ti, Ba, Sr, Mn; La, As, Pb, Ga, Mo, Sr, Hg, Ag.

DISCUSSION

A num ber of the plants stud ied show ev i dent, mod er ate to
large en rich ment in many el e ments. Anal y sis of the data makes 
it clear that there is a large gap in knowl edge re gard ing lev els of
nu mer ous el e ments in veg e ta tion as a whole.

BEHAVIOUR OF ELEMENTS IN THE SOILS

Lead, ar senic, cad mium, zinc, and sil ver show the most ex -
treme and per sis tent en rich ment in the soils stud ied. The re -

spec tive av er age en rich ment fac tors are >8 (Pb), 3 (As), 7 (Cd), 
>7 (Zn), and 3 (Ag). The EFavg of Se and Cu equals 3.These el -
e ments are fol lowed by mer cury (EFmax=46, EFavg=1.1), cae -
sium (EFmax=3, EFavg=1.2), sul fur (EFmax=13, EFavg=4), an ti -
mony (EFmax=35, EFavg=2.5), thal lium (EFmax=8, EFavg=0.9),
alu mi num (EFmax=7, EFavg=3), bis muth (EFmax=7, EFavg=2.2),
tel lu rium (EFmax=5, EFavg=2), man ga nese (EFmax>20,
EFavg=1.2), tin (EFmax=18, EFavg=3), cal cium (EFmax=10,
EFavg=0.84), mag ne sium (EFmax=9, EFavg=1.2), iron (EFmax=4,
EFavg=1.3), nickel (EFmax=5, EFavg=1.3), phos pho rus (EFmax=3,
EFavg=1); co balt (EFmax=3), ura nium (EFmax=2.4), and in dium
(EFmax=1.7).

Lith ium is rarely found to be en riched in the soils, al though 4
sam ples (Rydu³towy, ~2.5 times av er age; Bytom, es carp ment)
show lev els higher than the soil av er age. Bo ron is
undersaturated in all the soil sam ples. Be ryl lium soil lev els are
low, al though 4 sam ples show slightly el e vated con tents. Va na -
dium and chro mium are slightly en riched in the Bytom es carp -
ment hab i tat, with the MA/AR be ing 4.2 and 3.1, re spec tively.
Co balt and nickel, by con trast, are en riched in many sam ples,
with max ima for both on the Œwiêtoch³owice post-smelter heap
(>3 and >4 times the av er age, re spec tively).

BEHAVIOUR OF ELEMENTS IN THE VEGETATION

Lead, ar senic, cad mium, zinc and sil ver show the most ex -
treme and per sis tent lev els. Most el e ment re cords be long to the 
Rydu³towy (B, Sc, V, Cr, Co, Ni, Ga, As, Sb, Ba, La, Bi, U, Al, Ti,
Fe; with still high Cu and Mo) and Bytom (Zn, Ag, Se, Cd, W,
Pb, Mn; high Cu, Ba and Au) mosses. They are fol lowed by the
Rydu³towy C. mollis (Mo, Na, Mg, P, S, Ca; high Sr and Se) and
Rydu³towy Verbascum (Cu, Sr, Th, Ti). The high est bo ron lev -
els are re corded in S. gigantea (leaves; 75 mg/kg, i.e., ~3 times
the new- and old-data av er age); com pared to the “old” sam ple
batch, this value is much higher than most for mer val ues, ex -
cep tion be ing or gans of S. canadensis and leaves of E. canna -
binum. Sc, V, Cr, Co, Ni, Ga, As, Sb, La, Bi, U, Al, Ti and Fe re -
cords of the Rydu³towy moss are much higher than the val ues
ob tained pre vi ously: ~10, 13, ~5, 6, 4, 15, 5, ~3, 31, 27, 67, 25,
8 and 13 times the whole-data av er age, re spec tively. Nickel re -
cords be long, equally, to the moss and to the for merly stud ied
Rydu³towy Verbascum spec i men col lected in the same area.
Cop per lev els in the two mosses and the Rydu³towy Verbascum
cross are twice the av er age lev els, but not larger than those
found in Bytom’s VV2 Verbascum. The zinc ex treme level of T.
farfara (3150 mg/kg, leaves), the As re cord in E. cannabinum
(140 mg/kg, roots), Se lev els in S. canadensis and burnt bark of
B. pendula (~3–4 mg/kg) were not suprpassed even by the
moss sam ples. Gal lium lev els of ~5 mg/kg in Populus are sim i -
lar to those of the Rydu³towy moss. Stron tium lev els
(~100 mg/kg) of the Rydu³towy C. mollis and Verbascum are
only slightly smaller than those found in tree-de rived sam ples.
Mo lyb de num is high est in R. crispus, with ~4 times less in
S. nigrum, C. mollis, and the Rydu³towy moss. Lev els of Ag, Cd, 
Sb, Ba, Au, Tl, Na, Mg, P, K, Ca. Con cen tra tions of Pb are
much smaller in the “new” batch, with the Bytom’s moss re cord
of ~150 mg/kg be ing 6 times lower than that of the E. can -
nabinum roots. Lev els of Te, Hg, Mn and Fe are sim i lar or
slightly lower/higher than in the “old” batch. La and W lev els are
no ta ble. Few con tents now mea sured are above or close to the
for mer high of La in A. tomentosum, while some W val ues are
higher in the seem ingly strongly en riched (via di rect con tact with 
coal-fire gases) burnt bark of B. pendula. The ti ta nium re cord is
now set for the plants col lected in the pla teau hab i tat of the
Rydu³towy heap. Find ing the high est U and Th lev els in the
Rydu³towy veg e ta tion is not sur pris ing con sid er ing the known
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en rich ment of the lo cal coals in these el e ments (av er age
1030 mg/kg,  greater than at Jejkowice and Jankowice;
Borzêcki, 2004). HFSE and siderophile el e ments tend to be
trans ferred to plant leaves. Cop per, by con trast, does not
readily un dergo this pro cess de spite el e vated soil lev els and the 
ob ser va tion by Glišiæ et al. (2021) about its easy translocation in 
plants in gen eral.

Boukaka and Mayache (2020) re port Solanum nigrum as a
spe cies show ing the high est TF of Zn, Cd, and Pb (with BCFs

de creas ing in this or der), among plants stud ied in terms of soil
phytoremediation. It may phytostabilize – but not nec es sar ily
hyperaccumulate – Cu and Pb, with Cu se ques tered in roots,
and fol lowed by Cr, Zn, Ni, and Pb (Malik et al., 2010). Sea sonal 
vari a tion of met als in clud ing Zn was re corded by Siddiqui et al.
(2020). Pb up take, with both BAF and TF >1, in S. nigrum grow -
ing in the pres ence of mine-tail ings may be me di ated by some
fungi (Sun et al., 2017). Phytoextraction of Cd may be en -
hanced by N fer til iz ing (Maqbool et al., 2020). Al though Tl may
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limit its growth, S. nigrum is also a po tent phytoremediator of
this metal (Wu et al., 2015). Com pared to pub lished data, the
Zabrze S. nigrum only shows dif fer ent trans fer be hav ior of Mn
and Cd (leaf af fin ity). Its re cord-high TF val ues do not re flect the 
norm-re lated TE con tents which, com pared to other spe cies
stud ied, are rarely ex treme.

Var i ous Verbascum spe cies are re ported as ei ther bioin -
dica tors (e.g., of el e vated Cr, Zn, Cd and Pb pol lu tion; Arslan et
al., 2010) and phytoextractor-phytostabilizer hyperaccumu -
lators (e.g., of Cd; Èudiæ et al., 2016). They are pi o neer ruderal
spe cies com mon on heaps (Arslan et al., 2010). V. phlomoides
is part of the plant pop u la tion on Eu ro pean CFA de pos its (Gajiæ
et al., 2018). Antonijeviæ et al. (2012) cor rob o rates this, not ing
this spe cies as the most suit able one for (root) phytostabili -
zation of Mn, As and Pb in pol luted soils around flo ta tion tail ing
ponds. V. cheiranthifolium is a pos si ble hyperaccumulator of
many el e ments, in clud ing Zn, Cu, As, Mo, Ag and Pb, with en -
rich ment fac tors as high as 3–4 (Kowalska et al., 2012). Their
Verbascum spe cies show av er age BAF in the 0.25–1.4 range,
BCF<1, and TF>1. Èudiæ et al. (2016), in a few-years-long
study of Zn-rich land fill sites, list el e vated (>1) TF in Verbascum 
for Cd (0.44, ris ing to 8.6 in the mid dle part of the ex per i ment),
Cr (1–6.3), Ni (0.91–5.1), Zn (0.29–0.93), but not for Cu, As and 
Pb. The high est BCF is given for Zn (0.4, ini tial stage). In our
case, el e vated TF is shown for Cr, Pb and oc ca sion ally for Zn,
while hyperaccumulation-level BCFs are seen for Tl, Cd and
oc ca sion ally Cu and Cd. En demic V. bombyciferum stud ied by
them shows vari able or gan af fin ity for most el e ments stud ied,
with max i mum lev els of Cr, Cu, Cd in shoots; Zn, Ni and Pb in
roots; and Fe in flow ers (Arslan et al., 2010). Leaf en rich ment of 
Co, Ni, Pb, and Ba was re ported by Kowalska et al. (2012), with
BCF>1 only for Ba. The USCB Verbascum spec i mens readily
up take and translocate nu mer ous TEs, with av er age TF close
to 2 com pared to a mean BAF of 0.67. A dif fer ent af fin ity for TEs 
in our spe cies is shown by Mo, Pb and Bi (leaf af fin ity) and Cd
(root af fin ity), sug gest ing dif fer ent stress-re solv ing strat e gies.
The sug gested Ba hyperaccumulation in Verbascum (Kowal -
ska et al., 2012) is not con firmed; 3 of our 4 spec i mens are
rather undersaturated in this el e ment. In turn, the span of the el -
e ments po ten tially con cen trated in Verbascum leaves is even
larger than that of S. nigrum with Sr, Sb, W, Cr, Zn, Ni, As, Cd,
Te, Pb and Bi as ad di tional el e ments. Güleyrüz et al. (2015)
cor rob o rate that Cu stress is a me di a tor of el e vated root ac cu -
mu la tion of Li, B, Fe, Mn, Co, Ni, Mo, Zn, Pb and Bi in
V. olympicum, with ex treme lev els up to 20000 mg/kg Cu
sorbed in one ex per i ment. Multi-el e ment up take in V. thapsus,
with both root and shoot sinks of Pb, was also obserand Tl. In
Wojewódka-Przyby³ et al. (2022) we sug gested Verbascum to
be a po ten tially use ful phytoextractor of Zn, Pb, and other el e -
ments. This sug ges tion is now sup ported, based on find ing 18
anom a lous BAFs and 28 TFs for nu mer ous el e ments.

T. farfara is one of ma jor the plants readily col o niz ing both
CFA heap sites and mine wastes (Gajiæ et al., 2018). In deed,
Jakovljeviæ et al. (2019) re port it to be a suc ces sive pri mary col -
o nizer and sta bi lizer in technogenic sub strates. It can ac tively
up take Zn, Cu, Cd, Mn and Sr. Root ac cu mu la tion found by
these re search ers was es pe cially clear in the case of Mg, Fe,
Zn, Mn, Cu, Cd and Sr, with S, Ti, Ag and Pb translocated into
shoots. Very high BCFs are re ported: 4.7–8.3 for Ca, 12–4551
for Mn, 30–1167 for Fe, 7–70 for S, 1–15 for Cu, 13–32 for Sr,
1.5–15 for Zn, 0.7–8.8 for Cd. TF>1 is given for Pb (max. 38),
As (max. 2.9), Sb (max. 1.4), Ag (max. 1.8), and Ti (max. 2.3).
Kenny et al. (2022) note T. farfara as a hyperaccumulator of Cr,
Fe, Co and Ni, with max i mum con tent of the lat ter in flow ers.
Popova (2019) com pares TE con tent data for T. farfara – a
known hyperaccumulator – and a Trifolium grass grow ing near

a mu nic i pal waste land fill and finds the for mer spe cies to al ways 
ac cu mu late max i mum amounts of Cr (89 mg/kg), Zn
(661 mg/kg), Ni (30 mg/kg) and Pb (162 mg/kg). She re ports
un vary ing BAFs, with val ues slightly >1 for Cr, Zn and Ni. A sim -
i lar com par i son be tween T. farfara, Equisetum arvense grass
and Populus alba of a mil i tary area was made by Rob in son et al. 
(2008) who re ported >1000 mg/kg Pb lev els in both the first two
spe cies, but with max i mum (of 2280 mg/kg) in the first one.
BAFs re ported for all three spe cies are very low, sug gest ing
strong root ac cu mu la tion. Max i mum lev els of con tam i na tion
with Cu and Cd in T. farfara com pared to E. arvense were also
found by Hunter et al. (1987), al though the Cu is mostly con cen -
trated in flow ers. Com pared to the above data, the Bytom
T. farfara shows low BAFavg (0.30).

E. cannabinum is a po ten tial As phytostabilizer, with root
pref er ence, that tol er ates As stress even at ex treme pH. This is
due to the pro duc tion of thiols that are used in de tox i fi ca tion
(González et al., 2019). In deed, the spe cies is an As ex cluder
(Ber tin et al., 2022). Brankoviæ et al. (2020) ex pand the
phytoextraction po ten tial list to met als in clud ing Cr, Zn, Cd, Ni,
Cu and Pb. All these find ings agree per fectly with our study. The 
same is true for B hyperaccumulation in shoots re ported, e.g.,
by Sasmaz et al. (2021). The sam ple stud ied by Siebielec et al.
(2020) is one of the least Zn-en riched spe cies of a pop u la tion
from Pol ish SWHs (as op posed to our spec i men from Œwiêto -
ch³owice), with lower con tents only in S. gigantea (236 mg/kg)
but much higher in V. thapsus and, es pe cially, Rumex acetosa
(5100 mg/kg). In the Bytom heap it is T. farfara which is Zn-rich -
est, but this is not wholly com pa ra ble due to it grow ing di rectly in 
the post-smelter waste and not the mixed waste sub strate. Of
the lat ter, the de scend ing row is Verbascum – S. canadensis –
R. crispus.

Both S. gigantea and S. canadensis are re ported as in va -
sive spe cies (Dambiec et al., 2022); the for mer is es pe cially
prone to in habit pol luted soils. These au thors point to S.
gigantea as  a good biomonitor, re port high BAF and low TF fac -
tors in S. gigantea of an ur ban area, show the spe cies to be a
metal-tol er ant ex cluder. In ter est ingly, higher BAFs of Cr, Cu,
Zn, Cd and Pb were ob tained by them for spec i mens col lected
from low-metal soils, sug gest ing S. gigantea was able to re duce 
up take. Kowalska et al. (2012) re port BCF fac tors of Co, Ni, Pb
and Ba in S. gigantea and Tanacetum vulgare be ing much
lower than in the as so ci ated Verbascum. A slighly el e vated fac -
tor of 0.21 was only given for Cu. Przybysz et al. (2020) re port
S. gigantea in an ur ban area to ac cu mu late more par tic u late
mat ter than its as so ci ated tree spe cies, along with Cu, but note
that Populus canescens has higher Cd and Zn and grasses
higher Cr and Ni lev els. Av er age BAFs and BCFs of both our
Solidago rep re sen ta tives are low, while TFs are el e vated, with
TFavg of S. gigantea equal to 1.

A. tomentosum is a known Zn and Pb hyperaccumulator
and tol er ates multi-metal pol lu tion well (Al Harbawee et al.,
2016). Their ob ser va tion that Cu caused the most ox i da tive
dam age is co in ci dent with low Cu lev els in the Bytom sam ple.
Both the lo cal A. tomentosum and R. crispus clearly re spond to
river in flu ence in hav ing out stand ing lev els of Na and K re lated
to brine in put. Xue and Liu (2014) found R. crispus of a
post-min ing site to bear more Zn than other spe cies, the el e -
ment be ing slightly leaf-pre ferred. Cd lev els are sim i lar while Cu 
and Pb are lower in it, the two last el e ments show ing root pref er -
ence. This spe cies is a high-bio mass plant and is a can di date
Zn and Cd phytoextractor.

The Rydu³towy C. mollis shows – as op posed to pub lished
re sults – leaf af fin ity for Sr, Cr and Ni, al though lev els of the last
two are not much higher than in roots. Av er age BAF, BCF, and
TF are 0.53, 0.36, and 1.4 and do not seem ex treme. In deed,
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Hesami et al. (2017), who stud ied TEs in nu mer ous plants, did
not point to Crepis sp. as a good phytoextractor. On the other
hand, Glišiæ et al. (2021) re port C. setosa (leaves) to readily
phytoextract Ca, Mg, and Cu, be ing also a po tent
phytoremediator of Zn (BAF>1). A some what dif fer ent Zn pref -
er ence, with not just TF but also BCF>1 (the lat ter also true for
Fe), was found in C. pulchra of a post-min ing area in Iran by
Hajihashemi et al. (2021). Nei ther Zn nor Cu are, how ever,
dom i nant among TE anom a lies in the C. mollis ex am ined.

H. arenarium is a known and po ten tially ex treme scav en ger
of Au and Ag, with BAF>1 and >50, re spec tively, for spec i mens
col lected from geo log i cally vari able ar eas in Tur key (Vural,
2017, 2018).  Kharytonov et al. (2018) stated that the el e men tal
com po si tion of H. arenarium re mains largely un stud ied. Mean -
while, they show ex tremely high Cu and Mn con tents, such as in 
a Ukrai nian post-Mn-min ing site. They re port root pref er ence of
Pb, Cu, and Fe, and shoot shift of Mn, Hg, and Zn. Toma szew -
ska-Sowa et al. (2018) pointed to the (nat u ral-hab i tat) spe cies
as al ways show ing higher BCFPb and var i ous Zn-re lated fac -
tors, and to a lesser ex tent TFs of Fe and Cu.

Many Bryophyta are good biomonitors, e.g., of Cr, Ni, Fe, Ti
and Al pol lu tion (Lazo et al., 2017; Œwis³owski et al., 2022), and
may be more ef fi cient than li chen as their up take is not nec es -
sar ily in flu enced by rel a tive hu mid ity (Adamo et al., 2003). In a
sorp tion ex per i ment of Œwis³owski et al. (2022), up to 95% of
As, Cd, and Pb was sorbed in gametophytes of Pleurozium
schreberi. Díaz et al. (2012) de scribed in tense up take of As,
Hg, and Sb, co in ci dent with a drop in BCF, by aquatic Fontinalis
antipyretica. Anom a lous BCFs for the above el e ments
(>10000) and Se (>6000) are given. The same is true for
Rhynchostegium riparioides stud ied by Cesa al. (2008) es pe -
cially for Al, Cu, Cr, Hg and Pb. They also noted strong CrPb
and AsPb cor re la tions also found by us (for BCF- and TF-ex -
pressed con tents, re spec tively). The el e ments listed show
above-norm lev els in our sam ples, al though not that large. Also, 
low en rich ment in Cr ver sus high in Cd and Zn in Pleurochaete
squarrosa of Izquieta-Rojano et al. (2016) is not fully cor rob o -
rated by our study whereas mod er ate but not ex treme Ni and
Sb up take is con sis tent. Poaceae of a Pa ki stani in dus trial site
stud ied by Malik et al. (2010) show lev els of Zn higher than in
S. nigrum. In turn, sim i lar max i mum lev els of As (1.7 vs
1.5 mg/kg), Tl (7.6 vs 6.0), and in part Cd (19 ver sus 32), in
Agrostis cap il lar ies grass and co ex ist ing B. pendula of a pol -
luted area were found by Kiciñska (2019). Her re sults are, in
gen eral, cor re spond well to the Bytom fire-zone hab i tat, with As
slightly el e vated in the grass, and Tl and Cd some what higher in 
the lo cal tree bark. Strong en rich ment of Sb and Cd but not Zn
and Pb in the Bytom grass only par tic u larly re flects lo cal TE
avail abil ity and must be due to ad di tional, most likely plant-re -
lated, fac tors.

Our choice of study of B. pendula and Populus from the
Bytom sites was con sciously made. Var i ous spe cies of Populus
con sti tute suc ces sions in both Eu ro pean CFA and mine-waste
heaps, with B. pendula also fre quent in the lat ter en vi ron ment
(Gajiæ et al., 2018). Mleczek et al. (2017) point to B. pendula as
the most ef fi cient Zn translocator (TF>2, max con tent of
~3000 mg/kg) and a prom is ing Tl and Pb phytoextractor com -
pared to other trees grow ing on min ing sludge. This birch has
low nu tri ent de mand (Evangelou et al., 2012). The dendro -
remediation use ful ness of Populus re flects that it may
hyperaccumulate Cu, Zn (with the larg est BCFs), As, and Cd,
as re ported by Kataweteetham et al. (2020) who also note the
BCF of bark and root be ing higher than for other or gans. Ob ser -
va tion of bark (com pared to wood) en rich ment of the Bytom
Populus in Ni, Cd and Pb is con trary to at least some pub lished
data. Dur ing the few-year study of Èudiæ et al. (2016) their

Populus has shown el e vated, but <1 BCF for Cd; TF³1 were
found for ini tial stages in the case of Ni and Cr (1), and late
stages in the case of Cd (2.7), Zn (1.9) and As (0.96). Our
Populus shows el e vated soil-to-bark trans fer of es pe cially Ca,
Au, Sr and Ga. The last el e ment is also con cen trated in the
wood. In the case of B. pendula only Au is mod er ately con cen -
trated, but only in the wood-to-bark path. A high level of
phytostabilization of Zn in Populus nigra (roots) grown on
post-flo ta tion soils was ex pressed by a very high TF of 18 as re -
ported by Antonijeviæ et al. (2012). In ter est ingly, Rustowska
(2022) in di cates fire to be an im por tant fac tor in nu tri ent man -
age ment in B. pendula, trig ger ing in creased lev els of Mn and
Mg in the roots, and of K, P, and Zn in the bio mass as a whole.
This spe cies tol er ates B, Cu, Zn and Sr stress via in crease in
photosynthetic pig ments, with leaves as the ma jor sink, where
compositional vari a tion is much more de pend ent on soil chem -
is try than in the case of bark (Pavloviæ et al., 2017). This en -
cour ages fur ther re search into the USCB spec i mens.

BEHAVIOUR OF ELEMENTS AT THE SOIL-VEGETATION
 AND ROOT-SHOOT INTERFACE

Only some of the cor re lated el e ment pairs – based on their
con cen tra tions alone – are also found in the cor re la tion ma trix
of ac cu mu la tion/translocation fac tors (Ap pen dix Ta ble 10). The
BAF, BCF and TF val ues, along with the most en riched plants
and plant bioaccumulation pref er ence are jux ta posed in Ap pen -
dix Ta ble 11. A strong ten dency of the waste-heap veg e ta tion
stud ied to col lect most el e ments in their leaves was ob served.
Of the TE el e ments and micro nut ri ents, Hg, Au, B and Se seem 
to show the high est soil-to-leaf af fin ity, along side with La and
Ga. Mean while, Cd and Tl show the high est root pref er ence.
Root-to-leaf move ment is com monly ob served and seems to be 
stron gest in the case of Hg. About half of the TF re cords are
anom a lous (i.e., TF³2).

The el e ments stud ied may be ar ranged ac cord ing to num -
ber of their anom a lous cal cu lated fac tors:

– BAF: B > Sr > Tl, Mo > Au > Cu, W > Zn, Se, Ag, Cd, Sb,
Hg > Te, Ba, Th, Mn;

– BCF: Cd, Tl > Cu, Se, Sr, Mo > B, Zn, Sb, W, Mn;

– TF: Hg > B, Au > Se > Ga, Ag, La, Mn, Fe > As, Al, Ti,
Te, Sr, U > Sc, V, Cr, Cd, Ba, W, Pb, Bi, Th > Co, Ni, Mo,
Sb, Tl > Cu.

How ever, the el e ment path re lated to BAF (soil ® leaf) is
con tained within the paths at trib uted to BCF (soil ® root) and
TF (root ® leaf). Thus, at least some of the cor re la tions listed
may be ar ti fi cial. A par tic u lar spe cies may use up take avoid -
ance to a point – known as the crit i cal point – when it changes
its strat egy. Thus, some cor re la tions may re sult from vari a tions
in strat e gies and, sim ply, in soil con tents of the par tic u lar el e -
ments.

The stron gest cor re la tions of fac tor-ex pressed el e ment lev -
els (Ap pen dix Ta ble 10) are:

– BAF, pos i tive cor re la tions: GaAl, GaFe, AlFe, LaU, BiU,
LaAl, LaFe; CaMn, TiFe, MnZn, VBa, VGa, VNi, VTi,
VFe, VCr, ScTi, CoCd, CoU, NiBa, NiGa, NiAl, NiTi,
NiFe, CuNi, ZnCd, ZnAg, ZnCa, GaLa, GaTi, GaAs,
GaU, AsAl, AsFe, AsLa, MoBa, MoMg, MoNa, AgZn,
AgMn, CdCa, SbPb, BaNa, UAl; neg a tive cor re la tions
are weak and in clude the STe and SCa sys tems;

– BCF, pos i tive cor re la tions: NaZn, MgMo, BaMo; ScSe,
ScTh, VNi, VFe, CrAu, CrMo, CrPb, CrBa, CrMg, CoSr,
CoMn, NiTh, CuTl, ZnSb, ZnCd, CdSb, GaSe, GaAu,
GaAl, GaFe, AsMo, AsTe, AsP, MoTe, MoAu, SbTe,
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SbNa, TeBa, TeW, TeHg, TeCa, BaAu, BaAl, WCa,
AuMg, PbMg, PbTl; 

– BCF, neg a tive cor re la tions: KU, CdU, HgCo, HgAs, BCu 
(and BTi), MnLa, WTh, KBi;

– TF, pos i tive cor re la tions: VCr, CoZn, AsPb, LaU, LaAl,
LaFe, PbBi, UTi, UAl, UFe; ScMo, TiFe, VNi, VGa, VAs,
VSb, VBi, VPb, GaNi, GaAs, GaBa, GaLa, GaPb, GaBi,
GaAl, GaFe, AsSb, AsBi, AsFe, SrK, SrCa, AgTe,
CdCa, SbPb, SbBi, BaLa, BaU, BaAl, PbFe and ThTi;

– TF, neg a tive cor re la tions: SeK, SeSr, GaS.
Ad di tional as so ci a tions are found when par tic u lar fac tors

are treated sep a rately:

– BCF: VMo, CrSe, CrSr, CuSb, NiSe, ZnMo, AsNa,
AsSb, SeFe, SrTi, SrMo, SrTe, SrBa, MoTe, MoW,
MoAu, MoPb, SbNa, SbMn, SbTe, TeNa, TeMg, TePb,
BaW, WBi, AuPb and BiCa;

– TF: KCa, CoK, ZnK, SrK, SrNa, BS, ScMn, ScMo,
AsSb, ZnTl, GaSb, SrCd, MoAl, MoP, MoMn, MoCd,
MoTh, MoU, AgSe, SeTe, CdS, LaS, ThCa, ThZn, ThSr, 
ThBa, ThTl and WTl.

These re la tions may re flect some fac tor-spe cific re ac tions.
Only some of all the above as so ci a tions may be ex plained by
the fre quency of el e ment trans fer be tween par tic u lar en vi ron -
men tal com po nents; they are CaMn, STe, SCa, GaAl, GaFe,
GaU, ZnCa, ZnMn, ZnCd, ZnAg, CdCa, and MoNa (BAF);
CuSb, CuTl, ZnSb, CdNa, CdSb, TeBa, AsMo, AsTe, AsP,
MoTe, MoAu, SbTe, SbNa, SrMo, SrTe, TeNa, TeW, TeHg,
TeCa, and WCa (BCF); and TiFe, AlFe, BS, ScMn, VGa, VAs,
GaAl, GaFe, GaS, GaAs, GaLa, AsFe, SeSr, SeAg, SeTe,
SrCa, AgTe, CdS, BaAl, LaS, LaAl, LaFe, LaU, UAl, UTi (and
pos si bly TiFe, VCr, VGa, VAs, VPb, AsPb, SeK, SrCd, MoCd,
CdCa, LaTi, PbFe and PbBi, re lated to lower t val ues) in the
case of TF. Also, only a few cor re la tion pairs are found for all
three ac cu mu la tion/translocation fac tors: GaAl, GaFe, VNi. The 
ad di tional com mon pairs for the BAF-BCF sys tem are MoMg,
MoBa, VFe, ZnCd; those for the BCF-TF sys tem are AlFe,
TiFe, NiGa, AsFe, GaAs, CdCa, SbPb, LaAl, LaFe, LaU and
UAl; and that for the BAF-TF sys tem: BaAl.

Ad di tional ob ser va tions come from com par i son of neg a tive
cor re la tions for di rect compositional data (Ap pen dix Ta ble 9)
with the fre quency of some el e ments within the par tic u lar
soil-veg e ta tion move ment paths. This can be in ter preted as an
il lus tra tion of vari able af fin ity to the par tic u lar plant or gans and
to strength of translocation. The most ev i dent ex am ples are:

– in the soil ® root path (BCF): KTl, CuSb;

– for the root ® leaf translocation path (TF): ZnHg, MgHg,
MgAu, AlAu;

– in both the BCF- and TF-re lated paths: NaHg, BaAu;

– in dif fer ent paths: PSe, PAg, KAg, KSe, KTe, STl, SHg,
PHg, CaHg and CaAu.

These de pend en cies not only re flect pref er en tial el e ment
move ment but may also sug gest ex change.

At least some of the listed pos i tively cor re lated pairs of the
root-re lated BCF and TF paths as well as the sug gested fac -
tor-spe cific re ac tions may be re lated to de po si tion of low-sol u -
bil ity spe cies, both in the rhizosphere and plant tis sues. In deed,
Kabata-Pendias and Pendias (2001) men tion some ex am ples
of   such prod ucts, such as (hydroxyl)pyromorphite,
Pb5(PO4)3(OH) and its Zn an a logue, in some grass roots.
Autun ite, Ca(UO2)2(PO4)2·10-12H2O, may pre cip i tate in Cop -
rosma aus tra lis roots. A sim i lar phe nom e non may ex plain some 
of the el e men tal as so ci a tions found for the veg e ta tion sam ples: 
Ag may be pre cip i tated by very weakly sol u ble Ag2Se
(naumannite) and Ag2Te (hessite). Sim i lar ob ser va tions may

con cern the soil de po si tion of Se with Mo, Pb, Sb, Cu and Tl.
The same is true of the WCa and VPb pairs.

Al, Fe and Mn oxyhydroxides, and TiO2, in soil are fre -
quently re ported as min eral forms ca pa ble of im mo bi liz ing nu -
mer ous el e ments, such as Ag, Cd, Zn (with up to 38 and 63%
Ba), via sorp tion. The same is true for clay min er als, with „illite”
and kaolinite be ing most com mon in the coaly shales, and rep -
re sent mainly Al and K en rich ment. In the case of Zn, mo bile
forms in soil may com prise up to 20% of the to tal Zn con tent.
Soils of the post-coal-min ing waste heaps are rarely acidic, with
their pH be ing usu ally close to or slightly above 7; their el e vated
sa lin ity is due to de posit-de rived ju ve nile brines sat u rat ing the
pore space (Kruszewski et al., 2021). In such rather al ka line
soils, de po si tion of Cd is ex pected. In such soils, where
Hg(OH)2 may be the ma jor Hg form, at highly el e vated Cl- ac tiv -
ity, low ered Mn-ox ide- and or ganic-sorp tion of this el e ment is
ex pected. This would ex plain the Hg mo bil ity. An im por tant fac -
tor here is leach ing of coal char de pos ited within fumaroles;
these chars are known to con cen trate large amounts of Hg. The 
SHg cor re la tion, in turn, in vokes the known de po si tion of HgS –
of ten as so ci ated with gyp sum (Ca) de pos its – in the heaps.
This, to gether with the gen eral high Ca en rich ment of the
wastes (with car bon ates and ap a tite-supergroup min er als be -
ing ad di tional sources), would ex plain the known (Kabata-
Pendias and Pendias, 2001) neg a tive cor re la tion of lime ver sus
Hgroot. Plants are known to di rectly ab sorb Hg0 va pours, the
pres ence of which in the heaps was es tab lished in our ear lier
stud ies (Kruszewski et al., 2018).  Al though S shows neg a tive
rather then pos i tive cor re la tions with po ten tially toxic el e ments
(Th,  Hg,  Tl), this cor re la tion also in vokes the pre vi ously ob -
served cor re la tion of S and the HFSE el e ments in the soils
(Wojewódka-Przyby³ et al.,  2020) and points to a need of fur -
ther study of these very cor re la tions in the con text of leach ing
these el e ments out to the en vi ron ment.

The soil sa lin ity also fa vors B up take. El e vated Al con tent in
some of the plants stud ied may be ex plained by the known
NH4-Al cotolerance, with the NH4 ion be ing one of the most
com mon and char ac ter is tic com po nents of burn ing CWHs. El e -
vated Al is known to sup press up take of most macronutrients,
in clud ing P. Phos phate-driven im mo bi li za tion of Al, Sc and Fe is 
known in soils (Kabata-Pendias and Pendias, 2001) and ex -
pected for the (geo)chem i cally sim i lar Ga and La.

The most eas ily uptaken B form is H3BO3; it is ex pected to
be en riched in the CWH fumaroles, as ex em pli fied by el e vated
B con tents in fumarole-de rived ash sam ples as well as lo cal
riverwater sam ples  (Kruszewski et al., un pub lished data). Gal -
lium is ex pected to fol low Al, and both the GaAl and GaFe
strong cor re la tions found fol low known trends. Cor re la tion of V
with Ti, Cr, Ni, Co and Ga found by us is re lated to siderophile
be hav iour; in deed, these el e ments are com monly found in var i -
ous Fe- (but also Ti) -rich ox ide min er als of the pyrometa -
morphic com po nent of the CWHs (Kruszewski, 2018) that is in -
her ited by the soils stud ied. In Ca- and Mg-rich soils, forms of
CaSeO4 and MgSeO4 (both rel a tively low-sol u bil ity) are sug -
gested to gov ern Se mo bil ity. On the other hand, goethite-ab -
sorbed sel e nite – some what mo bile in pH-neu tral soils – seems
to be more sig nif i cant in our case, both due to known goethite
pre cip i ta tion (Kruszewski et al., 2021) and rather coun ter-in tu -
itive el e vated Eh needed for Se4+ ® Se6+ ox i da tion. Al though a
CaSe as so ci a tion was found, this con cerns the veg e ta tion sys -
tem alone. A reductive char ac ter of the soil-veg e ta tion in ter face
is pos si ble not just due to known emis sions from plants of com -
pounds such as H2Se and H2Te, but also the gen er ally low-Eh
char ac ter of the coal-fire gases (at least be low the rhizosphere
and/or be fore their in ter ac tion with at mo spheric com po nents).
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Soil treat ment with S, P, and N is known to lower soil Se lev -
els.This may be con firmed by the neg a tive PSe cor re la tion
found. Se-Fe an tag o nism in plants is also known and cor rob o -
rated in the study of our BCF data. Mer cury leach ing in the
CWHs will be re lated to coal char leach ing: the or ganic
pyrolysates, found among fumaroles, bear clearly el e vated lev -
els of Hg, and also Pb and As. The UAl and UFe as so ci a tions
may be re lated to known pre cip i ta tion of Al- and Fe phos phates
in U-pol luted soils treated with hydroxylapatite (Kabata-Pendias 
and Pendias, 2001). El e ment pairs re ported by them as ei ther
syn er gis tic (S), an tag o nis tic (A) or be ing in vari able and/or com -
plex re la tion ships co in cide with some found in our study. Many
of these pairs are found by us with the same type of de pend -
ence, though some ob ser va tions are di ver gent. This is likely
due to dif fer ent plant strat e gies and el e ment ra tios.

In Wojewódka-Przyby³ et al. (2022) we have ob served the
as so ci a tion of some REEs (Sc, La, Th) with them selves and U,
at trib ut able to par al lel up take be hav iour also fol low ing geo -
chem i cal trends (i.e., com mon co ex is tence) known for these el -
e ments. We also sug gested that the then-found TiLa, TiCr,
TiNi, and TiFe pairs may in di cate sim i lar ben e fi cial in flu ence to
plants, based on (1) known stud ies on both Ti and La, (2) the
oc cur rence of Cr and Ni in cel lu lar en zymes, and (2) known Ti
sup port of up take and uti li za tion of Fe. We also sug gested the
ex is tence of sim i larly cor re lated el e ment pairs. In deed, such
pairs of (po ten tially) bi o log i cally ac tive el e ments were found
within this suc ces sor study and in clude NaZn, MgMo, CaMn,
BTi, TiV, TiPb, MnNi, MnCu, FeZn, VMn, VFe, VCr, VNi, VPb,
CrMg, CrNi, CrMo, CoMn, CoZn, CoLa, NiFe, NiCu, AsP, AsW,
AsPb, WCa, LaFe, PbMg, and PbFe; the TiLa, TiNi, and TiFe
cor re la tion is also cor rob o rated.

CONCLUSIONS

By study ing 8 soil sam ples from var i ous BCWRs, col lected
in both pyrometamorphic and non-pyrometamorphic niches, we 
con clude that:

– a gap in compositional and geo chem i cal data for a
dozen or so el e ments rarely or not dis cussed in the lit er -
a ture may be filled;

– Pb, Ag, Zn, Se, Cd, As and Cu show the high est and
most per sis tent en rich ment in the soils stud ied; they are
fol lowed by Hg, Cs, Sb, Sn, Bi, Te, U; S, Ca, Mg, Mn and

Fe; other el e ments show fewer and lower con cen tra tion
anom a lies;

– in a row from the high est to low est EFs, U, Al, Bi, Sb, Sn,
Ni, Co and P are seem ingly more con cen trated in the re -
frac tory (and/or poorly sol u ble) soil frac tion, with Fe, Mg,
Tl, S and Ag only slightly en riched; Li, B, Be, Sc, Ga, Ge,
Rb, Sr, Y, Zr, Nb, La, Ce, Hf, Ta, Pt, Th, Na, K, Ti; and to
some ex tent also V, Cr, Mo, Pd, Ba, W and Au, fol low;
op pos ing trends are shown by Cd, Pb, Zn, Hg, Ca, Mn
and As – these el e ments to be ex pected to be the most
dan ger ous in the waste-heap soils due to their higher
avail abil ity;

– the lo cal veg e ta tion tends to keep most el e ments in
leaves, with B and Au show ing the high est soil-to-leaf
move ment;

– Solanum nigrum is the most ef fi cient spe cies in
biostabilization of nu mer ous el e ments, fol lowed by
Verbascum that is rel a tively non-se lec tive;

– Cd and Tl show the high est root pref er ence (in terms of
BCF val ues); other el e ments com monly as so ci ated with

the soil ® root path are K, P, Na and Ca;

– B and Au seem to show the high est level soil-to-leaf
move ment, in terms of BAF val ues; other el e ments fre -

quently as so ci ated with the soil ® leaf path are P, K, Ca, 
Sr, S, Na, W, Mo, Au and Sb, less fre quently Tl, Mg, Zn,
Se and Cd;

– The strength of the root-to-leaf trans fer is also ex em pli -
fied by translocation fac tors show ing much more out lier
val ues than the BAF and BCF; root-to-leaf move ment is
stron gest in the case of Hg; other el e ments in this path
are com monly B, Au, Se, Mg, Ag; also La, Mn, Sr, P, Ca, 
S, Fe and Al;

– The as so ci a tion of S, Se, and Te with el e ments such as
Ag, Au, Mo, Pb, Cu, Sb, and Tl – typ i cal of hy dro ther mal
geoenvironments – sug gests pos si ble codeposition in
the form of low-sol u bil ity sul fides (e.g., cin na bar),
selenides (e.g., naumannite, clausthalite, etc.) and
tellurides (e.g., hessite).
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APPENDIX TABLE 1 

List and systematic position of the vegetation samples 

Sample Latitude Longitude City Vegetation type Habitat heap waste local waste 

BDM-VM 50
o
22"43' 18

o
53"50' 

Bytom 
moss 

edge of an outer escarpment, near an active fire zone mixed coal 

BDM-VG 50
o
22"43’ 18

o
53"50' grass 

RD-VSg 50
o
02"23’ 18

o
28"40' Radlin Solidago gigantea heap top, near an active fire zone coal coal 

RDT-plt-VV 50
o
03"43’ 18

o
26"35' 

Rydułtowy 

Verbascum 
plateau of a burning pile 

coal coal RDT-plt-VM 50
o
03"45’ 18

o
26"34' moss 

RDT-b-VCm 50
o
03"46’ 18

o
26"34' Crepis mollis outer rim of the plateau, low-temperature strongly hydrous fumaroles 

WOJ-VV 50
o
22"17’ 19

o
01"33' 

Wojkowice 

Verbascum 

heap top, directly above an expiring fire zone coal coal 
WOJ-VHa 50

o
22"17’ 19

o
01"33' Helichrysum arenarium 

 

APPENDIX TABLE 2 

Enrichment factor representation of elevated to extreme levels measured for the soil and vegetation samples 

 number of records with 
total elevated/extreme

1
 records (TER) % (TER) of the whole dataset 

enrichment factor of: 4–9 10–19 20–99 100–199 >200 

soil
2
 vs. local coals

3
 50 [21]

4
 17 [7] 20 [~9] 8 [3] 5 95 40 

soil vs. local shales 44 [18] 17 [7] 12 [5] 6 3 82 34 

soil vs. typical soil levels 56 [28] 21 [10] 16 [8] 6 [1] 3 99 42 

vegetation vs. local coals 35 [9] 13 [3] 7 [2] - - 57 15 

vegetation vs. local shales 35 [31] 20 [5] 5 [~1] - - 60 16 

vegetation vs. typical plant levels
3
 59 [16] 26 [7] 41 [11] 9 [~2] 4 135 36 

 

1
 – records with enrichment factor <2 omitted; 

2
 – only samples analyzed within this study are counted; no. of records: soils: n = 238;  vegetation: n = 378;  records 

below or above the detection limit are omitted; 
3
 – data cited in Kruszewski et al. (2021) - soils; Wojewódka-Przybył et al. (2022; vegetation); 

4
 – % of the total 

records of the particular relation 



APPENDIX TABLE 3 

 

Kendall correlation statistics, soil samples 

 
 Na Mg Al S P K Ca Ti Mn Fe Li Be Sc V Cr Co Ni Cu Zn Ga As Se Rb Sr Y 

Na  0.60 0.75 -0.03 0.52 0.61 0.25 0.70 0.43 0.61 0.26 0.68 0.60 0.78 0.68 0.52 0.62 0.38 0.01 0.47 0.20 0.33 0.20 0.75 0.62 

Mg 0.60  0.57 0.15 0.43 0.40 0.51 0.58 0.64 0.87 0.26 0.55 0.50 0.65 0.57 0.67 0.74 0.52 0.22 0.55 0.37 0.62 0.21 0.62 0.52 

Al 0.75 0.57  -0.13 0.46 0.84 0.09 0.77 0.26 0.58 0.70 0.83 0.85 0.78 0.67 0.56 0.62 0.26 -0.14 0.83 0.07 0.40 0.62 0.64 0.74 

S -0.03 0.15 -0.13  -0.22 -0.20 0.19 0.03 0.14 0.17 -0.26 -0.01 -0.08 0.00 -0.09 0.11 0.08 0.22 0.07 -0.05 0.10 0.36 -0.35 0.01 0.03 

P 0.52 0.43 0.46 -0.22  0.34 0.17 0.47 0.31 0.48 0.24 0.46 0.41 0.55 0.56 0.49 0.52 0.26 0.13 0.21 0.28 0.12 0.08 0.54 0.47 

K 0.61 0.40 0.84 -0.20 0.34  -0.06 0.65 0.12 0.42 0.87 0.72 0.79 0.65 0.60 0.41 0.48 0.14 -0.24 0.66 -0.06 0.23 0.88 0.49 0.62 

Ca 0.25 0.51 0.09 0.19 0.17 -0.06  0.16 0.63 0.40 -0.07 0.10 0.06 0.24 0.18 0.35 0.33 0.43 0.51 0.22 0.58 0.42 -0.12 0.39 0.13 

Ti 0.70 0.58 0.77 0.03 0.47 0.65 0.16  0.35 0.65 0.35 0.86 0.76 0.84 0.70 0.59 0.68 0.41 -0.03 0.64 0.23 0.66 0.26 0.72 0.81 

Mn 0.43 0.64 0.26 0.14 0.31 0.12 0.63 0.35  0.64 0.18 0.31 0.22 0.44 0.33 0.57 0.52 0.57 0.43 0.46 0.59 0.52 0.11 0.49 0.32 

Fe 0.61 0.87 0.58 0.17 0.48 0.42 0.40 0.65 0.64  0.39 0.62 0.50 0.67 0.61 0.78 0.82 0.60 0.22 0.62 0.41 0.62 0.21 0.61 0.57 

Li 0.26 0.26 0.70 -0.26 0.24 0.87 -0.07 0.35 0.18 0.39  0.60 0.63 0.39 0.36 0.40 0.34 0.04 -0.14 0.68 -0.18 0.26 0.81 0.13 0.47 

Be 0.68 0.55 0.83 -0.01 0.46 0.72 0.10 0.86 0.31 0.62 0.60  0.85 0.79 0.64 0.62 0.65 0.34 -0.12 0.68 0.14 0.64 0.52 0.66 0.88 

Sc 0.60 0.50 0.85 -0.08 0.41 0.79 0.06 0.76 0.22 0.50 0.63 0.85  0.80 0.68 0.55 0.61 0.24 -0.15 0.58 0.09 0.49 0.65 0.63 0.79 

V 0.78 0.65 0.78 0.00 0.55 0.65 0.24 0.84 0.44 0.67 0.39 0.79 0.80  0.83 0.65 0.76 0.42 0.03 0.55 0.25 0.62 0.37 0.77 0.74 

Cr 0.68 0.57 0.67 -0.09 0.56 0.60 0.18 0.70 0.33 0.61 0.36 0.64 0.68 0.83  0.56 0.74 0.43 0.07 0.29 0.21 0.46 0.29 0.64 0.63 

Co 0.52 0.67 0.56 0.11 0.49 0.41 0.35 0.59 0.57 0.78 0.40 0.62 0.55 0.65 0.56  0.85 0.51 0.24 0.64 0.42 0.62 0.33 0.59 0.54 

Ni 0.62 0.74 0.62 0.08 0.52 0.48 0.33 0.68 0.52 0.82 0.34 0.65 0.61 0.76 0.74 0.85  0.54 0.22 0.58 0.40 0.68 0.21 0.70 0.59 

Cu 0.38 0.52 0.26 0.22 0.26 0.14 0.43 0.41 0.57 0.60 0.04 0.34 0.24 0.42 0.43 0.51 0.54  0.47 0.17 0.61 0.48 -0.15 0.39 0.37 

Zn 0.01 0.22 -0.14 0.07 0.13 -0.24 0.51 -0.03 0.43 0.22 -0.14 -0.12 -0.15 0.03 0.07 0.24 0.22 0.47  0.14 0.69 0.39 -0.23 0.12 -0.12 

Ga 0.47 0.55 0.83 -0.05 0.21 0.66 0.22 0.64 0.46 0.62 0.68 0.68 0.58 0.55 0.29 0.64 0.58 0.17 0.14  0.11 0.47 0.57 0.42 0.47 

As 0.20 0.37 0.07 0.10 0.28 -0.06 0.58 0.23 0.59 0.41 -0.18 0.14 0.09 0.25 0.21 0.42 0.40 0.61 0.69 0.11  0.36 -0.24 0.38 0.17 

Se 0.33 0.62 0.40 0.36 0.12 0.23 0.42 0.66 0.52 0.62 0.26 0.64 0.49 0.62 0.46 0.62 0.68 0.48 0.39 0.47 0.36  0.15 0.46 0.51 

Rb 0.20 0.21 0.62 -0.35 0.08 0.88 -0.12 0.26 0.11 0.21 0.81 0.52 0.65 0.37 0.29 0.33 0.21 -0.15 -0.23 0.57 -0.24 0.15  0.08 0.31 

Sr 0.75 0.62 0.64 0.01 0.54 0.49 0.39 0.72 0.49 0.61 0.13 0.66 0.63 0.77 0.64 0.59 0.70 0.39 0.12 0.42 0.38 0.46 0.08  0.68 

Y 0.62 0.52 0.74 0.03 0.47 0.62 0.13 0.81 0.32 0.57 0.47 0.88 0.79 0.74 0.63 0.54 0.59 0.37 -0.12 0.47 0.17 0.51 0.31 0.68  

Zr 0.62 0.46 0.62 0.05 0.28 0.51 0.15 0.71 0.20 0.47 -0.07 0.66 0.68 0.72 0.60 0.47 0.56 0.32 -0.05 0.28 0.18 0.46 0.05 0.66 0.60 

Nb 0.44 0.30 0.64 -0.15 0.41 0.69 -0.12 0.68 0.06 0.37 0.45 0.71 0.72 0.58 0.56 0.37 0.43 0.23 -0.28 0.21 0.00 0.01 0.51 0.44 0.76 

Mo 0.52 0.57 0.25 0.10 0.51 0.01 0.57 0.48 0.66 0.59 0.00 0.31 0.17 0.50 0.48 0.47 0.57 0.69 0.51 0.21 0.61 0.36 -0.21 0.61 0.45 

Ag 0.32 0.40 0.03 0.01 0.30 -0.22 0.56 0.25 0.53 0.43 -0.20 0.05 -0.09 0.26 0.32 0.42 0.45 0.70 0.90 0.04 0.86 0.29 -0.28 0.55 0.18 

Cd 0.22 0.39 -0.02 0.18 0.13 -0.22 0.66 0.11 0.53 0.36 -0.21 -0.02 -0.11 0.18 0.18 0.33 0.36 0.60 0.86 0.08 0.70 0.37 -0.29 0.38 0.00 

In 0.51 0.60 0.43 0.32 0.19 0.13 0.39 0.68 0.78 0.75 0.21 0.58 0.35 0.68 0.35 0.65 0.64 0.46 0.43 0.55 0.38 0.48 0.10 0.67 0.52 

Sn 0.65 0.57 0.53 0.07 0.34 0.41 0.28 0.60 0.48 0.60 0.04 0.57 0.43 0.58 0.47 0.50 0.60 0.54 0.17 0.30 0.37 0.35 -0.04 0.64 0.55 



Sb 0.53 0.56 0.45 0.16 0.29 0.38 0.42 0.66 0.44 0.57 -0.05 0.56 0.52 0.67 0.63 0.61 0.75 0.63 0.27 0.18 0.53 0.60 -0.08 0.65 0.57 

Te 0.25 0.19 0.16 -0.06 0.25 0.00 -0.11 0.26 0.29 0.32 0.19 0.18 -0.06 0.24 0.16 0.25 0.19 0.14 -0.02 0.29 0.03 -0.03 0.11 0.16 0.31 

Cs -0.03 0.11 0.38 -0.18 -0.03 0.63 -0.17 0.36 0.05 0.18 0.67 0.54 0.66 0.31 0.24 0.25 0.13 -0.01 -0.25 0.37 -0.21 0.20 0.78 0.03 0.46 

Ba 0.78 0.55 0.65 -0.07 0.52 0.53 0.28 0.73 0.45 0.56 0.19 0.65 0.60 0.77 0.67 0.55 0.71 0.42 0.13 0.48 0.34 0.42 0.05 0.82 0.63 

La 0.68 0.45 0.86 -0.17 0.44 0.85 0.04 0.66 0.17 0.45 0.80 0.74 0.84 0.68 0.60 0.50 0.54 0.17 -0.21 0.66 0.01 0.20 0.74 0.62 0.69 

Ce 0.32 0.28 0.71 -0.32 0.17 0.91 -0.08 0.27 0.12 0.30 0.87 0.51 0.66 0.34 0.33 0.39 0.30 -0.03 -0.11 0.63 -0.17 0.16 0.86 0.15 0.32 

Appendix Table 1 ─ continued 

 Na Mg Al S P K Ca Ti Mn Fe Li Be Sc V Cr Co Ni Cu Zn Ga As Se Rb Sr Y 

Hf 0.14 0.18 0.13 0.14 -0.27 0.11 0.29 0.24 0.11 0.11 0.00 0.26 0.34 0.26 0.02 0.17 0.11 0.18 0.25 0.20 0.24 0.34 0.15 0.30 0.11 

W 0.55 0.44 0.20 0.15 0.18 0.15 0.78 0.49 0.49 0.38 -0.31 0.29 0.15 0.49 0.38 0.30 0.32 0.38 0.18 0.00 0.44 0.22 -0.21 0.61 0.29 

Re 0.35 -0.25 0.00 -0.49 -0.05 0.10 0.10 -0.26 0.20 -0.29 0.20 -0.15 -0.25 -0.05 -0.29 -0.26 -0.39 -0.25 -0.10 0.00 -0.05 -0.55 0.25 0.15 -0.05 

Au 0.26 0.37 0.13 -0.22 0.55 -0.13 0.38 0.13 0.42 0.42 -0.08 0.09 -0.03 0.21 0.37 0.44 0.47 0.44 0.61 0.11 0.53 0.20 -0.18 0.32 0.07 

Hg -0.24 -0.18 0.01 0.34 -0.36 0.13 -0.12 -0.08 -0.13 -0.21 0.11 0.12 0.29 -0.04 0.05 -0.14 -0.13 0.01 -0.14 -0.11 -0.16 0.20 0.05 -0.18 0.12 

Tl 0.63 0.58 0.33 -0.08 0.39 0.11 0.54 0.40 0.76 0.58 0.13 0.33 0.18 0.62 0.55 0.52 0.55 0.57 0.61 0.29 0.50 0.31 0.14 0.53 0.27 

Pb -0.02 0.22 -0.13 0.11 0.09 -0.23 0.43 0.01 0.37 0.18 -0.22 -0.12 -0.16 0.02 0.03 0.17 0.14 0.49 0.89 0.07 0.62 0.42 -0.30 0.04 -0.11 

Bi 0.34 0.19 0.40 -0.21 0.17 0.50 0.07 0.37 0.27 0.28 0.47 0.45 0.39 0.43 0.32 0.28 0.21 0.17 -0.02 0.34 0.06 0.09 0.53 0.43 0.41 

Th 0.51 0.36 0.76 -0.19 0.31 0.83 -0.05 0.66 0.10 0.37 0.65 0.73 0.87 0.67 0.59 0.42 0.46 0.17 -0.27 0.44 -0.03 0.21 0.83 0.52 0.69 

U 0.29 0.21 0.38 0.03 -0.03 0.31 0.14 0.53 0.18 0.23 0.34 0.38 0.29 0.33 0.08 0.19 0.16 0.09 -0.06 0.47 0.03 0.24 0.37 0.26 0.46 

 Zr Nb Mo Ag Cd In Sn Sb Te Cs Ba La Ce Hf W Re Au Hg Tl Pb Bi Th U   

Na 0.62 0.44 0.52 0.32 0.22 0.51 0.65 0.53 0.25 -0.03 0.78 0.68 0.32 0.14 0.55 0.35 0.26 -0.24 0.63 -0.02 0.34 0.51 0.29   

Mg 0.46 0.30 0.57 0.40 0.39 0.60 0.57 0.56 0.19 0.11 0.55 0.45 0.28 0.18 0.44 -0.25 0.37 -0.18 0.58 0.22 0.19 0.36 0.21   

Al 0.62 0.64 0.25 0.03 -0.02 0.43 0.53 0.45 0.16 0.38 0.65 0.86 0.71 0.13 0.20 0.00 0.13 0.01 0.33 -0.13 0.40 0.76 0.38   

S 0.05 -0.15 0.10 0.01 0.18 0.32 0.07 0.16 -0.06 -0.18 -0.07 -0.17 -0.32 0.14 0.15 -0.49 -0.22 0.34 -0.08 0.11 -0.21 -0.19 0.03   

P 0.28 0.41 0.51 0.30 0.13 0.19 0.34 0.29 0.25 -0.03 0.52 0.44 0.17 -0.27 0.18 -0.05 0.55 -0.36 0.39 0.09 0.17 0.31 -0.03   

K 0.51 0.69 0.01 -0.22 -0.22 0.13 0.41 0.38 0.00 0.63 0.53 0.85 0.91 0.11 0.15 0.10 -0.13 0.13 0.11 -0.23 0.50 0.83 0.31   

Ca 0.15 -0.12 0.57 0.56 0.66 0.39 0.28 0.42 -0.11 -0.17 0.28 0.04 -0.08 0.29 0.78 0.10 0.38 -0.12 0.54 0.43 0.07 -0.05 0.14   

Ti 0.71 0.68 0.48 0.25 0.11 0.68 0.60 0.66 0.26 0.36 0.73 0.66 0.27 0.24 0.49 -0.26 0.13 -0.08 0.40 0.01 0.37 0.66 0.53   

Mn 0.20 0.06 0.66 0.53 0.53 0.78 0.48 0.44 0.29 0.05 0.45 0.17 0.12 0.11 0.49 0.20 0.42 -0.13 0.76 0.37 0.27 0.10 0.18   

Fe 0.47 0.37 0.59 0.43 0.36 0.75 0.60 0.57 0.32 0.18 0.56 0.45 0.30 0.11 0.38 -0.29 0.42 -0.21 0.58 0.18 0.28 0.37 0.23   

Li -0.07 0.45 0.00 -0.20 -0.21 0.21 0.04 -0.05 0.19 0.67 0.19 0.80 0.87 0.00 -0.31 0.20 -0.08 0.11 0.13 -0.22 0.47 0.65 0.34   

Be 0.66 0.71 0.31 0.05 -0.02 0.58 0.57 0.56 0.18 0.54 0.65 0.74 0.51 0.26 0.29 -0.15 0.09 0.12 0.33 -0.12 0.45 0.73 0.38   

Sc 0.68 0.72 0.17 -0.09 -0.11 0.35 0.43 0.52 -0.06 0.66 0.60 0.84 0.66 0.34 0.15 -0.25 -0.03 0.29 0.18 -0.16 0.39 0.87 0.29   

V 0.72 0.58 0.50 0.26 0.18 0.68 0.58 0.67 0.24 0.31 0.77 0.68 0.34 0.26 0.49 -0.05 0.21 -0.04 0.62 0.02 0.43 0.67 0.33   

Cr 0.60 0.56 0.48 0.32 0.18 0.35 0.47 0.63 0.16 0.24 0.67 0.60 0.33 0.02 0.38 -0.29 0.37 0.05 0.55 0.03 0.32 0.59 0.08   

Co 0.47 0.37 0.47 0.42 0.33 0.65 0.50 0.61 0.25 0.25 0.55 0.50 0.39 0.17 0.30 -0.26 0.44 -0.14 0.52 0.17 0.28 0.42 0.19   

Ni 0.56 0.43 0.57 0.45 0.36 0.64 0.60 0.75 0.19 0.13 0.71 0.54 0.30 0.11 0.32 -0.39 0.47 -0.13 0.55 0.14 0.21 0.46 0.16   

Cu 0.32 0.23 0.69 0.70 0.60 0.46 0.54 0.63 0.14 -0.01 0.42 0.17 -0.03 0.18 0.38 -0.25 0.44 0.01 0.57 0.49 0.17 0.17 0.09   

Zn -0.05 -0.28 0.51 0.90 0.86 0.43 0.17 0.27 -0.02 -0.25 0.13 -0.21 -0.11 0.25 0.18 -0.10 0.61 -0.14 0.61 0.89 -0.02 -0.27 -0.06   



Ga 0.28 0.21 0.21 0.04 0.08 0.55 0.30 0.18 0.29 0.37 0.48 0.66 0.63 0.20 0.00 0.00 0.11 -0.11 0.29 0.07 0.34 0.44 0.47   

As 0.18 0.00 0.61 0.86 0.70 0.38 0.37 0.53 0.03 -0.21 0.34 0.01 -0.17 0.24 0.44 -0.05 0.53 -0.16 0.50 0.62 0.06 -0.03 0.03   

Se 0.46 0.01 0.36 0.29 0.37 0.48 0.35 0.60 -0.03 0.20 0.42 0.20 0.16 0.34 0.22 -0.55 0.20 0.20 0.31 0.42 0.09 0.21 0.24   

Rb 0.05 0.51 -0.21 -0.28 -0.29 0.10 -0.04 -0.08 0.11 0.78 0.05 0.74 0.86 0.15 -0.21 0.25 -0.18 0.05 0.14 -0.30 0.53 0.83 0.37   

Sr 0.66 0.44 0.61 0.55 0.38 0.67 0.64 0.65 0.16 0.03 0.82 0.62 0.15 0.30 0.61 0.15 0.32 -0.18 0.53 0.04 0.43 0.52 0.26   

Y 0.60 0.76 0.45 0.18 0.00 0.52 0.55 0.57 0.31 0.46 0.63 0.69 0.32 0.11 0.29 -0.05 0.07 0.12 0.27 -0.11 0.41 0.69 0.46   

Zr  0.51 0.23 0.25 0.14 0.37 0.51 0.64 -0.06 0.13 0.67 0.59 -0.04 0.74 0.38 -0.29 0.13 -0.11 0.29 -0.07 0.21 0.66 0.26   

Nb 0.51  0.08 -0.25 -0.40 -0.06 0.44 0.39 0.23 0.64 0.46 0.67 0.39 -0.05 0.06 -0.05 -0.17 0.07 -0.16 -0.25 0.39 0.81 0.50   

Mo 0.23 0.08  0.66 0.49 0.48 0.76 0.54 0.30 -0.13 0.61 0.06 -0.09 0.06 0.57 -0.10 0.50 -0.26 0.55 0.53 0.09 -0.04 0.13   

Appendix Table 1 ─ continued   

 Zr Nb Mo Ag Cd In Sn Sb Te Cs Ba La Ce Hf W Re Au Hg Tl Pb Bi Th U   

Ag 0.25 -0.25 0.66  0.76 0.33 0.62 0.66 0.08 -0.25 0.51 -0.17 -0.21 0.22 0.72 -0.10 0.67 -0.25 0.56 0.87 0.01 -0.26 -0.06   

Cd 0.14 -0.40 0.49 0.76  0.41 0.35 0.52 -0.13 -0.32 0.34 -0.13 -0.15 0.14 0.72 -0.20 0.50 -0.13 0.55 0.82 -0.03 -0.27 -0.14   

In 0.37 -0.06 0.48 0.33 0.41  0.59 0.37 0.46 0.13 0.71 0.18 0.15 0.10 0.14 0.05 0.19 0.03 0.60 0.36 0.29 0.10 0.25   

Sn 0.51 0.44 0.76 0.62 0.35 0.59  0.64 0.40 0.04 0.65 0.41 -0.05 0.21 0.49 0.00 0.41 -0.23 0.57 0.22 0.40 0.41 0.30   

Sb 0.64 0.39 0.54 0.66 0.52 0.37 0.64  -0.10 0.00 0.70 0.40 -0.09 0.43 0.61 -0.20 0.32 0.11 0.47 0.24 0.17 0.42 0.21   

Te -0.06 0.23 0.30 0.08 -0.13 0.46 0.40 -0.10  0.10 0.21 0.07 0.08 -0.29 -0.07 0.45 0.03 -0.32 0.32 -0.02 0.24 -0.05 0.35   

Cs 0.13 0.64 -0.13 -0.25 -0.32 0.13 0.04 0.00 0.10  -0.03 0.49 0.63 0.18 -0.37 0.10 -0.27 0.19 0.05 -0.25 0.53 0.86 0.42   

Ba 0.67 0.46 0.61 0.51 0.34 0.71 0.65 0.70 0.21 -0.03  0.61 0.16 0.16 0.59 0.25 0.31 -0.24 0.56 0.06 0.38 0.51 0.29   

La 0.59 0.67 0.06 -0.17 -0.13 0.18 0.41 0.40 0.07 0.49 0.61  0.87 0.15 0.18 0.25 -0.08 0.03 0.16 -0.23 0.47 0.82 0.35   

Ce -0.04 0.39 -0.09 -0.21 -0.15 0.15 -0.05 -0.09 0.08 0.63 0.16 0.87  0.00 -0.31 0.15 -0.09 0.07 0.15 -0.18 0.44 0.71 0.28   

Hf 0.74 -0.05 0.06 0.22 0.14 0.10 0.21 0.43 -0.29 0.18 0.16 0.15 0.00  0.33 -0.25 0.10 -0.02 0.15 0.22 0.19 0.36 0.24   

W 0.38 0.06 0.57 0.72 0.72 0.14 0.49 0.61 -0.07 -0.37 0.59 0.18 -0.31 0.33  0.11 0.21 -0.69 0.41 0.15 0.10 0.09 0.21   

Re -0.29 -0.05 -0.10 -0.10 -0.20 0.05 0.00 -0.20 0.45 0.10 0.25 0.25 0.15 -0.25 0.11  -0.49 0.15 0.35 -0.20 0.68 -0.05 0.29   

Au 0.13 -0.17 0.50 0.67 0.50 0.19 0.41 0.32 0.03 -0.27 0.31 -0.08 -0.09 0.10 0.21 -0.49  -0.32 0.51 0.54 -0.13 -0.24 -0.26   

Hg -0.11 0.07 -0.26 -0.25 -0.13 0.03 -0.23 0.11 -0.32 0.19 -0.24 0.03 0.07 -0.02 -0.69 0.15 -0.32  -0.16 -0.12 -0.03 0.20 -0.16   

Tl 0.29 -0.16 0.55 0.56 0.55 0.60 0.57 0.47 0.32 0.05 0.56 0.16 0.15 0.15 0.41 0.35 0.51 -0.16  0.54 0.29 0.03 0.08   

Pb -0.07 -0.25 0.53 0.87 0.82 0.36 0.22 0.24 -0.02 -0.25 0.06 -0.23 -0.18 0.22 0.15 -0.20 0.54 -0.12 0.54  -0.09 -0.26 -0.04   

Bi 0.21 0.39 0.09 0.01 -0.03 0.29 0.40 0.17 0.24 0.53 0.38 0.47 0.44 0.19 0.10 0.68 -0.13 -0.03 0.29 -0.09  0.58 0.39   

Th 0.66 0.81 -0.04 -0.26 -0.27 0.10 0.41 0.42 -0.05 0.86 0.51 0.82 0.71 0.36 0.09 -0.05 -0.24 0.20 0.03 -0.26 0.58  0.43   

U 0.26 0.50 0.13 -0.06 -0.14 0.25 0.30 0.21 0.35 0.42 0.29 0.35 0.28 0.24 0.21 0.29 -0.26 -0.16 0.08 -0.04 0.39 0.43    

 
Statistically meaningful data in bold, τ values ~|0.75-0.90| marked by frame; p-values ≤ 0.05 underlined 

 



APPENDIX TABLE 4 

 

Kendall correlation statistics, vegetation samples 

 

 Na Mg Al S P K Ca Ti Mn Fe B Sc V Cr Co Ni Cu Zn Ga As Se Sr Mo Ag Cd 

Na  0.42 0.14 0.12 0.40 0.36 -0.03 0.29 0.14 0.15 0.03 -0.08 0.16 0.19 0.08 0.14 0.28 -0.21 -0.07 0.03 0.00 0.13 0.33 -0.09 -0,28 

Mg 0.42  0.02 0.31 0.30 0.40 0.35 0.28 0.31 0.23 0.38 0.19 0.19 0.10 0.27 0.13 0.36 -0.04 -0.04 0.22 0.26 0.38 0.24 0.04 -0,05 

Al 0.14 0.02  -0.07 -0.06 -0.22 0.00 0.60 0.16 0.57 -0.17 0.39 0.75 0.59 0.37 0.43 0.31 -0.02 0.66 0.35 0.03 0.16 0.30 0.04 -0,05 

S 0.12 0.31 -0.07  0.13 0.22 0.38 0.12 0.15 0.14 0.31 0.19 -0.07 0.05 0.11 -0.10 0.01 0.22 -0.04 0.15 0.19 0.23 0.18 0.07 0,25 

P 0.40 0.30 -0.06 0.13  0.40 -0.14 0.07 0.10 -0.05 0.02 -0.14 -0.18 0.00 -0.02 0.03 0.19 -0.28 -0.13 -0.09 -0.26 -0.07 0.08 -0.11 -0,26 

K 0.36 0.40 -0.22 0.22 0.40  0.07 -0.04 0.19 -0.08 0.23 -0.18 -0.20 -0.22 -0.10 -0.08 0.02 -0.04 -0.37 0.05 -0.05 0.01 0.17 0.00 0,02 

Ca -0.03 0.35 0.00 0.38 -0.14 0.07  0.21 0.25 0.26 0.45 0.30 0.09 0.12 0.25 0.08 0.11 0.33 0.03 0.16 0.28 0.52 0.15 0.20 0,33 

Ti 0.29 0.28 0.60 0.12 0.07 -0.04 0.21  0.41 0.74 0.07 0.49 0.75 0.71 0.55 0.62 0.57 0.10 0.50 0.38 0.17 0.27 0.45 0.15 0,02 

Mn 0.14 0.31 0.16 0.15 0.10 0.19 0.25 0.41  0.42 0.13 0.18 0.41 0.26 0.54 0.34 0.34 0.10 0.03 0.13 0.02 0.25 0.27 0.05 0,09 

Fe 0.15 0.23 0.57 0.14 -0.05 -0.08 0.26 0.74 0.42  0.06 0.43 0.65 0.65 0.54 0.53 0.48 0.23 0.42 0.48 0.18 0.30 0.36 0.28 0,14 

B 0.03 0.38 -0.17 0.31 0.02 0.23 0.45 0.07 0.13 0.06  0.27 -0.02 -0.07 0.10 0.03 -0.01 0.05 -0.08 0.08 0.25 0.27 0.01 0.02 0,10 

Sc -0.08 0.19 0.39 0.19 -0.14 -0.18 0.30 0.49 0.18 0.43 0.27  0.48 0.38 0.44 0.35 0.31 0.15 0.43 0.29 0.40 0.37 0.24 0.11 0,16 

V 0.16 0.19 0.75 -0.07 -0.18 -0.20 0.09 0.75 0.41 0.65 -0.02 0.48  0.84 0.67 0.59 0.38 -0.02 0.59 0.14 0.03 0.50 0.37 -0.15 -0,16 

Cr 0.19 0.10 0.59 0.05 0.00 -0.22 0.12 0.71 0.26 0.65 -0.07 0.38 0.84  0.48 0.59 0.46 0.10 0.50 0.28 0.07 0.24 0.33 0.16 0,00 

Co 0.08 0.27 0.37 0.11 -0.02 -0.10 0.25 0.55 0.54 0.54 0.10 0.44 0.67 0.48  0.55 0.47 0.02 0.32 0.11 0.22 0.38 0.20 -0.07 0,01 

Ni 0.14 0.13 0.43 -0.10 0.03 -0.08 0.08 0.62 0.34 0.53 0.03 0.35 0.59 0.59 0.55  0.42 0.01 0.42 0.08 0.17 0.17 0.35 0.11 -0,08 

Cu 0.28 0.36 0.31 0.01 0.19 0.02 0.11 0.57 0.34 0.48 -0.01 0.31 0.38 0.46 0.47 0.42  0.12 0.12 0.23 0.17 0.21 0.40 0.05 0,01 

Zn -0.21 -0.04 -0.02 0.22 -0.28 -0.04 0.33 0.10 0.10 0.23 0.05 0.15 -0.02 0.10 0.02 0.01 0.12  -0.07 0.31 0.22 0.14 0.21 0.42 0,69 

Ga -0.07 -0.04 0.66 -0.04 -0.13 -0.37 0.03 0.50 0.03 0.42 -0.08 0.43 0.59 0.50 0.32 0.42 0.12 -0.07  0.11 0.04 0.36 0.22 -0.13 -0,13 

As 0.03 0.22 0.35 0.15 -0.09 0.05 0.16 0.38 0.13 0.48 0.08 0.29 0.14 0.28 0.11 0.08 0.23 0.31 0.11  0.04 0.01 0.24 0.44 0,22 

Se 0.00 0.26 0.03 0.19 -0.26 -0.05 0.28 0.17 0.02 0.18 0.25 0.40 0.03 0.07 0.22 0.17 0.17 0.22 0.04 0.04  0.25 0.06 0.15 0,18 

Sr 0.13 0.38 0.16 0.23 -0.07 0.01 0.52 0.27 0.25 0.30 0.27 0.37 0.50 0.24 0.38 0.17 0.21 0.14 0.36 0.01 0.25  0.22 -0.07 0,10 

Mo 0.33 0.24 0.30 0.18 0.08 0.17 0.15 0.45 0.27 0.36 0.01 0.24 0.37 0.33 0.20 0.35 0.40 0.21 0.22 0.24 0.06 0.22  0.12 0,15 

Ag -0.09 0.04 0.04 0.07 -0.11 0.00 0.20 0.15 0.05 0.28 0.02 0.11 -0.15 0.16 -0.07 0.11 0.05 0.42 -0.13 0.44 0.15 -0.07 0.12  0,25 

Cd -0.28 -0.05 -0.05 0.25 -0.26 0.02 0.33 0.02 0.09 0.14 0.10 0.16 -0.16 0.00 0.01 -0.08 0.01 0.69 -0.13 0.22 0.18 0.10 0.15 0.25  

Sb -0.15 -0.15 0.19 -0.12 -0.23 -0.29 0.08 0.22 0.12 0.30 -0.12 0.05 0.20 0.35 0.16 0.22 0.18 0.30 0.22 0.15 -0.04 0.17 0.15 0.15 0,24 

Te 0.13 0.28 0.17 0.24 0.01 -0.05 0.35 0.15 0.25 0.07 0.36 0.32 0.04 0.07 0.21 0.16 0.34 0.05 0.39 -0.10 0.07 0.50 0.30 -0.07 -0,03 

Ba 0.24 0.11 0.27 0.08 0.07 -0.02 0.10 0.53 0.36 0.39 -0.07 0.22 0.62 0.46 0.32 0.43 0.37 0.15 0.32 0.13 -0.07 0.28 0.55 0.06 -0,03 

La 0.24 0.25 0.74 0.00 0.06 -0.11 0.13 0.77 0.39 0.71 -0.02 0.37 0.80 0.64 0.58 0.61 0.49 -0.02 0.53 0.24 0.14 0.29 0.29 0.07 -0,12 

W 0.16 0.10 0.57 0.03 -0.03 -0.15 0.03 0.54 0.48 0.37 0.01 0.45 0.64 0.57 0.54 0.63 0.27 -0.09 0.49 0.32 0.23 0.26 0.49 -0.08 -0,16 

Au 0.24 0.27 0.01 -0.02 0.12 0.09 0.12 0.19 -0.06 0.15 0.01 0.08 -0.16 0.09 0.05 0.18 0.14 0.06 -0.08 0.06 0.29 0.01 0.07 0.27 -0,01 

Hg 0.24 0.35 0.27 0.13 0.05 -0.16 0.21 0.37 0.15 0.31 0.13 0.30 0.30 0.39 0.31 0.30 0.37 -0.04 0.24 -0.02 0.30 0.31 0.20 0.14 -0,15 

Tl 0.15 0.33 -0.03 0.12 0.22 0.34 0.14 0.18 0.33 0.13 0.01 0.00 0.13 0.06 0.18 0.17 0.28 0.21 -0.13 0.13 0.05 0.17 0.30 0.03 0,11 

Pb -0.06 0.05 0.13 0.17 -0.28 0.00 0.28 0.32 0.13 0.43 0.07 0.24 -0.08 0.29 0.11 0.28 0.19 0.62 -0.10 0.47 0.30 0.06 0.25 0.65 0,46 



Bi 0.29 0.23 0.68 0.20 0.02 -0.13 0.08 0.60 0.19 0.53 -0.04 0.42 0.44 0.56 0.26 0.46 0.36 0.04 0.51 0.40 0.22 0.30 0.60 0.04 -0,12 

Th 0.23 0.16 0.58 -0.19 0.03 -0.19 0.03 0.63 0.24 0.48 -0.13 0.49 0.53 0.54 0.40 0.57 0.36 -0.05 0.51 -0.01 0.09 0.32 0.26 -0.08 -0,20 

U 0,18 0,14 0,75 0,07 -0,16 -0,21 0,10 0,59 0,12 0,63 -0,11 0,39 0,71 0,57 0,48 0,42 0,30 -0,03 0,75 0,24 0,12 0,42 0,31 -0,08 -0,11 

 Sb Te Ba La W Au Hg Tl Pb Bi Th U              

Na -0.15 0.13 0.24 0.24 0.16 0.24 0.24 0.15 -0.06 0.29 0.23 0.18              

Appendix Table 2 ─ continued              

 Sb Te Ba La W Au Hg Tl Pb Bi Th U              

Mg -0.15 0.28 0.11 0.25 0.10 0.27 0.35 0.33 0.05 0.23 0.16 0.14              

Al 0.19 0.17 0.27 0.74 0.57 0.01 0.27 -0.03 0.13 0.68 0.58 0.75              

S -0.12 0.24 0.08 0.00 0.03 -0.02 0.13 0.12 0.17 0.20 -0.19 0.07              

P -0.23 0.01 0.07 0.06 -0.03 0.12 0.05 0.22 -0.28 0.02 0.03 -0.16              

K -0.29 -0.05 -0.02 -0.11 -0.15 0.09 -0.16 0.34 0.00 -0.13 -0.19 -0.21              

Ca 0.08 0.35 0.10 0.13 0.03 0.12 0.21 0.14 0.28 0.08 0.03 0.10              

Ti 0.22 0.15 0.53 0.77 0.54 0.19 0.37 0.18 0.32 0.60 0.63 0.59              

Mn 0.12 0.25 0.36 0.39 0.48 -0.06 0.15 0.33 0.13 0.19 0.24 0.12              

Fe 0.30 0.07 0.39 0.71 0.37 0.15 0.31 0.13 0.43 0.53 0.48 0.63              

B -0.12 0.36 -0.07 -0.02 0.01 0.01 0.13 0.01 0.07 -0.04 -0.13 -0.11              

Sc 0.05 0.32 0.22 0.37 0.45 0.08 0.30 0.00 0.24 0.42 0.49 0.39              

V 0.20 0.04 0.62 0.80 0.64 -0.16 0.30 0.13 -0.08 0.44 0.53 0.71              

Cr 0.35 0.07 0.46 0.64 0.57 0.09 0.39 0.06 0.29 0.56 0.54 0.57              

Co 0.16 0.21 0.32 0.58 0.54 0.05 0.31 0.18 0.11 0.26 0.40 0.48              

Ni 0.22 0.16 0.43 0.61 0.63 0.18 0.30 0.17 0.28 0.46 0.57 0.42              

Cu 0.18 0.34 0.37 0.49 0.27 0.14 0.37 0.28 0.19 0.36 0.36 0.30              

Zn 0.30 0.05 0.15 -0.02 -0.09 0.06 -0.04 0.21 0.62 0.04 -0.05 -0.03              

Ga 0.22 0.39 0.32 0.53 0.49 -0.08 0.24 -0.13 -0.10 0.51 0.51 0.75              

As 0.15 -0.10 0.13 0.24 0.32 0.06 -0.02 0.13 0.47 0.40 -0.01 0.24              

Se -0.04 0.07 -0.07 0.14 0.23 0.29 0.30 0.05 0.30 0.22 0.09 0.12              

Sr 0.17 0.50 0.28 0.29 0.26 0.01 0.31 0.17 0.06 0.30 0.32 0.42              

Mo 0.15 0.30 0.55 0.29 0.49 0.07 0.20 0.30 0.25 0.60 0.26 0.31              

Ag 0.15 -0.07 0.06 0.07 -0.08 0.27 0.14 0.03 0.65 0.04 -0.08 -0.08              

Cd 0.24 -0.03 -0.03 -0.12 -0.16 -0.01 -0.15 0.11 0.46 -0.12 -0.20 -0.11              

Sb  0.11 0.29 0.17 0.19 -0.18 0.11 0.14 0.29 0.21 0.10 0.22              

Te 0.11  0.39 0.20 0.20 -0.65 0.67 0.22 -0.10 0.23 0.39 0.25              

Ba 0.29 0.39  0.44 0.66 -0.05 0.28 0.24 0.13 0.52 0.39 0.31              

La 0.17 0.20 0.44  0.54 0.16 0.43 0.09 0.17 0.60 0.68 0.74              

W 0.19 0.20 0.66 0.54  -0.15 0.49 0.09 0.00 0.70 -0.10 0.42              

Au -0.18 -0.65 -0.05 0.16 -0.15  0.15 0.13 0.22 -0.10 0.26 0.02              

Hg 0.11 0.67 0.28 0.43 0.49 0.15  -0.06 0.11 0.55 0.35 0.29              

Tl 0.14 0.22 0.24 0.09 0.09 0.13 -0.06  0.13 0.09 0.20 0.03              

Pb 0.29 -0.10 0.13 0.17 0.00 0.22 0.11 0.13  0.25 0.02 0.09              



Bi 0.21 0.23 0.52 0.60 0.70 -0.10 0.55 0.09 0.25  0.19 0.65              

Th 0.10 0.39 0.39 0.68 -0.10 0.26 0.35 0.20 0.02 0.19  0.57              

U 0.22 0.25 0.31 0.74 0.42 0.02 0.29 0.03 0.09 0.65 0.57               

 
Explanations  as for Appendix Table 3 



APPENDIX TABLE 5 

 

Biological accumulation factors (BAFs) of the vegetation samples collected on selected waste heaps of Upper Silesia 

 

sample BDM-VRc BDM-VAt BDM-VV1 BDM-VV2 BDM-VSc BDM-VTf BDM-VG RD-VSg RDT-VCm RDT-plt-VV SWCA-VEc WOJ-VV WOJ-VHa ZBB-VSn 
%

2
 of 

BAF ≥ 2 species 
Rumex 
crispus 

Arctium 
tomentosum 

Verbascum Verbascum 
Solidago 

canadensis 
Tussilago 

farfara 
Poaceae 

Solidago 
gigantea 

Crepis 
mollis 

Verbascum 
Eupatorium 
cannabinum 

Verbascum 
Helichrysum 
arenarium 

Solanum 
nigrum 

 trace elements
3
  

B 2 2 1 2 11 2 0.3 4 2 3 5 2 3 2 85 

Sc 0.3 1 0.1 0.3 0.1 0.4 0.03 0.03 0.1 1 0.1 0.02 0.02 0.3 0 

V 0.2 1 0.1 0.4 0.1 0.1 0.1 0.1 0.3 1 0.1 0.1 0.1 0.4 0 

Cr 0.1 0.5 0.1 0.3 0.1 0.1 0.3 0.1 0.3 1 0.2 0.1 0.04 1 0 

Co 0.04 0.3 0.1 0.2 0.2 0.3 0.1 0.1 0.3 1 0.04 0.2 0.3 1 0 

Ni 0.3 1 0.1 0.3 0.1 0.2 0.2 0.1 0.3 1 0.04 0.2 0.3 1 0 

Cu 0.4 1 0.1 2 0.02 0.3 0.2 0.4 1 2 0.1 0.3 0.3 3 23 

Zn 0.1 0.5 0.3 1 0.2 1 0.1 1 1 3 0.2 1 1 7 15 

Ga 0.1 1 0.1 0.3 0.03 0.2 0.1 0.03 0.3 1 0.03 0.1 0.02 0.3 0 

As 0.1 0.5 0.1 0.2 0.01 0.3 0.02 0.02 0.3 1 0.03 0.2 0.02 1 0 

Se 1 1 1 2 3 1 1 0.3 1 1 0.2 0.2 0.09 1 15 

Sr 0.4 2 2 1 2 1 0.2 2 2 5 0.4 1 1 5 54 

Mo 5 3 1 1 0.5 0.5 1 1 2 4 0.2 0.3 0.1 12 38 

Ag 0.2 0.4 0.3 0.4 0.2 0.4 0.2 3 1 1 0.3 0.3 0.2 2 15 

Cd 0.2 0.5 0.3 1 1 1 0.2 0.5 1 5 0.4 1 1 22 15 

Sb 0.1 1 0.3 1 0.1 0.2 1 1 1 4 0.1 2 1 1 15 

Te 0.3 0.3 1 0.3 0.3 0.2 0.4 2 1 1 0.2 0.4 0.3 1 8 

Ba 0.4 6 0.2 0.3 0.1 0.1 0.2 0.2 1 1 0.1 0.2 0.1 1 8 

La 0.03 0.4 0.1 0.2 0.02 0.2 0.1 0.02 0.3 1 0.04 0.1 0.03 0.1 0 

W 0.2 1 1 1 1 0.01 2 1 5 4 0.2 1 1 1 23 

Au 1 2 1 1 1 4 1 1 3 1 0.3 0.3 0.1 7 31 

Hg 0.3 1 0.2 8 0.2 1 1 3 0.3 1 0.3 0.3 0.1 0.01 15 

Tl 5 3 1 8 0.1 5 0.1 0.1 1 1 0.3 0.2 1 3 38 

Pb 0.03 0.3 0.1 0.4 0.02 0.3 0.1 0.1 0.3 1 0.1 0.4 0.1 0.4 0 

Bi 0.03 0.4 0.3 0.03 0.03 0.2 0.2 0.1 1 1 0.04 0.3 0.1 0.1 0 

Th 1 2 0.02 1 0.02 0.5 0.1 0.02 0.02 0.3 0.04 0.02 0.02 0.2 8 



 Table x.  ─ continued  

sample BDM-VRc BDM-VAt BDM-VV1 BDM-VV2 BDM-VSc BDM-VTf BDM-VG RD-VSg RDT-VCm RDT-plt-VV SWCA-VEc WOJ-VV WOJ-VHa ZBB-VSn % 
of BAF ≥ 

2 species 
Rumex 
crispus 

Arctium 
tomentosum 

Verbascum Verbascum 
Solidago 

canadensis 
Tussilago 

farfara 
Poaceae 

Solidago 
gigantea 

Crepis 
mollis 

Verbascum 
Eupatorium 
cannabinum 

Verbascum 
Helichrysum 
arenarium 

Solanum 
nigrum 

U 0.02 0.3 0.1 0.1 0.04 0.2 0.1 0.04 0.4 1 0.04 0.1 0.003 0.1  

 main elements  

Na 64 10 3 5 1 0.4 3 1 7 5 1 1 1 21  

Mg 2 1 1 2 1 0.5 0.2 1 1 2 0.1 0.3 0.3 7  

Al 0.1 1 0.1 0.2 0.01 0.2 0.1 0.02 0.3 1 0.1 0.1 0.01 0.3 0 

P 9 4 11 3 5 1 3 12 9 9 4 1 2 39  

S 6 4 1 3 1 10 3 1 2 2 2 1 1 0.2  

K 74 60 10 29 7 45 1 16 11 2 16 5 16 109  

Ca 0.4 1 1 1 1 1 0.3 3 2 9 1 5 4 14  

Ti 0.3 1 0.1 0.4 0.1 0.1 0.1 0.04 0.1 1 0.1 0.1 0.04 1 0 

Mn 0.1 0.4 0.2 1 0.1 0.1 0.1 1 0.5 1 0.1 0.5 2 13 8 

Fe 0.1 0.4 0.1 0.2 0.03 0.1 0.04 0.03 0.2 1 0.04 0.1 0.02 0.3 0 

GMBAF
4
 0.22 0.83 0.46 0.57 0.14 0.30 0.19 0.21 0.53 1.4 0.11 0.25 0.13 0.93  

 

1
 – BAF > 1 (marked in bold) suggest the particular plant to be a hyperaccumulator, while BAF < 1 points to plant excluders; 

2
 – trace elements plus Al, Ti, Mn, and Fe are considered; 

3
 – element division as that for the soil 

samples; 
4
 – geometrical-mean TF for trace elements (including Al,  Ti,  Mn, and Fe), with BAF>1 given in bold

 

 



APPENDIX TABLE 6 

 

Biological concentration factors (BCFs) of the vegetation samples collected on selected waste 

heaps of Upper Silesia 

 

sample BDM-VV2 BDM-VSc RD-VSg RDT-VCm SWCA-VEc WOJ-VV ZBB-VSn 
%

2
  

of BCF ≥2 species Verbascum 
Solidago 

canadensis 

Solidago 

gigantea 

Crepis 

mollis 

Eupatorium 

cannabinum 
Verbascum 

Solanum 

nigrum 

trace elements  

B 1 2 1 1 1 1 1 14 

Sc 0.3 0.2 0.02 0.04 0.1 0.02 0.1 0 

V 0.2 0.2 0.1 0.2 0.2 0.1 0.4 0 

Cr 0.2 0.2 0.1 0.2 0.1 0.04 1 0 

Co 0.1 0.3 0.1 0.2 0.1 0.3 1 0 

Ni 0.5 0.3 0.1 0.2 0.3 0.1 1 0 

Cu 2 0.03 0.4 1 0.1 1 2 29 

Zn 0.5 0.2 1 1 0.1 0.5 7 14 

Ga 0.2 0.2 0.03 0.2 0.1 0.02 0.1 0 

As 0.1 0.1 0.1 0.2 0.1 0.1 1 0 

Se 2 2 0.1 0.4 0.2 0.1 1 29 

Sr 1 2 1 1 0.1 1 3 29 

Mo 1 1 0.5 2 0.1 0.2 6 29 

Ag 0.4 0.2 0.1 1 1 0.2 1 0 

Cd 2 1 3 1 0.2 2 11 57 

Sb 1 0.4 1 1 0.1 1 4 14 

Te 0.3 0.3 0.3 1 0.2 0.3 1 0 

Ba 0.2 0.3 0.2 1 0.1 0.1 1 0 

La 0.1 0.1 0.1 0.2 0.1 0.03 0.03 0 

W  1 1 2 0.2 1 1 14 

Au 1 1 0.4 1 0.2 0.02 1 0 

Hg 1 0.1 0.1 0.1 0.1 0.1 0.001 0 

Tl 3 0.3 0.3 2 1 2 4 57 

Pb 0.3 0.1 0.1 0.2 0.1 0.1 0.4 0 

Bi 0.03 0.1 0.03 0.3 0.04 0.1 0.1 0 

  

Table x.─ continued  

sample BDM-VV2 BDM-VSc RD-VSg RDT-VCm SWCA-VEc WOJ-VV ZBB-VSn 
%  

of BCF ≥2 species Verbascum 
Solidago 

canadensis 

Solidago 

gigantea 

Crepis 

mollis 

Eupatorium 

cannabinum 
Verbascum 

Solanum 

nigrum 

U 0.1 0.2 0.04 0.3 0.1 0.1 0.03  

Th 1 0.1 0.02 0.02 0.1 0.02 0.1 0 

main elements  

Na 2 1 7 4 0.2 1 16  

Mg 1 1 0.4 1 0.1 0.4 4  

Al 0.1 0.2 0.1 0.2 0.1 0.02 0.1 0 

P 3 2 8 9 3 2 18  

S 2 0.4 1 2 0.3 1 0.1  

K 18 6 16 2 10 7 135  

Ca 0.4 2 1 9 0.2 4 4  

Ti 0.1 0.3 0.1 0.1 0.1 0.1 0.2 0 

Mn 0.3 0.3 0.1 0.3 0.1 1 3 14 

Fe 0.1 0.1 0.04 0.1 0.1 0.02 0.1 0 

GMBCF
4
 0.40 0.28 0.15 0.36 0.14 0.15 0.56  

 

1
 – BCF > 1 (marked in bold) suggest potential for phytoextraction, i.e., hyperaccumulation; 

2
 – trace elements plus Al, Ti, Mn and Fe 

are considered; 
3
 – element division as that for the soil samples; 

4
 – geometrical-mean BCF for trace elements (including Al, Ti, Mn 

and Fe)
 



APPENDIX TABLE 7 

 

Translocation factors (TFs) of the vegetation samples collected on selected waste heaps of Upper 

Silesia 

 

sample BDM-VV2 BDM-VSc RD-VSg RDT-VCm SWCA-VEc WOJ-VV ZBB-VSn 

% of TF ≥ 2 
species Verbascum 

Solidago 

canadensis 

Solidago 

gigantea 

Crepis 

mollis 

Eupatorium 

cannabinum 
Verbascum 

Solanum 

nigrum 

trace elements  

B 2 5 4 1 8 2 2 86 

Sc 1 1 1 2 1 1 3 29 

V 2 0.3 1 1 1 2 1 29 

Cr 2 0.3 1 1 1 3 1 29 

Co 2 1 1 1 1 1 1 14 

Ni 1 0.5 1 1 1 2 1 14 

Cu 1 1 1 1 1 1 1 0 

Zn 2 1 1 1 1 1 1 14 

Ga 2 0.2 1 2 1 5 2 57 

As 2 0.1 0.2 2 1 3 1 43 

Se 1 2 2 2 1 2 2 71 

Sr 2 1 1 1 3 1 2 43 

Mo 1 1 1 1 1 1 2 14 

Ag 1 1 15 2 1 2 2 57 

Cd 1 1 1 1 2 0.5 2 29 

Sb 1 0.1 0.4 1 1 2 0.2 14 

Te 1 1 8 2 1 2 1 43 

Ba 1 0.3 1 1 1 2 2 29 

La 2 0.1 0.3 2 1 4 5 57 

W 2 1 1 3 1 1 1 29 

Au 1 2 2 2 2 15 10 86 

Hg 17 4 8 2 4 2 8 100 

Tl 2 0.3 0.2 1 0.4 0.1 1 14 

Pb 1 0.3 0.5 2 1 5 1 29 

Bi 1 0.3 1 2 1 6 1 29 

Th 2 0.2 1 1 1 1 2 29 

Table x.  ─ continued  

sample BDM-VV2 BDM-VSc RD-VSg RDT-VCm SWCA-VEc WOJ-VV ZBB-VSn 

% of TF ≥ 2 
species Verbascum 

Solidago 

canadensis 

Solidago 

gigantea 

Crepis 

mollis 

Eupatorium 

cannabinum 
Verbascum 

Solanum 

nigrum 

U 2 0.2 0.4 1 1 2 3 43 

main elements  

Na 2 1 0.2 2 5 1 1  

Mg 2 2 2 2 1 1 2  

Al 2 0.1 0.3 2 1 4 5 43 

P 1 2 1 1 1 1 2  

S 2 4 2 2 7 1 2  

K 2 1 1 1 2 1 1  

Ca 3 1 2 2 5 1 3  

Ti 3 0.2 0.4 1 1 2 3 43 

Mn 2 0.5 3 2 1 1 4 57 

Fe 2 0.2 0.4 2 1 4 4 57 

GMTF
4
 1.6 0.53 1.0 1.4 1.2 2.0 1.7  

 

1
 – TF > 1 (marked in bold) suggest hyperaccumulation;

 2
 – trace elements plus Al, Ti, Mn and Fe are considered; 

3
 – element 

division as that for the soil samples; 
4
 – geometrical-mean TF for trace elements (including Al,  Ti,  Mn and Fe), with TF>1 given in 

bold 



APPENDIX TABLE 8 

 

Other translocation factors of the vegetation samples collected on selected waste heaps of Upper Silesia 

 

sample BDM-VM BDM-VG RDT-plt-VM BDM-Bp BDM-VP 

%
2
 of BCF 

≥2 

species (moss) (grass) (moss) Betula pendula Populus 

factor 
whole plant / 

soil 

whole plant / 

soil 
whole plant / soil 

soil  

 wood 

soil  

 bark 

wood 

 bark 

soil  

 wood 

soil  

 bark 

wood 

 bark 

trace elements
3
  

B 1 0.3 1 1 1 1 0.4 1 0.3 10 

Sc 0.3 0.03 0.5 0.04 0.04 1 0.05 0.05 1 0 

V 0.4 0.1 1 0.05 0.05 1 0.1 0.1 1 0 

Cr 1 0.3 1 0.1 0.1 1 0.1 0.1 1 0 

Co 0.4 0.1 1 0.01 0.03 0.3 0.02 0.1 0.3 0 

Ni 1 0.2 1 0.03 0.1 0.3 0.1 0.1 1 0 

Cu 1 0.2 1 0.1 0.4 0.3 0.1 0.2 0.4 0 

Zn 0.3 0.1 0.4 0.3 1 0.5 0.1 1 0.2 0 

Ga 0.4 0.1 1 0.02 0.02 1 2 2 1 20 

As 0.2 0.02 1 0.01 0.01 1 0.01 0.02 0.3 0 

Se 1 1 1 0.1 0.4 0.2 0.3 1 0.4 0 

Sr 1 0.23 1 0.2 0.4 0.5 1 4 0.2 10 

Mo 1 1 1 1 1 1 0.1 1 0.2 0 

Ag 1 0.2 0.5 0.2 1 0.3 0.2 0.4 0.4 0 

Cd 0.4 0.2 0.5 0.1 0.3 0.3 0.3 2 0.2 10 

Sb 1 1 2 0.2 1 0.2 1 1 1 10 

Te 0.5 0.4 0.4 1 1 1 0.3 0.3 1 0 

Ba 1 0.2 1 0.08 0.2 0.3 0.04 0.2 0.2 0 

La 0.4 0.1 1 0.001 0.01 0.1 0.003 0.01 0.2 0 

W 4 2 6 1 1 1 1 1 1 20 

Au 2 1 1 1 0.4 2 1 4 0.2 30 

Hg 1 1 1 0.02 0.2 0.1 0.03 0.1 0.3 0 

Tl 0.5 0.1 0.4 0.1 0.3 0.4 0.1 0.3 0.2 0 

           

Table 8 ─ continued 

sample BDM-VM BDM-VG RDT-plt-VM BDM-Bp BDM-VP 

%
2
  

of F ≥2 

species (moss) (grass) (moss) 
Betula 

pendula 
Populus 

factor 
whole  

plant / soil 

whole  

plant / soil 
whole plant / soil 

soil  

 wood 

soil  

 bark 

wood 

 bark 

soil  

 wood 

soil  

 bark 

wood 

 bark 

Pb 0.3 0.1 0.4 0.02 0.2 0.1 0.01 0.1 0.1 0 

Bi 0.5 0.2 1 0.02 0.1 0.2 0.03 0.03 1 0 

Th 0.1 0.1 0.1 0.01 0.01 1 0.02 0.04 1 0 

U 1 0.1 1 0.01 0.02 0.3 0.01 0.01 1 0 

Na 2 3 1 0.1 0.4 0.3 3 2 1  

Mg 1 0.2 1 0.05 0.1 0.4 0.2 1 0.3  

Al 0.5 0.1 1 0.0004 0.01 1 0.2 0.02 12 10 

P 3 3 1 1 3 0.4 12 2 6  

S 2 3 1 1 1 1 0.1 0.4 0.2  

K 3 1 1 0.2 1 0.3 1 1 1  



Ca 1 1 1 0.2 0.4 0.4 1 7 0.1  

Ti 0.4 0.1 0.4 0.01 0.04 0.1 0.01 0.02 0.4 0 

Mn 0.4 0.1 0.4 0.03 0.1 0.3 0.02 0.1 0.2 10 

Fe 0.4 0.04 1 0.0003 0.02 0.1 0.005 0.03 0.2 0 

GMf
4
 0.61 0.26 0.78 0.04 0.12 0.40 0.08 0.17 0.46  

 

1
 – factors > 1 (marked in bold) may suggest hyperaccumulation; 

2
 – trace elements plus Al, Ti, Mn and Fe are considered;

 3
 – element division as that for 

the soil samples; 
4
 – geometrical-mean translocation factors for trace elements (including Al, Ti, Mn,and Fe)

 



APPENDIX TABLE 9 

 

Kendall correlation statistics for joint new soil and vegetation samples 

 
 Na Mg Al S P K Ca Ti Mn Fe Sc V Cr Co Ni Cu Zn Ga As Se Sr Mo Ag Cd 

Na  0.77 0.73 0.59 0.64 0.59 0.68 0.47 0.68 0.73 -0.21 0.63 0.39 0.18 0.42 0.63 0.62 -0.08 -0.06 -0.23 0.77 0.11 -0.40 -0.07 

Mg 0.77  0.75 0.60 0.70 0.63 0.79 0.55 0.77 0.81 -0.03 0.73 0.42 0.32 0.55 0.70 0.60 0.03 0.04 -0.13 0.86 0.10 -0.38 -0.12 

Al 0.73 0.75  0.49 0.53 0.65 0.62 0.63 0.68 0.87 0.12 0.70 0.48 0.36 0.57 0.66 0.57 0.20 0.00 -0.17 0.72 0.02 -0.49 -0.19 

S 0.59 0.60 0.49  0.47 0.45 0.61 0.39 0.56 0.56 -0.25 0.42 0.20 0.05 0.31 0.54 0.59 -0.22 -0.14 -0.23 0.59 -0.07 -0.42 -0.12 

P 0.64 0.70 0.53 0.47  0.69 0.65 0.30 0.61 0.56 -0.26 0.43 0.21 0.09 0.31 0.49 0.55 -0.20 -0.15 -0.37 0.65 -0.03 -0.41 -0.15 

K 0.59 0.63 0.65 0.45 0.69  0.52 0.29 0.53 0.52 -0.05 0.46 0.19 0.10 0.29 0.40 0.41 -0.05 -0.28 -0.34 0.55 -0.21 -0.57 -0.22 

Ca 0.68 0.79 0.62 0.61 0.65 0.52  0.46 0.79 0.68 -0.18 0.55 0.33 0.21 0.45 0.66 0.76 -0.09 0.11 -0.20 0.81 0.05 -0.27 -0.01 

Ti 0.47 0.55 0.63 0.39 0.30 0.29 0.46  0.51 0.69 0.05 0.73 0.66 0.38 0.64 0.58 0.40 0.19 0.24 0.03 0.57 0.31 -0.21 -0.07 

Mn 0.68 0.77 0.68 0.56 0.61 0.53 0.79 0.51  0.78 -0.10 0.69 0.39 0.34 0.57 0.72 0.79 -0.01 0.06 -0.12 0.79 0.07 -0.29 0.04 

Fe 0.73 0.81 0.87 0.56 0.56 0.52 0.68 0.69 0.78  0.00 0.76 0.55 0.43 0.67 0.78 0.68 0.12 0.09 -0.09 0.78 0.13 -0.36 -0.08 

Sc -0.21 -0.03 0.12 -0.25 -0.26 -0.05 -0.18 0.05 -0.10 0.00  0.32 0.07 0.49 0.15 -0.11 -0.27 0.76 0.36 0.45 -0.07 0.15 0.20 -0.06 

V 0.63 0.73 0.70 0.42 0.43 0.46 0.55 0.73 0.69 0.76 0.32  0.72 0.72 0.76 0.60 0.48 0.38 0.37 0.16 0.64 0.49 -0.18 -0.07 

Cr 0.39 0.42 0.48 0.20 0.21 0.19 0.33 0.66 0.39 0.55 0.07 0.72  0.33 0.68 0.47 0.32 0.17 0.32 0.06 0.36 0.45 -0.03 -0.03 

Co 0.18 0.32 0.36 0.05 0.09 0.10 0.21 0.38 0.34 0.43 0.49 0.72 0.33  0.63 0.35 0.22 0.50 0.40 0.44 0.30 0.34 0.04 0.13 

Ni 0.42 0.55 0.57 0.31 0.31 0.29 0.45 0.64 0.57 0.67 0.15 0.76 0.68 0.63  0.53 0.46 0.29 0.23 0.17 0.52 0.33 -0.11 0.06 

Cu 0.63 0.70 0.66 0.54 0.49 0.40 0.66 0.58 0.72 0.78 -0.11 0.60 0.47 0.35 0.53  0.69 -0.06 0.18 -0.10 0.72 0.19 -0.28 0.02 

Zn 0.62 0.60 0.57 0.59 0.55 0.41 0.76 0.40 0.79 0.68 -0.27 0.48 0.32 0.22 0.46 0.69  -0.19 0.10 -0.20 0.67 0.03 -0.17 0.19 

Ga -0.08 0.03 0.20 -0.22 -0.20 -0.05 -0.09 0.19 -0.01 0.12 0.76 0.38 0.17 0.50 0.29 -0.06 -0.19  0.49 0.43 0.00 0.33 0.25 -0.10 

As -0.06 0.04 0.00 -0.14 -0.15 -0.28 0.11 0.24 0.06 0.09 0.36 0.37 0.32 0.40 0.23 0.18 0.10 0.49  0.37 0.12 0.60 0.51 0.20 

Se -0.23 -0.13 -0.17 -0.23 -0.37 -0.34 -0.20 0.03 -0.12 -0.09 0.45 0.16 0.06 0.44 0.17 -0.10 -0.20 0.43 0.37  -0.15 0.41 0.53 0.34 

Sr 0.77 0.86 0.72 0.59 0.65 0.55 0.81 0.57 0.79 0.78 -0.07 0.64 0.36 0.30 0.52 0.72 0.67 0.00 0.12 -0.15  0.14 -0.34 -0.08 

Mo 0.11 0.10 0.02 -0.07 -0.03 -0.21 0.05 0.31 0.07 0.13 0.15 0.49 0.45 0.34 0.33 0.19 0.03 0.33 0.60 0.41 0.14  0.38 0.07 

Ag -0.40 -0.38 -0.49 -0.42 -0.41 -0.57 -0.27 -0.21 -0.29 -0.36 0.20 -0.18 -0.03 0.04 -0.11 -0.28 -0.17 0.25 0.51 0.53 -0.34 0.38  0.42 

Cd -0.07 -0.12 -0.19 -0.12 -0.15 -0.22 -0.01 -0.07 0.04 -0.08 -0.06 -0.07 -0.03 0.13 0.06 0.02 0.19 -0.10 0.20 0.34 -0.08 0.07 0.42  

Sb 0.23 0.23 0.25 0.16 -0.03 -0.01 0.26 0.56 0.24 0.33 0.00 0.44 0.56 0.15 0.42 0.42 0.30 0.13 0.47 0.11 0.28 0.41 0.13 0.19 

Te -0.44 -0.36 -0.44 -0.49 -0.40 -0.48 -0.51 -0.25 -0.40 -0.40 0.28 -0.18 -0.33 0.07 -0.27 -0.42 -0.57 0.37 0.10 0.38 -0.39 0.13 0.52 0.17 

Ba 0.71 0.69 0.69 0.49 0.47 0.42 0.66 0.64 0.72 0.75 -0.09 0.66 0.53 0.24 0.55 0.65 0.62 0.10 0.22 -0.15 0.77 0.26 -0.22 -0.04 

La 0.04 0.03 0.27 -0.17 -0.16 0.03 -0.06 0.36 -0.04 0.14 0.58 0.57 0.45 0.53 0.36 0.04 -0.14 0.69 0.51 0.31 0.04 0.44 0.10 -0.14 

W -0.22 -0.08 -0.14 -0.22 -0.35 -0.38 -0.04 -0.04 0.06 -0.03 0.35 0.18 0.07 0.44 0.13 0.00 -0.09 0.41 0.70 0.53 -0.05 0.54 0.51 0.28 

Au -0.41 -0.43 -0.45 -0.60 -0.37 -0.61 -0.37 -0.22 -0.36 -0.34 0.17 -0.28 -0.14 0.05 -0.21 -0.31 -0.23 0.15 0.28 0.45 -0.43 0.20 0.73 0.43 



Hg -0.51 -0.46 -0.42 -0.30 -0.60 -0.47 -0.48 -0.30 -0.49 -0.48 0.43 -0.30 -0.11 -0.14 -0.31 -0.41 -0.53 0.27 0.21 0.46 -0.47 0.11 0.48 0.04 

Tl -0.25 -0.19 -0.29 -0.46 -0.25 -0.33 -0.21 -0.23 -0.11 -0.22 0.37 -0.04 -0.17 0.18 -0.17 -0.16 -0.22 0.25 0.24 0.53 -0.22 0.18 0.54 0.33 

Pb 0.14 0.15 0.15 0.09 -0.01 -0.13 0.25 0.38 0.27 0.26 -0.01 0.29 0.49 0.35 0.49 0.34 0.42 0.12 0.56 0.20 0.19 0.39 0.29 0.41 

Bi -0.20 -0.21 -0.11 -0.38 -0.35 -0.29 -0.25 0.10 -0.21 -0.14 0.48 0.18 0.21 0.24 0.05 -0.17 -0.33 0.56 0.39 0.43 -0.12 0.47 0.33 -0.10 

Th -0.32 -0.22 -0.01 -0.43 -0.38 0.11 -0.36 -0.09 -0.31 -0.22 0.53 -0.04 -0.19 0.02 -0.19 -0.33 -0.45 0.30 -0.20 0.32 -0.24 -0.16 0.08 -0.18 

U 0.01 0.02 0.12 -0.12 -0.19 -0.11 -0.06 0.37 -0.09 0.06 0.44 0.48 0.35 0.31 0.25 0.04 -0.21 0.60 0.40 0.26 0.05 0.52 0.10 -0.28 

                         

Appendix Table 3 ─ continued             

 Sb Te Ba La W Au Hg Tl Pb Bi Th U             

Na 0.23 -0.44 0.71 0.04 -0.22 -0.41 -0.51 -0.25 0.14 -0.20 -0.32 0.01             

Mg 0.23 -0.36 0.69 0.03 -0.08 -0.43 -0.46 -0.19 0.15 -0.21 -0.22 0.02             

Al 0.25 -0.44 0.69 0.27 -0.14 -0.45 -0.42 -0.29 0.15 -0.11 -0.01 0.12             

S 0.16 -0.49 0.49 -0.17 -0.22 -0.60 -0.30 -0.46 0.09 -0.38 -0.43 -0.12             

P -0.03 -0.40 0.47 -0.16 -0.35 -0.37 -0.60 -0.25 -0.01 -0.35 -0.38 -0.19             

K -0.01 -0.48 0.42 0.03 -0.38 -0.61 -0.47 -0.33 -0.13 -0.29 0.11 -0.11             

Ca 0.26 -0.51 0.66 -0.06 -0.04 -0.37 -0.48 -0.21 0.25 -0.25 -0.36 -0.06             

Ti 0.56 -0.25 0.64 0.36 -0.04 -0.22 -0.30 -0.23 0.38 0.10 -0.09 0.37             

Mn 0.24 -0.40 0.72 -0.04 0.06 -0.36 -0.49 -0.11 0.27 -0.21 -0.31 -0.09             

Fe 0.33 -0.40 0.75 0.14 -0.03 -0.34 -0.48 -0.22 0.26 -0.14 -0.22 0.06             

Sc 0.00 0.28 -0.09 0.58 0.35 0.17 0.43 0.37 -0.01 0.48 0.53 0.44             

V 0.44 -0.18 0.66 0.57 0.18 -0.28 -0.30 -0.04 0.29 0.18 -0.04 0.48             

Cr 0.56 -0.33 0.53 0.45 0.07 -0.14 -0.11 -0.17 0.49 0.21 -0.19 0.35             

Co 0.15 0.07 0.24 0.53 0.44 0.05 -0.14 0.18 0.35 0.24 0.02 0.31             

Ni 0.42 -0.27 0.55 0.36 0.13 -0.21 -0.31 -0.17 0.49 0.05 -0.19 0.25             

Cu 0.42 -0.42 0.65 0.04 0.00 -0.31 -0.41 -0.16 0.34 -0.17 -0.33 0.04             

Zn 0.30 -0.57 0.62 -0.14 -0.09 -0.23 -0.53 -0.22 0.42 -0.33 -0.45 -0.21             

Ga 0.13 0.37 0.10 0.69 0.41 0.15 0.27 0.25 0.12 0.56 0.30 0.60             

As 0.47 0.10 0.22 0.51 0.70 0.28 0.21 0.24 0.56 0.39 -0.20 0.40             

Se 0.11 0.38 -0.15 0.31 0.53 0.45 0.46 0.53 0.20 0.43 0.32 0.26             

Sr 0.28 -0.39 0.77 0.04 -0.05 -0.43 -0.47 -0.22 0.19 -0.12 -0.24 0.05             

Mo 0.41 0.13 0.26 0.44 0.54 0.20 0.11 0.18 0.39 0.47 -0.16 0.52             

Ag 0.13 0.52 -0.22 0.10 0.51 0.73 0.48 0.54 0.29 0.33 0.08 0.10             

Cd 0.19 0.17 -0.04 -0.14 0.28 0.43 0.04 0.33 0.41 -0.10 -0.18 -0.28             

Sb  -0.26 0.43 0.24 0.11 0.02 -0.03 -0.13 0.57 0.10 -0.23 0.25             

Te -0.26  -0.43 0.03 0.38 0.47 0.42 0.63 -0.24 0.39 0.38 0.17             

Ba 0.43 -0.43  0.19 0.06 -0.36 -0.35 -0.25 0.33 -0.03 -0.32 0.15             

La 0.24 0.03 0.19  0.35 0.03 0.17 0.04 0.23 0.57 0.24 0.64             



W 0.11 0.38 0.06 0.35  0.24 0.33 0.44 0.38 0.47 -0.11 0.34             

Au 0.02 0.47 -0.36 0.03 0.24  0.35 0.62 0.15 0.24 0.17 -0.02             

Hg -0.03 0.42 -0.35 0.17 0.33 0.35  0.33 -0.08 0.37 0.41 0.14             

Tl -0.13 0.63 -0.25 0.04 0.44 0.62 0.33  0.00 0.28 0.32 0.04             

Pb 0.57 -0.24 0.33 0.23 0.38 0.15 -0.08 0.00  0.10 -0.44 0.10             

Bi 0.10 0.39 -0.03 0.57 0.47 0.24 0.37 0.28 0.10  0.49 0.61             

Th -0.23 0.38 -0.32 0.24 -0.11 0.17 0.41 0.32 -0.44 0.49  0.33             

U 0.25 0.17 0.15 0.64 0.34 -0.02 0.14 0.04 0.10 0.61 0.33              

 
Explanations as for Appendix Tables 3 and 4 



APPENDIX TABLE 10 

 

Kendall correlation statistics, joint three accumulation/translocation factors 

 
 Na Mg Al S P K Ca Ti Mn Fe B Sc V Cr Co Ni Cu Zn Ga As Se Sr Mo Ag Cd 

Na   0.32 0.09 0.45 0.14 0.34 0.13 0.16 0.08 0.08 -0.16 -0.01 0.15 0.19 0.01 0.15 0.37 0.22 0.07 0.19 -0.09 0.31 0.59 -0.10 0.22 

Mg 0.32  0.34 0.13 0.07 -0.01 0.31 0.51 0.61 0.46 0.17 0.47 0.53 0.50 0.53 0.53 0.58 0.52 0.43 0.42 0.43 0.46 0.67 0.42 0.35 

Al 0.09 0.34  -0.28 0.19 -0.25 0.25 0.75 0.43 0.87 0.10 0.67 0.76 0.71 0.58 0.67 0.33 0.37 0.90 0.78 0.32 0.26 0.35 0.47 0.15 

S 0.45 0.13 -0.28  -0.26 0.45 0.05 -0.27 -0.11 -0.27 -0.10 -0.31 -0.21 -0.18 -0.32 -0.23 0.08 -0.01 -0.32 -0.23 -0.19 0.24 0.37 -0.08 0.06 

P 0.14 0.07 0.19 -0.26   -0.10 -0.20 0.14 -0.12 0.18 0.20 0.31 0.11 0.11 0.01 0.07 0.10 -0.05 0.21 0.06 0.15 -0.19 0.13 -0.03 -0.15 

K 0.34 -0.01 -0.25 0.45 -0.10  -0.12 -0.21 -0.21 -0.26 -0.07 -0.20 -0.20 -0.24 -0.32 -0.18 0.07 -0.03 -0.29 -0.10 -0.24 0.09 0.12 -0.22 0.05 

Ca 0.13 0.31 0.25 0.05 -0.20 -0.12  0.22 0.53 0.19 0.14 0.04 0.21 0.25 0.45 0.19 0.36 0.61 0.18 0.37 -0.14 0.59 0.28 0.30 0.55 

Ti 0.16 0.51 0.75 -0.27 0.14 -0.21 0.22   0.50 0.79 0.18 0.72 0.82 0.72 0.63 0.75 0.38 0.33 0.74 0.67 0.39 0.30 0.38 0.35 0.21 

Mn 0.08 0.61 0.43 -0.11 -0.12 -0.21 0.53 0.50  0.52 0.12 0.36 0.56 0.56 0.66 0.54 0.57 0.66 0.48 0.54 0.21 0.45 0.37 0.61 0.45 

Fe 0.08 0.46 0.87 -0.27 0.18 -0.26 0.19 0.79 0.52  0.18 0.76 0.86 0.75 0.61 0.79 0.39 0.39 0.92 0.76 0.41 0.26 0.36 0.56 0.14 

B -0.16 0.17 0.10 -0.10 0.20 -0.07 0.14 0.18 0.12 0.18  0.29 0.16 0.13 0.21 0.09 -0.04 0.12 0.14 0.01 0.22 0.26 -0.01 0.19 0.01 

Sc -0.01 0.47 0.67 -0.31 0.31 -0.20 0.04 0.72 0.36 0.76 0.29  0.70 0.59 0.52 0.67 0.27 0.23 0.74 0.52 0.55 0.20 0.30 0.45 0.11 

V 0.15 0.53 0.76 -0.21 0.11 -0.20 0.21 0.82 0.56 0.86 0.16 0.70  0.82 0.65 0.87 0.48 0.40 0.83 0.72 0.39 0.29 0.41 0.55 0.18 

Cr 0.19 0.50 0.71 -0.18 0.11 -0.24 0.25 0.72 0.56 0.75 0.13 0.59 0.82  0.65 0.77 0.46 0.46 0.76 0.66 0.39 0.32 0.45 0.54 0.23 

Co 0.01 0.53 0.58 -0.32 0.01 -0.32 0.45 0.63 0.66 0.61 0.21 0.52 0.65 0.65  0.65 0.44 0.61 0.61 0.69 0.32 0.46 0.29 0.49 0.44 

Ni 0.15 0.53 0.67 -0.23 0.07 -0.18 0.19 0.75 0.54 0.79 0.09 0.67 0.87 0.77 0.65  0.51 0.41 0.77 0.69 0.41 0.29 0.46 0.54 0.24 

Cu 0.37 0.58 0.33 0.08 0.10 0.07 0.36 0.38 0.57 0.39 -0.04 0.27 0.48 0.46 0.44 0.51   0.58 0.38 0.49 0.17 0.34 0.50 0.38 0.52 

Zn 0.22 0.52 0.37 -0.01 -0.05 -0.03 0.61 0.33 0.66 0.39 0.12 0.23 0.40 0.46 0.61 0.41 0.58  0.36 0.59 0.02 0.49 0.37 0.50 0.60 

Ga 0.07 0.43 0.90 -0.32 0.21 -0.29 0.18 0.74 0.48 0.92 0.14 0.74 0.83 0.76 0.61 0.77 0.38 0.36  0.73 0.47 0.25 0.36 0.53 0.13 

As 0.19 0.42 0.78 -0.23 0.06 -0.10 0.37 0.67 0.54 0.76 0.01 0.52 0.72 0.66 0.69 0.69 0.49 0.59 0.73  0.18 0.37 0.36 0.50 0.30 

Se -0.09 0.43 0.32 -0.19 0.15 -0.24 -0.14 0.39 0.21 0.41 0.22 0.55 0.39 0.39 0.32 0.41 0.17 0.02 0.47 0.18   0.14 0.18 0.21 0.07 

Sr 0.31 0.46 0.26 0.24 -0.19 0.09 0.59 0.30 0.45 0.26 0.26 0.20 0.29 0.32 0.46 0.29 0.34 0.49 0.25 0.37 0.14  0.48 0.25 0.48 

Mo 0.59 0.67 0.35 0.37 0.13 0.12 0.28 0.38 0.37 0.36 -0.01 0.30 0.41 0.45 0.29 0.46 0.50 0.37 0.36 0.36 0.18 0.48  0.28 0.21 

Ag -0.10 0.42 0.47 -0.08 -0.03 -0.22 0.30 0.35 0.61 0.56 0.19 0.45 0.55 0.54 0.49 0.54 0.38 0.50 0.53 0.50 0.21 0.25 0.28  0.14 

Cd 0.22 0.35 0.15 0.06 -0.15 0.05 0.55 0.21 0.45 0.14 0.01 0.11 0.18 0.23 0.44 0.24 0.52 0.60 0.13 0.30 0.07 0.48 0.21 0.14   

Sb 0.33 0.12 0.24 0.03 -0.17 -0.01 0.43 0.17 0.39 0.19 -0.22 -0.06 0.25 0.33 0.28 0.29 0.47 0.52 0.22 0.42 -0.14 0.31 0.26 0.16 0.36 

Te 0.05 0.45 0.35 -0.01 -0.08 -0.41 0.37 0.31 0.59 0.44 0.11 0.27 0.45 0.51 0.48 0.43 0.32 0.46 0.42 0.41 0.23 0.33 0.36 0.64 0.14 

Ba 0.34 0.53 0.71 -0.02 0.12 -0.18 0.31 0.69 0.53 0.72 0.07 0.51 0.76 0.70 0.52 0.72 0.49 0.41 0.71 0.64 0.29 0.38 0.66 0.47 0.19 

La 0.00 0.23 0.90 -0.38 0.26 -0.37 0.16 0.61 0.37 0.81 0.05 0.60 0.65 0.62 0.54 0.57 0.29 0.33 0.84 0.71 0.28 0.16 0.22 0.44 0.10 

W 0.27 0.22 0.28 0.04 0.02 -0.37 0.35 0.18 0.29 0.25 -0.16 0.07 0.29 0.36 0.33 0.23 0.33 0.34 0.30 0.26 0.13 0.29 0.33 0.18 0.23 

Au 0.09 0.41 0.56 -0.12 0.28 -0.14 0.10 0.47 0.36 0.56 0.20 0.58 0.49 0.54 0.47 0.53 0.29 0.32 0.61 0.46 0.51 0.30 0.43 0.48 0.13 



Hg -0.19 0.26 0.36 -0.43 0.49 -0.33 -0.03 0.34 0.31 0.42 0.32 0.50 0.36 0.39 0.28 0.31 0.21 0.19 0.46 0.21 0.37 0.00 0.03 0.37 -0.08 

Tl 0.37 0.29 0.13 0.16 0.17 0.43 0.06 0.16 0.10 0.13 -0.23 0.14 0.15 0.03 0.05 0.15 0.40 0.17 0.12 0.26 -0.03 0.08 0.31 -0.04 0.21 

Pb 0.04 0.39 0.72 -0.35 0.10 -0.26 0.34 0.62 0.63 0.77 0.12 0.55 0.73 0.73 0.68 0.70 0.52 0.60 0.75 0.79 0.30 0.28 0.25 0.57 0.34 

Bi -0.07 0.21 0.62 -0.34 0.14 -0.51 0.29 0.42 0.42 0.62 0.10 0.42 0.51 0.54 0.57 0.48 0.22 0.34 0.62 0.57 0.21 0.23 0.20 0.50 0.04 

Th 0.05 0.35 0.59 -0.35 0.35 -0.10 -0.08 0.71 0.30 0.64 0.11 0.75 0.66 0.55 0.38 0.64 0.32 0.10 0.66 0.45 0.43 0.05 0.27 0.29 0.02 

U -0.14 0.23 0.78 -0.45 0.22 -0.50 0.25 0.55 0.41 0.72 0.11 0.56 0.61 0.57 0.64 0.56 0.24 0.32 0.76 0.61 0.29 0.21 0.19 0.46 0.12 

Appendix Table 4 ─ continued  

 Sb Te Ba La W Au Hg Tl Pb Bi Th U              

Na 0.33 0.05 0.34 0.00 0.27 0.09 -0.19 0.37 0.04 -0.07 0.05 -0.14              

Mg 0.12 0.45 0.53 0.23 0.22 0.41 0.26 0.29 0.39 0.21 0.35 0.23              

Al 0.24 0.35 0.71 0.90 0.28 0.56 0.36 0.13 0.72 0.62 0.59 0.78              

S 0.03 -0.01 -0.02 -0.38 0.04 -0.12 -0.43 0.16 -0.35 -0.34 -0.35 -0.45              

P -0.17 -0.08 0.12 0.26 0.02 0.28 0.49 0.17 0.10 0.14 0.35 0.22              

K -0.01 -0.41 -0.18 -0.37 -0.37 -0.14 -0.33 0.43 -0.26 -0.51 -0.10 -0.50              

Ca 0.43 0.37 0.31 0.16 0.35 0.10 -0.03 0.06 0.34 0.29 -0.08 0.25              

Ti 0.17 0.31 0.69 0.61 0.18 0.47 0.34 0.16 0.62 0.42 0.71 0.55              

Mn 0.39 0.59 0.53 0.37 0.29 0.36 0.31 0.10 0.63 0.42 0.30 0.41              

Fe 0.19 0.44 0.72 0.81 0.25 0.56 0.42 0.13 0.77 0.62 0.64 0.72              

B -0.22 0.11 0.07 0.05 -0.16 0.20 0.32 -0.23 0.12 0.10 0.11 0.11              

Sc -0.06 0.27 0.51 0.60 0.07 0.58 0.50 0.14 0.55 0.42 0.75 0.56              

V 0.25 0.45 0.76 0.65 0.29 0.49 0.36 0.15 0.73 0.51 0.66 0.61              

Cr 0.33 0.51 0.70 0.62 0.36 0.54 0.39 0.03 0.73 0.54 0.55 0.57              

Co 0.28 0.48 0.52 0.54 0.33 0.47 0.28 0.05 0.68 0.57 0.38 0.64              

Ni 0.29 0.43 0.72 0.57 0.23 0.53 0.31 0.15 0.70 0.48 0.64 0.56              

Cu 0.47 0.32 0.49 0.29 0.33 0.29 0.21 0.40 0.52 0.22 0.32 0.24              

Zn 0.52 0.46 0.41 0.33 0.34 0.32 0.19 0.17 0.60 0.34 0.10 0.32              

Ga 0.22 0.42 0.71 0.84 0.30 0.61 0.46 0.12 0.75 0.62 0.66 0.76              

As 0.42 0.41 0.64 0.71 0.26 0.46 0.21 0.26 0.79 0.57 0.45 0.61              

Se -0.14 0.23 0.29 0.28 0.13 0.51 0.37 -0.03 0.30 0.21 0.43 0.29              

Sr 0.31 0.33 0.38 0.16 0.29 0.30 0.00 0.08 0.28 0.23 0.05 0.21              

Mo 0.26 0.36 0.66 0.22 0.33 0.43 0.03 0.31 0.25 0.20 0.27 0.19              

Ag 0.16 0.64 0.47 0.44 0.18 0.48 0.37 -0.04 0.57 0.50 0.29 0.46              

Cd 0.36 0.14 0.19 0.10 0.23 0.13 -0.08 0.21 0.34 0.04 0.02 0.12              

Sb  0.34 0.34 0.23 0.48 0.02 -0.03 0.05 0.43 0.27 0.00 0.17              

Te 0.34  0.55 0.33 0.50 0.43 0.28 -0.23 0.49 0.57 0.11 0.38              

Ba 0.34 0.55   0.58 0.38 0.59 0.25 0.12 0.58 0.53 0.48 0.53              



La 0.23 0.33 0.58  0.33 0.47 0.45 0.06 0.70 0.67 0.53 0.85              

W 0.48 0.50 0.38 0.33  0.15 0.11 -0.12 0.31 0.45 -0.03 0.39              

Au 0.02 0.43 0.59 0.47 0.15   0.33 0.05 0.46 0.45 0.42 0.45              

Hg -0.03 0.28 0.25 0.45 0.11 0.33  -0.11 0.39 0.35 0.50 0.43              

Tl 0.05 -0.23 0.12 0.06 -0.12 0.05 -0.11  0.09 -0.16 0.27 -0.04              

Pb 0.43 0.49 0.58 0.70 0.31 0.46 0.39 0.09  0.63 0.49 0.62              

Bi 0.27 0.57 0.53 0.67 0.45 0.45 0.35 -0.16 0.63   0.26 0.76              

Th 0.00 0.11 0.48 0.53 -0.03 0.42 0.50 0.27 0.49 0.26  0.43              

U 0.17 0.38 0.53 0.85 0.39 0.45 0.43 -0.04 0.62 0.76 0.43               

 
Explanations as for Appendix Tables 1, 2 and 9 

 



APPENDIX TABLE 11 

 

Summary of element behaviour at the soil-vegetation interface (BAF, BCF) and root-to-shoot transfer (TF) on the heaps studied 

 

 no. of records ≥10 no. of records ≥2 no. of records ~1 plant species with highest factors
1
 

affinity
2
 

 
BAF  

(soilleaf) 

BCF  

(soilroot) 

TF  

(rootleaf) 

BAF  

(soilleaf) 

BCF  

(soilroot) 

TF  

(rootleaf) 

BAF  

(soilleaf) 

BCF  

(soilroot) 

TF  

(rootleaf) 

BAF  

(soilleaf) 

BCF  

(soilroot) 

TF  

(rootleaf) 

B 1   11 1 6 1 6 1 S. canadensis S. canadensis E. cannabinum leaf 

Sc      3 2  5   S. nigrum leaf 

V      2 2  4   Verbascum leaf 

Cr      2 2 1 4   (Verbascum) leaf 

Co      1 2 1 6   Verbascum leaf 

Ni      1 3 1 5   Verbascum leaf/var. 

Cu    3 2  2 2 7  
S. nigrum,  

(Verbascum) 
 leaf/var. 

Zn    2 1 1 5 2 6  S. nigrum (Verbascum) leaf/var. 

Ga      4 2  2   (Verbascum) leaf 

As      3 2 1 2   (Verbascum) leaf 

Se    2 2 5 7 1 2 S. canadensis 
S. canadensis,  

(Verbascum) 

different 

species 
leaf/var. 

Sr    7 2 3 3 4 4 S. nigrum,  (Verbascum) S. nigrum E. cannabinum leaf/var. 

Mo 1   5 2 1 4 2 6 S. nigrum S. nigrum S. nigrum leaf/var. 

Ag   1 2  4 2 3 3 S. gigantea  S. gigantea leaf 

Cd 1 1  2 4 2 5 2 4 S. nigrum S. nigrum 
E. cannabinum, 

S. nigrum 
root/var. 

Sb    2 1 1 6 4 3 (Verbascum) S. nigrum (Verbascum) leaf/var. 

Te    1  3 4 2 4 S. gigantea  S. gigantea leaf 

Ba    1  2 3 2 4 A. tomentosum  
S. nigrum,  

(Verbascum) 
leaf 

La      4 1  1   S. nigrum leaf 

W    3 1 2 7 4 5 C. mollis C. mollis C. mollis leaf/var. 

Au    4  6 7 3 1 S. nigrum  (Verbascum) leaf 

Hg   2 2  7 4 1  (Verbascum)  (Verbascum) leaf 



Tl   1 5 4 1 3 1 2 (Verbascum) S. nigrum (Verbascum) root/var. 

Pb      2 1  3   (Verbascum) leaf 

Bi      2 2  4   (Verbascum) leaf 

Th    1  2 2 1 4 A. tomentosum  
S. nigrum,  

(Verbascum) 
leaf 

U      3 1  2   S. nigrum leaf 

Al      4 2  1   S. nigrum leaf 

Ti      3 3  2   
S. nigrum,  

(Verbascum) 
leaf 

Mn 1   1 1 4 3 1 2 S. nigrum S. nigrum S. gigantea leaf/var. 

Fe      4 1  1   
S. nigrum,  

(Verbascum) 
leaf 

 

1
 – species with factors ≥10 are given in bold; parentheses denote cases of single-specimen anomalies; 

2
 – dominant plant preference of accumulation of a particular element (var. ─ variable)

 


