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As so ci ate Ed i tor: Justyna Ciesielczuk

This study ex plores lead (Pb) iso to pic sig na tures in soils in the Old Cop per Ba sin in SW Po land, an area in flu enced by cen tu -
ries of cop per min ing and smelt ing. Pre vi ous ob ser va tions showed that Pb dis tri bu tion in these soils dif fers from dis tri bu tions
of other met al lur gi cal con tam i nants such as Cu or Ni, sug gest ing ad di tional sources of Pb. To ad dress this, we con ducted
iso to pic anal y ses of top soil and sub soil sam ples, in clud ing EDTA-extractable frac tions, as well as rep re sen ta tive rocks and
slags. Iso to pic ra tios (206Pb/207Pb and 208Pb/206Pb) were used to dis tin guish lithogenic, met al lur gi cal, and at mo spheric in puts. 
Sub soils dis played a wide iso to pic range (206Pb/207Pb = 1.183–1.234), com monly in creas ing with depth and con sis tent with
lo cal rocks and ore sources. Top soils showed more uni form and less ra dio genic val ues (206Pb/207Pb = 1.172–1.193), form ing
a re gion ally con sis tent iso to pic pat tern that we de fine as the Lower Silesian Con tem po rary Pol lu tion Sig nal (LSCPS). This
sig nal is linked to long-range at mo spheric de po si tion from in dus trial emis sions. EDTA-leachable Pb in sur face soils was iso -
to pi cally less ra dio genic than bulk 206Pb/207Pb and sim i lar to LSCPS Pb, in di cat ing mo bil ity of this anthropogenic frac tion.
Some top soil pro files out side di rect min ing ar eas showed el e vated Pb with iso to pic ra tios not re lated to lo cal ores or slags,
point ing to ex ter nal at mo spheric sources. These re sults em pha size the com plex or i gin of Pb con tam i na tion in post-in dus trial
land scapes and dem on strate the value of Pb iso tope geo chem is try in trac ing over lap ping pol lu tion sig nals.
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INTRODUCTION

Lead (Pb) iso topes are widely rec og nized as a ro bust tool
for trac ing the sources and path ways of Pb con tam i na tion in en -
vi ron men tal sys tems. Their strength lies in the fact that both
nat u ral and anthropogenic Pb sources – such as ore de pos its,
vol ca nic emis sions, smelt ing emis sions, paints, and leaded
gas o line – pos sess dis tinct iso to pic com po si tions (e.g., Monna
et al., 1999; Ettler et al., 2004; Komárek et al., 2008; Mihaljeviè
et al., 2009; Alyazichi et al., 2016). These dif fer ences, pre -
served in the rel a tive abun dances of ra dio genic iso topes (206Pb, 
207Pb, 208Pb), serve as geo chem i cal fin ger prints that can dis tin -
guish be tween geogenic and anthropogenic in puts (Walraven
et al., 2014; Cheyne et al., 2018). This iso to pic ap proach has

been suc cess fully ap plied in many en vi ron men tal stud ies to re -
solve com plex con tam i na tion pat terns and to quan tify the con -
tri bu tion of spe cific pol lu tion sources (Komárek et al., 2008;
Mihaljeviè et al., 2011; Tyszka et al., 2012, 2016; Kierczak et
al., 2013, Abbaszade et al., 2022; Peng et al., 2022a, b).

In south west ern Po land, the his tor i cal Old Cop per Ba sin
(OCB), lo cated within the North Sudetic Ba sin, is a re gion
marked by cen tu ries of polymetallic ore min ing and pro cess ing.
Pre vi ous stud ies (Potysz et al., 2018; Derkowska et al., 2023)
have dem on strated a strong im pact of his tor i cal met al lur gi cal
ac tiv ity on sur face metal loads. In our ear lier en vi ron men tal sur -
vey (Derkowska et al., 2023), the spa tial dis tri bu tion of Pb di -
verged from that of other smelt ing-re lated met als such as Cu
and Ni, in di cat ing that dif fer ent sources or dis persal mech a -
nisms may be re spon si ble for Pb con tam i na tion. This ob ser va -
tion high lights the need for iso to pic tools to better re solve these
dif fer ences.
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In this study, we ap ply Pb iso tope geo chem is try to a broad
set of soils, rocks, and met al lur gi cal res i dues col lected from
both con tam i nated and back ground sites across the OCB. Our
main ob jec tive is to iden tify and dis tin guish be tween Pb
sources: whether de rived from lo cal li thol ogy, his tor i cal smelt -
ing waste, or re gional at mo spheric fall out. We hy poth e size that
the iso to pic com po si tion of these soils re flects con tri bu tions
from at least two dom i nant Pb sources: deeper ho ri zons re tain
lithogenic or ore-re lated sig na tures, while top soils re cord a
well-mixed, po ten tially iso to pi cally dis tinct sig nal from long-
 range at mo spheric de po si tion. Ad di tion ally, we pro pose that the 
con trast be tween bulk and EDTA-leached frac tions will not only
dis crim i nate be tween im mo bile and mo bile Pb pools, but also
help track leg acy con tam i nants that re main en vi ron men tally rel -
e vant. Fi nally, we ex plore the hy poth e sis that his tor i cal slags
may lo cally im print dis tinct iso to pic sig nals in the sub soil, es pe -
cially where weath er ing en hances Pb mi gra tion. This multi-
 proxy ap proach al lows us to trace both the or i gin and en vi ron -
men tal be hav ior of Pb in min ing-im pacted land scapes. To test
this, we have ana lysed both bulk and EDTA-leached soil frac -
tions in a set of ver ti cal pro files and sur face sam ples. We also
in clude iso to pic data from lo cal rocks and slag ma te ri als to con -
strain po ten tial endmembers. Al though pre vi ous stud ies near
the Legnica-G³ogów Cop per Dis trict have re ported rel a tively
ho mo ge neous Pb iso tope sig na tures in pro cessed Kupfer -
schiefer ores (Chrastný et al., 2010; Tyszka et al., 2012), the
broader re gional pat terns – es pe cially in for ested and ru ral ar -
eas – re main underexplored.

Our study aims to ad dress this gap by ex am in ing Pb iso to -
pic com po si tion in both con tam i nated and back ground soils, in -
clud ing soil pro files in flu enced by his tor i cal ore pro cess ing and
those sit u ated out side of the anthropogenic im pact of for mer
min ing and smelt ing op er a tions. By in te grat ing iso to pic ra tios
with chem i cal ex trac tions and min er al og i cal ob ser va tions, we
ex plore the rel a tive im por tance of in dus trial and lithogenic Pb
sources, while also as sess ing the ex tent to which re gional at -
mo spheric in puts shape sur face-soil iso to pic sig na tures. This
wider re gional con text al lows us to in ter pret iso to pic sig nals not
only in terms of lo cal smelter in flu ence, but also in the frame -
work of re gional-scale con tam i na tion.

SITE DESCRIPTION

GEOLOGICAL SETTING

The re search area is lo cated in SW Po land, north of the
Sudeten Moun tains in the Kaczawa Foot hills area, in a geo log i -
cal unit known as the North Sudetic Ba sin (NSB). The NSB is
sorrounded from NE and S by Kaczawa Meta mor phic Com -
plex, which is lo cated on the Fore-Sudetic Block, char ac ter ized
by pre- Variscan age, metasedimentary and meta vol can ic
lithologies (Kryza et al., 2004). The NSB is a NW–SE ori ented,
elon gated sed i men tary unit sit u ated on the Lower Pa leo zoic
meta mor phic base ment. The ba sin com prises a va ri ety of vol -
ca nic and sed i men tary rocks dat ing back to the Up per Car bon -
if er ous, Perm ian, Tri as sic and Cre ta ceous (G³uszyñski and
Aleksandrowski, 2022). Perm ian rocks in clude mainly
Rotliegend and Zechstein strata (Milewicz, 1985; Raczyñski,
2010). The study area is sit u ated in the mar ginal part of the an -
cient Zechstein Sea Ba sin, which changed its ex tent over time
due to pe ri od i cal trans gres sions and re gres sions. This re sulted
in the de po si tion of con ti nen tal and shal low ma rine sed i ments,
now com pris ing marls, dolomites, sand stones, and lime stones,
which are re ferred to as con sec u tive cyclothems. This area has
un der gone sig nif i cant fold ing and fault ing, pri mar ily dur ing the
Cre ta ceous Pe riod when Variscan fault zones were re-ac ti -

vated dur ing the Al pine orog eny (G³uszyñski and
Aleksandrowski, 2022). To wards the end of the Cre ta ceous and 
the cli max of the orogenic move ments, the ba sin was tec toni -
cally in verted and up lifted be cause of compressional de for ma -
tion (Leszczyñski and Nemec, 2019) to be fur ther eroded to the
ap prox i mately cur rent con fig u ra tion.

Min er al iza tion in the area be gan in the Tri as sic, driven by in -
ter ac tions be tween ox i dized sa line brines and the re duced or -
ganic-rich Kupferschiefer shales (Alderton et al., 2016). Cop per
de pos its, pri mar ily com posed of mal a chite along with mi nor
amounts sulphides such as covel lite, chal co py rite and py rite
(Oszczepalski, 1999), are found near the mar gins of the NSB
within the Zechstein Lime stone (Ca1). Shal low ore de pos its fa -
cil i tated early min ing in the re gion.

HISTORICAL SETTING

Since the me di eval and early mod ern pe ri ods, the OCB re -
gion de vel oped a long his tory of min ing and smelt ing ac tiv i ties
cen tred around cop per. Min ing traces date back to the 13th cen -
tury, with more struc tured ef forts ap pear ing by the 15th cen tury,
par tic u larly around Z³otoryja town and the Leszczyna Ba sin
(Fig. 1B). Cop per ore ex trac tion was dif fi cult due to the mod est
ore qual ity and small de pos its, re sult ing in nu mer ous short-lived 
op er a tions. The 17th and 18th cen tu ries saw some suc cesses,
with mines such as Char ac ter and Leszczyñska, and a prom i -
nent smelt ing cen tre, Stilles Glück, which op er ated in ter mit -
tently from the mid-1800s. Smelt ing re mains pro vide ev i dence
for dif fer ing fur nace de signs over the cen tu ries, hint ing at
chang ing tech nol o gies and vary ing pro duc tion tem per a tures
(more on these top ics: K¹dzio³ka et al., 2020; Derkowska et al.,
2021). Min ing ef forts in the area saw a re sur gence in the
mid-20th cen tury, marked by the Lena mine’s op er a tions. Cur -
rently the area is not con sid ered to be prof it able for cop per ex -
trac tion.

MATERIALS AND METHODS

MATERIALS

Soil sam ples were sys tem at i cally col lected in 2016–2017
near his tor i cal min ing sites in Leszczyna and Kondratów
(Fig. 1B). In to tal, 38 soil sam ples (22 top soil, 16 sub soil), 10
rock sam ples, and 10 slag sam ples were se lected for this study.

Top soils were col lected from dif fer ent land-use ar eas, in -
clud ing his tor i cal min ing and smelt ing zones in Leszczyna
(SOK4–SOK9) and Kondratów (SOK20, SOK21; Fig. 1C, D).
Ad di tional back ground top soils were ac quired from the north ern 
(SOK1, SOK2, SOK18, SOK19) and east ern (SOK3) sur round -
ings of the site. Top soils were gen er ally taken from the up per
0–10 cm, un less the or ganic layer was thicker or thin ner. Each
soil sam ple rep re sents a com pos ite col lected from the mid point
of the re spec tive ho ri zon, and the ex act sam pling depths for all
ho ri zons are pro vided in Ta ble 1. Soil pro files were also es tab -
lished in the im me di ate vi cin ity of the his tor i cal smelt ing area
(Fig. 1D), with two (PL1 and PL2) serv ing as rep re sen ta tive of
back ground geo chem i cal con di tions based on their dis tance
from smelt ing fea tures and low metal con cen tra tions, while the
re main ing four (PL3, PL4, PL5, and PL6) show vary ing de grees
of anthropogenic in flu ence. For each soil ho ri zon, a sam ple of
ap prox i mately 300-600 grams was ex tracted from the mid point
of the ho ri zon, con tin gent on its thick ness. Fol low ing ac qui si -
tion, soil sam ples were air-dried un til ces sa tion of mass change, 
and sieved to 2 mm with a lab o ra tory sieve. The <2 mm frac tion
was sub se quently pul ver ized and used for chem i cal and iso to -
pic anal y ses.
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Fig. 1. Lo ca tion of cop per ore de pos its and min ing dis tricts in south-west ern Po land with an ap prox i mate 
ex tent and depth of the Zechstein For ma tion within the Fore-Sudetic Monocline and the North Sudetic Ba sin (A, B)

 and re search site near Leszczyna with de tailed sam pling sites (C, D)

B – mod i fied af ter Stolarczyk et al. (2015), D – mod i fied af ter Derkowska et al. (2023)



Rock and slag sam ples were char ac ter ized in de tail by
Derkowska et al. (2023). Here we sum ma rize only as pects rel e -
vant to Pb iso topes. The rock sam ples col lected in clude both
ore-bear ing and sur round ing host lithologies rep re sen ta tive of
the lo cal ge ol ogy. Among the non-min er al ized or weakly min er -
al ized types are slates and lime stones (Ta ble 2) as well as one
phyllite sam ple from the Kaczawa Meta mor phic Com plex, all
dis play ing min i mal Cu con tent. In con trast, sev eral sam ples
show no ta ble min er al iza tion typ i cal of the Zechstein Lime stone
(Ca1; Ta ble 2).

Slags were col lected from the sur round ing of the smelt ing
and min ing area where they are lo cated pri mar ily in waste piles
(WP; Fig. 2) and ad di tion ally around the area within the soil sur -
face (Fig. 1D). Ten sam ples were ana lysed (Ta ble 2) to de ter -
mine their lead iso to pic com po si tion, serv ing as a smelt ing Pb
iso to pic sig nal. The slags are typ i cally glassy, po rous, and dark
grey to black (more in: K¹dzio³ka et al., 2019, 2020). Their size
var ies no ta bly, from small, ir reg u lar frag ments (3–10 cm) to
large, an gu lar blocks (up to 20´20´20 cm). Rocks and slags

were care fully cleaned un der run ning wa ter and dried at room
tem per a ture, and then di vided into two parts: a subsample in -
tended for thin sec tion prep a ra tion and the re main ing part,
which was crushed and pul ver ized.

CHEMICAL ANALYSES

Whole-rock ma jor and trace el e ment geo chem is try and
min eral com po si tions de ter mined by EPMA were re ported pre -
vi ously (Derkowska et al., 2023). However, given the na ture of
the iso to pic anal y ses, we pro vide more de tails on chem i cal
anal y ses.

Ma jor, mi nor and trace el e ments were ana lysed in the In sti -
tute of Geo chem is try, Min er al ogy and Min eral Re sources lab o -
ra tory at Charles Uni ver sity, Prague. Sam ples (100–200 g, de -
pend ing on the orig i nal size) were milled us ing an ag ate
pulverizer ring mill and 0.2 g was dis solved in 10 mL of HF (49% 
v/v) and 0.5 mL of HClO4 (70% v/v). Sam ples were later dried
for 2.5 h at 150°C and the pro ce dure was re peated us ing 5 mL
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T a  b l e  1

El e men tal (mg×kg-1) and Pb iso to pic (206Pb/207Pb, 208Pb/206Pb) com po si tions in soils to gether with the Pb iso to pic re sults for the
EDTA ex tracts

 nd – not de ter mined (the dataset re ported by Derkowska et al., 2023, ex clud ing the U/Pb, Th/Pb and iso to pic pa ram e ters)



of 40% HF with 1 mL HClO4. The res i due was dis solved in 2 mL
HNO3, fil tered, and di luted to 100 mL us ing deionized ultrapure
wa ter. The fil ter was ad di tion ally burned with 0.5 g of soda and
bo rax flux, melted, and di gested in 2% HNO3 and added to the
fil tered so lu tion to 100 mL. All the ac ids used in the dis so lu tion
pro ce dure were re agent grade (Merck, Ger many) and dou ble
dis tilled. MilliQ+ deionized wa ter ob tained from a Millipore sys -
tem was used for di lu tion. The to tal con tent of Cu, Ni, Pb, Zn, Cr
and As was ana lysed with in duc tively cou pled plasma op ti cal
emis sion spec trom e try (ICP-OES, Thermo Sci en tific iCAP
6500, Ger many) and quadrupole-based in duc tively cou pled
plasma mass spec trom e try (ICP-MS, X Se ries 2, Thermo Sci -
en tific) un der stan dard an a lyt i cal con di tions (de scribed in de tail
in Mihaljeviè et al., 2011). The an a lyt i cal reproducibility (2s)
reached approx. 2.20% for ma jor el e ments and av. 1.73% for
mi nor el e ments and was es ti mated with six rep li cate sam ple
anal y ses. The an a lyt i cal ac cu racy (2s) was de ter mined us ing
two cer ti fied stan dards, in clud ing NIST 2782 and SU-1b. The
re sults reached 1.78% for ma jor and av. 8.83% for mi nor el e -
ments.

Soil sam ples were ad di tion ally sub jected to EDTA ex trac -
tion fol low ing Quevauviller (1998). The el e men tal com po si tion
of the leachates has been de scribed else where (Derkowska et
al., 2023). Here, these leachates were fur ther ana lysed for Pb
iso topes, as de scribed be low.

ISOTOPE ANALYSES

Bulk Pb con cen tra tions were first es tab lished, af ter which
dis solved sam ples were di luted with 2% (v/v) HNO3 to ob tain
20–25 µg L–1 to tal Pb for iso to pic anal y sis. Lead iso topes
(206Pb, 207Pb, 208Pb) were mea sured us ing a quadrupole-based
in duc tively cou pled plasma mass spec trom e ter (ICP-MS, X Se -
ries 2, Thermo Sci en tific) at the In sti tute of Geo chem is try, Min -
er al ogy and Min eral Re sources, Charles Uni ver sity, Prague,
fol low ing an a lyt i cal con di tions de scribed by Mihaljeviè et al.
(2011). Each sam ple was ana lysed five times, and mean val ues 
were cor rected us ing in ter spersed stan dard mea sure ments.
Mass bias was cor rected with NIST 981, ana lysed be tween ev -
ery two sam ples. Stan dard ref er ence ma te ri als (NIST 2782,
BCR 2) were in cluded for qual ity con trol. Reproducibility

reached up to 3.9% (me dian: 1.8%) based on rep li cate anal y -
ses of six sam ples. Stan dard de vi a tions for iso tope ra tios were
up to 4.90% for slag, 1.71% for rock, and 2.09% for soil sam -
ples.

RESULTS

BACKGROUND FROM PREVIOUS RESEARCH: SOIL, ROCK AND SLAG
COMPOSITION WITH FOCUS ON LEAD DISTRIBUTION

The tex tures, physicochemical prop er ties and bulk geo -
chem is try of the soils stud ied were pre vi ously char ac ter ized by
Derkowska et al. (2023) and are briefly sum ma rized here to
pro vide con text for Pb iso tope anal y ses. The top soils are typ i -
cally silt loams and sub soil sandy loams, with pH val ues rang ing 
from slightly acidic to neu tral (5.6–7.3). Or ganic mat ter is con -
cen trated in the up per ho ri zons.

The ma jor el e ment com po si tion of soils is dom i nated by
SiO2 (49 wt.% in top soils, 62 wt.% in sub soils), with Al2O3,
Fe2O3, K2O, MgO, and CaO con trib ut ing 1–11 wt.% each
(Derkowska et al., 2023, SM7). Trace el e ments re veal strong
en rich ment in met als as so ci ated with his tor i cal min ing and
smelt ing, in clud ing Cu (up to 6920 mg×kg–1), Ni (up to
340 mg×kg–1), As (up to 130 mg×kg–1), Zn (up to 400 mg×kg–1),
and fi nally Pb (up to 555 mg×kg–1; Fig. 2). Most of these
metal(loid)s are con cen trated in or ganic-rich top soils near a
stream-ad ja cent pla teau. Lead, how ever, dis plays a dis tinct
dis tri bu tion: un like Cu, Zn, Ni and As, which re main lo cal ized
near for mer in dus trial ar eas, es pe cially WP1, Pb en rich ment
ex tends north wards be yond the min ing bound aries (Fig. 2).
This pat tern sug gests an ad di tional source of the el e ment and
pro vides the frame work for the Pb iso tope study de scribed be -
low.

Dif fer ences be tween Pb and other metal(loid)s are also ev i -
dent in ver ti cal soil pro files. Cop per con cen tra tions are highly
vari able, rang ing from 62 to 4705 mg×kg–1 in top soils (me dian
592 mg×kg–1) and 11 to 6920 mg×kg–1 in sub soils (me dian
142 mg×kg–1; Ta ble 1). By con trast, Pb con cen tra tions are lower 
and more sur face-con fined, with 39–555 mg×kg–1 in top soils
and 16–171 mg×kg–1 in sub soils (me di ans 68 and 26 mg×kg–1,
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T a  b l e  2

El e men tal (mg×kg–1) and Pb iso tope com po si tions in rock and slag

nd – not de ter mined, bdl – be low de tec tion limit. Grey back ground – de ter mined in the iso tope lab o ra tory in Prague, white back ground – de -
ter mined in the BVM lab (the dataset re ported by Derkowska et al., 2023, ex clud ing the U/Pb, Th/Pb and iso to pic pa ram e ters)



re spec tively; Fig. 3). This dis par ity sug gests Pb con tam i na tion
is pre dom i nantly sur face-de rived, whereas Cu max ima may oc -
cur ei ther at the sur face or at depth, de pend ing on lo cal ge ol ogy 
and prox im ity to ore-bear ing rocks or smelt ing res i dues. Al -
though both el e ments ex ceed global back ground lev els (Pb
~27 mg×kg–1, Cu ~14 mg×kg–1; Kabata-Pendias and Szteke,
2015), Pb con tam i na tion re mains mod er ate rel a tive to Cu en -
rich ment.

The rocks have gen er ally low Pb con tents (6–47 mg×kg–1;
Ta ble 2). Slag sam ples are chem i cally het er o ge neous and en -
riched in Cu, but they also con tain mea sur able Pb (up to 128
mg×kg–1; Ta ble 2). These ma te ri als rep re sent po ten tial sources
of Pb in soils and are re vis ited in the iso to pic dis cus sion be low.
Taken to gether, the soil, rock and slag com po si tions es tab lish
the geo chem i cal back ground against which Pb iso tope data
can be eval u ated.

SUBSOIL TEXTURAL CHARACTERISTICS

Pro files PL1 and PL2, lo cated in the south east ern part of the 
site (Fig. 1), rep re sent nat u ral soils. PL1, de vel oped on
unmineralized sand stone, shows a typ i cal se quence of or ganic
(O), leached (A), clay-rich (B), and par ent ma te rial (C) ho ri zons, 
reach ing sand stone bed rock at ~60 cm depth (Fig. 4). PL2,
formed on Cu-en riched marl (Fig. 1), is shal lower (~37 cm) and
dis plays col our vari a tions re flect ing min er al og i cal con tri bu tions
from the Cu-bear ing sub strate. In con trast, pro files PL3–PL6
show vary ing de grees of anthropogenic mod i fi ca tion (Fig. 4).
PL3, lo cated on a waste heap, re tains el e ments of a nat u ral se -
quence but con tains mi nor slag in clu sions and com pacted ho ri -
zons with re duced bi o log i cal ac tiv ity. PL4, lo cated be low a slag
wall, is strongly dis turbed, with ir reg u lar ho ri zons com posed of
mixed or ganic and min eral ma te ri als, likely in flu enced by leach -
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Fig. 2. Spa tial dis tri bu tion of Cu, Pb and 206Pb/207Pb ra tios in soils of the re search area

Black out lines mark his tor i cal waste piles (mod i fied af ter Derkowska et al., 2023)



ing from over ly ing slag. PL5, lo cated near the smelter, is the
deep est (up to 120 cm) and shows rel a tively sta ble loamy tex -
tures, though shal low ho ri zons con tain mi nor slag frag ments.
PL6, sit u ated be neath a for mer waste pile, is the most dis -
rupted: ho ri zons are oblit er ated, and the pro file is in ter mixed
with slag, tail ings and lithological de bris, pre vent ing nat u ral soil
de vel op ment (Fig. 4). To gether, the pro files il lus trate a gra di ent
from nat u ral pedogenesis (PL1–PL2) to se vere post-in dus trial
al ter ation (PL6). This ver ti cal per spec tive com ple ments the bulk 
soil data and pro vides ad di tional con text for in ter pret ing Pb dis -
tri bu tion and iso to pic sig na tures.

LEAD ISOTOPIC COMPOSITION

TOPSOILS

Top soil sam ples (0–15 cm) show a rel a tively nar row but dis -
tinct range of 206Pb/207Pb ra tios, typ i cally be tween 1.172 and
1.196, with most val ues clus ter ing around 1.172–1.185 (Ta -
ble 1). These iso to pic sig na tures are gen er ally as so ci ated with
el e vated Pb con cen tra tions (com monly 50–150 mg×kg–1) and,
in many cases, high Cu lev els (com monly >500 mg×kg–1; Fig. 3). 
Some of these sam ples are strongly en riched in Cu (rang ing
from ~800 to over 4700 mg×kg–1; Ta ble 1), likely re flect ing the
leg acy of lo cal ore pro cess ing or de po si tion of met al lur gi cal res -
i dues (Derkowska et al., 2023). De spite these high metal loads,
their iso to pic ra tios clus ter around 206Pb/207Pb 1.18. A few top -
soil sam ples de vi ate from this pat tern. For ex am ple, SOK4 and
PL6 A show more ra dio genic val ues (1.214 and 1.228, re spec -
tively), which may re flect lo cal ized in put from weath ered ore or
slag ma te ri als rather than re gional con tam i na tion.

Be cause of the lim ited iso to pic di ver sity in the top soils, the
spa tial dis tri bu tion of 206Pb/207Pb ra tios shows a rel a tively con -
sis tent pat tern through out much of the study area, with most
sam ples – par tic u larly those from the cen tral and west ern zones 
– fall ing within a nar row range of 1.172 to 1.185 (Ta ble 1 and
Fig. 2). These sam ples are broadly dis trib uted and not con fined
to any sin gle landform or soil type.

Slightly el e vated iso to pic ra tios are ob served in SOK21
(1.260), SOK4 (1.214), SOK18 (1.196), and SOK19 (1.193),
which are lo cated in the south ern and east ern parts of the study

area, away from the core of his tor i cal smelt ing op er a tions
(Fig. 1). These dif fer ences oc cur re gard less of vis i ble smelt ing
rem nants or min eral ex po sures and ex tend across val leys,
slopes and up per ter races, sug gest ing a com plex spa tial pat -
tern. Lower iso tope ra tios are not re stricted to ar eas near met al -
lur gi cal waste, while more ra dio genic sig na tures ap pear at scat -
tered, com monly pe riph eral, lo ca tions (Fig. 2).

SUBSOIL

Sub soils (n = 17), in con trast to top soils, dis play broader
iso to pic vari abil ity, with 206Pb/207Pb ra tios rang ing from 1.183 to
1.234 (Ta ble 1). Many soil pro files show a sys tem atic in crease
in the lead iso to pic ra tio with depth, par tic u larly ev i dent in nat u -
ral pro files, i.e., PL1 and PL2 (Fig. 4). For ex am ple, PL2 shows
a dis tinct up wards trend in 206Pb/207Pb from 1.173 at the sur face 
to 1.234 at the base. This sug gests that deeper soil ho ri zons re -
tain a lithogenic or ore-re lated iso to pic sig nal that is dis tinct
from the top soil’s iso to pic sig nal.

EDTA SOIL LEACHATE ISOTOPIC BEHAVIOUR

Anal y sis of EDTA-extractable Pb fur ther ex em pli fies the be -
hav iour of the mo bile lead frac tions. The EDTA-extractable
206Pb/207Pb ra tios across the soils stud ied range from 1.158 to
1.228, with most val ues clus ter ing be tween 1.17 and 1.19 (Ta -
ble 1). This nar row range is par tic u larly ev i dent in top soil sam -
ples (typ i cally 0–10 cm), sug gest ing a rel a tively ho mo ge neous
iso to pic sig na ture for the mo bile lead frac tion in sur face ho ri -
zons. In sub soils the EDTA-extractable Pb shows a broader
iso to pic spread, with val ues rang ing from 1.228 (e.g., PL2 C1)
to 1.174 (e.g., SOK8). Sev eral pro files also show ver ti cal
changes in EDTA-extractable iso to pic ra tios, such as PL6,
where val ues shift from 1.188 (ho ri zon A) to 1.195 (ho ri zon B),
and 1.194 (ho ri zon C2).

Within the dataset, 20 out of 31 ana lysed sam ples showed
lower 206Pb/207Pb val ues in the EDTA-leachable frac tion com -
pared to the bulk data, typ i cally by 0.008–0.015. This trend is
con sis tent in both top soils and sub soils, al though in sub soils it
reaches 75% com pared to 57% in top soils. Top soils, on the
other hand, show a broader range of dif fer ences, in clud ing the
larg est ob served de crease of ~0.079 and in crease of 0.070.
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Fig. 3. Boxplots of Cu and Pb con cen tra tions in top soil and sub soil sam ples from the Leszczyna area

In di vid ual data points are col our-coded by 206Pb/207Pb iso tope ra tios, il lus trat ing metal en rich ment and iso to pic vari abil ity be tween soil ho ri zons



Nine sam ples showed higher EDTA-leachable ra tios (gen er ally
up to ~0.02), mainly in top soils, and one sam ple dis played the
same iso to pic val ues in both EDTA and bulk.

This sug gests that the EDTA-extractable frac tion is gen er -
ally less ra dio genic than bulk Pb, in di cat ing iso to pic dif fer en ti a -
tion be tween mo bile and to tal Pb pools. In all sam ples, the
bulk–EDTA off sets span –0.079 to +0.070, en com pass ing both
the typ i cal small dif fer ences and the few more pro nounced de -
vi a tions. Most sam ples fall within ±0.02 (less than ±0.015 for
sub soils). This sug gests that while there is a gen eral trend of

iso to pi cally less ra dio genic EDTA-leachable Pb, the de gree of
this off set can vary, likely re flect ing dif fer ences in source con tri -
bu tions, Pb speciation, or soil chem is try.

LOCAL LEAD SOURCES

Al though lead con cen tra tions in the rocks are rel a tively low
(6–47 mg×kg–1), Pb iso to pic sig na tures dis play sub stan tial vari -
abil ity. Some rocks, such as lime stones and slates with lim ited
min er al iza tion (e.g., SOK6B R2, SL2), show less ra dio genic
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Fig. 4. Soil pro files (PL1–PL6) show ing Pb con cen tra tions (mg×kg–1) and cor re spond ing 206Pb/207Pb iso tope ra tios with depth

Ho ri zons (O, A, B, C) are in di cated; white squares mark sam pling po si tions. Pro files PL1–PL3 – nat u rally de vel oped soil pro files (PL2 –
de vel oped on Cu-rich slates), PL4–PL6 – anthropogenically im pacted pro files



206Pb/207Pb ra tios (1.169–1.192; Ta ble 2), over lap ping with val -
ues ob served in up per soil ho ri zons. In con trast, cer tain
dolomites and min er al ized slates show highly ra dio genic sig na -
tures (up to 1.766), likely re flect ing pro longed geogenic evo lu -
tion (though this is not the fo cus of this ar ti cle). Dif fer ences are
ev i dent be tween Cu-min er al ized and unmineralized rocks.
Unmineralized rocks tend to have less ra dio genic 206Pb/207Pb
ra tios (1.169–1.284; Ta ble 2), whereas Cu-rich rocks dis play a
wider range (1.246–1.766) and higher me dian U con tents
(19 mg×kg–1 ver sus 2 mg×kg–1 in unmineralized sam ples).

Slag sam ples also show vari abil ity in Pb iso topes, al though
smaller than in the rocks. The most ra dio genic slag reaches a
206Pb/207Pb ra tio of 1.240. Age-de pend ent trends are ob served:
the old est slags (HK1, K1-1) pres ent nar row ra tios
(1.188–1.209), as do the youn gest (L2-5, L2-7: 1.165–1.174).
In ter me di ate-age slags show greater vari a tion, with ra tios span -
ning 1.151–1.240 (Ta ble 2). This pat tern likely re flects both the
larger num ber of in ter me di ate-age sam ples and his tor i cal
smelter ac tiv ity (K¹dzio³ka et al., 2020): dur ing peak pro duc tion
at the Stilles Gluck smelter, mixed ores (shale and marl) were
used, pro duc ing slags with more vari able chem i cal and iso to pic
com po si tions. In con trast, older and youn ger slags were pro -
duced from more ho mo ge neous ore, re sult ing in nar rower iso -
to pic ranges.

DISCUSSION

LEAD IN THE RESEARCH AREA

The iso to pic com po si tion of lead in the top soils stud ied re -
flects the in ter play of mul ti ple Pb sources, in clud ing lo cal
lithogenic con tri bu tions, leg acy met al lur gi cal in puts, and at mo -
spheric de po si tion, as has been dem on strated in nu mer ous
stud ies (Tyszka et al., 2012; Komárek et al., 2008). Most top soil 
sam ples showed rel a tively low and tightly clus tered 206Pb/207Pb
ra tios (1.172–1.185). No ta bly, this iso to pic range is ob served
con sis tently across dif fer ent sur face en vi ron ments within the
study area, i.e., in clud ing zones not di rectly in flu enced by his tor -
i cal min ing or smelt ing, in di cat ing that nei ther lithogenic nor
met al lur gi cal sources alone can ex plain the uni for mity ob -
served. Con sid er ing the ho mo ge ne ity of Pb iso to pic sig nal in
the top soils, com bined with el e vated Pb con cen tra tions and

lower 206Pb/207Pb ra tios (Fig. 5) we sug gest that Pb in the top -
soils is pre dom i nantly de rived from at mo spheric de po si tion.
Sim i lar ho mog e nized sig na tures at trib uted to long-range at mo -
spheric de po si tion have been re ported in other Cen tral Eu ro -
pean set tings (Reimann et al., 2012; Tyszka et al., 2012;
Fia³kiewicz-Kozie³ et al., 2020).

The sub soils re veal a broader and sys tem at i cally higher
range of 206Pb/207Pb ra tios, from 1.183 up to 1.234 (Fig. 5), with
val ues in creas ing with depth in sev eral pro files (Ta ble 2 and
Fig. 4). This sug gests the pres ence of a lithogenic Pb com po -
nent, po ten tially de rived from lo cal bed rock or min er al iza tion
(see next sec tion). Com pa ra ble ver ti cal con trasts be tween iso -
to pi cally less ra dio genic top soils and more ra dio genic sub soils
are char ac ter is tic of soils where lithogenic Pb per sists at depth
while at mo spheric in puts dom i nate sur face lay ers (Sipos et al.,
2013). A com par i son be tween Pb iso to pic com po si tion and Cu
con cen tra tions fur ther sup ports these ob ser va tions. Top soil
sam ples with lower Cu con cen tra tions tend to show lower
206Pb/207Pb ra tios than Cu-en riched soils. Sim i larly, in sub soils,
higher Cu lev els are com monly as so ci ated with higher Pb iso -
tope ra tios, re flect ing the in flu ence of ore-host ing lithologies.
These ob ser va tions sug gest dis tinct Pb sources in the top soils
and sub soils within the study area, with rocks and/or slags rep -
re sent ing low-Pb, iso to pi cally more ra dio genic endmembers.

EDTA-ex tracted Pb sup ports this ver ti cal trend. Top soils
con tain more mo bile Pb with less ra dio genic iso to pic ra tios,
while sub soils re tain less la bile, iso to pi cally more ra dio genic Pb  
(Ta ble 1; Derkowska et al., 2023). This be hav ior aligns with
stud ies show ing that anthropogenic Pb tends to be con cen -
trated in the ex change able frac tion of sur face soils, while litho -
genic Pb dom i nates more im mo bile pools at depth (Komárek et
al., 2008). Col lec tively, these data in di cate a de coup ling of
mod ern pol lu tion from geo log i cal Pb sources. This shift, from
rel a tively un pol luted older ma te ri als to pol luted mod ern ones, is
also ob served in di verse sed i men tary re cords, in clud ing the
nearby Œnie¿ka ombrotrophic peat, where a pol luted sig nal ap -
pears in the up per parts of the pro file (Fia³kiewicz-Kozie³ et al.,
2020). These find ings set the stage for a more de tailed ex plo ra -
tion of Pb or i gin path ways in the fol low ing sub sec tions.

Al though most of the top soils are char ac ter ized by rel a tively 
ho mog e nous Pb iso tope sig na tures, sev eral top soil sam ples
de vi ate from this pat tern, show ing more ra dio genic 206Pb/207Pb
ra tios. Some of these val ues are as so ci ated with a stron ger
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Fig. 5. 206Pb/207Pb ra tios as a func tion of to tal Cu and Pb con cen tra tions as mea sured for top soil and sub soil sam ples com pared 
to top soils from other stud ies in the same re gion after Tyszka et al. (2012); Kierczak et al. (2013)



lithogenic in flu ence, which is sup ported by both spa tial con text
and compositional data. SOK8, lo cated on a hill near Cu-rich
rock ex po sures, and SOK4, po si tioned be low slopes con tain ing 
Cu-min er al ized rocks (Fig. 1), likely re tain a lithological sig nal
en hanced by weath er ing of Cu-rich ho ri zons. The el e vated
206Pb/207Pb in SOK21 closely matches val ues mea sured in min -
er al ized rocks, sug gest ing in put from Zechstein Lime stone
(Ca1) ore in the Kondratów re gion, where Cu min ing and pro -
cess ing also took place. Ra dio genic val ues in other re mote
sam ples such as SOK18, and SOK19, where no min er al ized
rocks ex po sures oc cur, may in stead re flect in her ited sed i men -
tary sig nals, pre-in dus trial at mo spheric in puts, or sub tle vari a -
tions in lo cal li thol ogy be yond vis i ble ore de pos its.

Over all, the iso to pic dataset sup ports a three-endmember
mix ing model dom i nated by con tri bu tions from lo cal bed rock,
met al lur gi cal res i dues, and an ex ter nal at mo spheric source,
with the lat ter play ing a dom i nant role in sur face ho ri zons. A
small num ber of sam ples hint at ad di tional or more com plex Pb
in puts which war rant fur ther in ves ti ga tion.

ORE IMPACT ON SUBSOIL ISOTOPIC COMPOSITION

Given the subsurface pres ence of ore, its in flu ence is ex -
pected to be re flected in sub soil Pb iso to pic com po si tion (e.g.,
Walraven et al., 2014). In deed, rocks, slags and sub soils all ex -
hibit vari able 206Pb/207Pb ra tios, re flect ing the com plex geo log i -
cal and anthropogenic back ground of the study area. Ox i dized
Cu ores, ore-host ing rocks, and his tor i cal met al lur gi cal res i -
dues all con trib ute to the lo cal Pb iso to pic sig na ture, pro duc ing
a het er o ge neous pat tern in the sub soils.

A key trend emerges when ex am in ing sub soil data in re la -
tion to Cu con cen tra tions (Fig. 6). Soil pro files PL1 and PL3
show rel a tively low Cu lev els and 206Pb/207Pb ra tios be tween

1.19 and 1.20. These val ues are con sis tent with the re gional
geogenic back ground, likely re flect ing Pb de rived from Qua ter -
nary de pos its and non-min er al ized bed rock in the area (Tyszka
et al., 2012, 2016). These pro files are re ferred to as the ‘nat u ral
group’, char ac ter ized by lim ited in flu ence from cop per ores or
waste. In con trast, pro files PL2 and PL6 show both el e vated Cu
con cen tra tions and higher 206Pb/207Pb ra tios (Fig. 6). These
pro files are as so ci ated with ore-bear ing lithologies, such as
Cu-rich slates and marls from the Zechstein Ca1. We clas sify
these as the ‘min er al ized group’, where the iso to pic data sug -
gest an ad mix ture of Pb from ox i dized Cu ores, which are
known to pos sess ra dio genic iso tope com po si tions due to their
for ma tion his tory and U/Pb-rich host rocks (Oszczepalski,
1999; Asael et al., 2012). Two ad di tional pro files, PL4 and PL5,
il lus trate a third sce nario. Both are in flu enced by his tor i cal slags 
but pres ent dif fer ent iso to pic pat terns. PL4 shows a nar row
range of 206Pb/207Pb val ues de spite high Cu con tent, point ing to
a ho mog e nized slag-de rived sig nal with rel a tively sta ble iso to -
pic com po si tion. PL5, in turn, dis plays strat i fi ca tion: sur face lay -
ers con tain Cu-rich slag-de rived con tam i na tion with low
206Pb/207Pb ra tios, while deeper lay ers show a grad ual re turn to -
wards geogenic val ues (Fig. 6). This ‘hy brid pro file’ re flects the
su per po si tion of met al lur gi cal and geo log i cal Pb sources.

Al to gether, the sub soils ana lysed are di verse in Pb iso to pic
com po si tion and that may be re lated to the im pact of ox i dized
ores as Pb source in some of the pro files. The fact that the sig -
nal is spe cific for the area stud ied is cor rob o rated by lit er a ture
data that did not show sim i lar in crease in both Pb iso to pic ra tios
and Cu in sub soils (Kierczak et al., 2013; Tyszka et al., 2016).
Ob served trends un der score the role of both min er al ized bed -
rock and anthropogenic waste in shap ing the sub soil Pb iso to -
pic com po si tion. The dis tinc tion be tween ‘nat u ral’, ‘min er al ized’, 
and ‘slag-im pacted’ pro files pro vides a use ful con cep tual
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Fig. 6. Trends in 206Pb/207Pb ra tios as a func tion of Cu con cen tra tion sug gest ing
var i ous Pb pol lu tion or i gins

Top soils are char ac ter ized by sim i lar iso to pic ra tios in the range 1.17 and 1.19 (dis cussed
in the next sec tion). Low amounts of Cu in sub soils orig i nat ing from pro files PL1 and PL3
point to a non-min er al ized lithogenic Pb iso to pic sig nal. Cop per-rich sub soils (PL2 and
PL6) point to a higher Pb iso to pic ra tio, de scribed as min er al ized lithogenic sig nal. The
other pro files are strongly im pacted by an iso to pic sig nal orig i nat ing from slags (PL4, PL5) 
but pres ent a nat u ral, non-min er al ized lithogenic sig nal in the sub soil (PL5)



frame work for un der stand ing Pb mo bil ity and ac cu mu la tion
path ways in min ing-im pacted ter rains. Im por tantly, the el e vated 
and vari able iso to pic ra tios in sub soils con trast with the ho mo -
ge ne ity seen in top soils, re in forc ing the idea that sub soils re tain
a re cord of site-spe cific con tam i na tion and geo log i cal back -
ground, while top soils are over printed by wide spread at mo -
spheric de po si tion. This ver ti cal de coup ling high lights the value
of Pb iso to pic pro fil ing in re con struct ing past con tam i na tion
events and iden ti fy ing lo cal ized pol lu tion leg a cies.

MOBILITY OF LEAD AND ISOTOPIC PATTERNS REVEALED BY EDTA
EXTRACTION

The iso to pic com po si tion of EDTA-extractable Pb sup ports
a dual-source model: mo bile Pb in top soils mainly de rives from
at mo spheric de po si tion, whereas im mo bile Pb in deeper ho ri -
zons pre serves lithogenic and met al lur gi cal sig na tures. In top -
soils, EDTA-leachable 206Pb/207Pb ra tios form a nar row clus ter
be tween 1.17 and 1.19 and are con sis tently lower than bulk soil
val ues. This sug gests that the mo bile Pb frac tion in sur face ho -
ri zons is iso to pi cally ho mog e nized and largely con trolled by
anthropogenic at mo spheric de po si tion, which over prints the
nat u ral geogenic vari abil ity ob served in sub soils, in line with
Fernández et al. (2008), who ob served that EDTA ex tracts from 
sur face ho ri zons of for est soils con tained less ra dio genic Pb,
con sis tent with anthropogenic sources.

In con trast, sub soils dis play a broader iso to pic spread, with
EDTA-leachable ra tios ex tend ing from 1.174 up to 1.228. Here,
the iso to pic sig na ture of the mo bile frac tion is more pro file-spe -

cific, re flect ing lo cal in puts from bed rock, min er al ized litho -
logies, or met al lur gi cal res i dues, which ech oes the find ings of
Tyszka et al. (2016), where deeper ho ri zons pre served more
vari able, lithogenic sig nals com pared to iso to pi cally uni form
top soils. The mag ni tude and di rec tion of EDTA-bulk off sets
also vary among pro files. Nat u ral soils such as PL1 and PL3
show only mi nor dif fer ences, in di cat ing the lim ited in flu ence of
ex ter nal mo bile Pb sources. Min er al ized pro files (PL2, PL6)
show more pro nounced off sets, with EDTA frac tions re flect ing
in ter ac tion with ra dio genic Pb de rived from Cu-en riched
lithologies. Slag-im pacted pro files (PL4, PL5) re veal a mixed
pic ture: in PL4, EDTA val ues track the ho mog e nized slag sig -
nal, whereas in PL5, EDTA frac tions cap ture the ver ti cal tran si -
tion from anthropogenic in puts in sur face lay ers to ward a geo -
genic back ground at depth.

LEAD SOURCES IN TOPSOILS

Con sis tent lead iso to pic sig na tures in top soils col lec tively
with Pb con cen tra tions and EDTA-leach ing re sults sug gest that 
the dom i nant Pb source in top soil is at mo spheric fall out, rather
than di rect con tam i na tion from min ing or smelt ing ac tiv i ties at
the site. The ver ti cal gra di ent in Pb con cen tra tion and mo bil ity
(based on the EDTA ex trac tion) fur ther sup ports this in ter pre ta -
tion, as deeper soil lay ers re main rel a tively un af fected. These
iso to pic val ues (1.172–1.180) align closely with Pb iso tope ra -
tios re ported for top soils around Lower Silesia and ad ja cent ar -
eas in Czechia (Mihaljeviè et al., 2009; Tyszka et al., 2012;
Kierczak et al., 2013; Biñczycki et al., 2020). More over, such Pb 
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Fig. 7. The Lower Silesian Con tem po rary Pol lu tion Sig nal and pos si ble lead sources af fect ing the 206Pb/207Pb
and 208Pb/206Pb ra tios

Top soils from this study were se lected from the set pre sent ing those af fected by the LSCPS. Data af ter (1) Tyszka et al.
(2012); (2) Kierczak et al. (2013); (3) Biñczycki et al. (2020); (4) Wedepohl et al. (1978); (5) Church and Vaughn (1992);
(6) De Vleeschouwer et al. (2009); (7) Prechova et al. (2023); (8) Sensu³a et al. (2021); (9) Mihaljeviè et al. (2009); (10) Bi
et al. (2017)



iso to pic com po si tion has been ob served in at mo spheric fall out
in  those re gions (Komárek et al., 2008; Mihaljeviè et al., 2009;
Prechova et al., 2023). Sim i lar val ues were also iden ti fied in
ombrotrophic peat pro files from the Œnie¿ka re gion, where Pb
was pri mar ily de rived from coal com bus tion, with gas o line-de -
rived Pb iso to pi cally masked by the dom i nant coal sig nal
(Fia³ kiewicz- Kozie³ et al., 2020). The prev a lence of the
1.17–1.18 206Pb/207Pb ra tio in top soil across such a wide re gion
is in dic a tive of Pb con tri bu tions from a well-mixed at mo spheric
source. We sub se quently re fer to this sig nal as the Lower
Silesian Con tem po rary Pol lu tion Sig nal (LSCPS), where Pb
orig i nates from wide spread at mo spheric pol lu tion. The LSCPS
rep re sents the cu mu la tive at mo spheric fall out from sev eral
anthropogenic sources ac tive over the past de cades. This iso -
to pic fin ger print is con sis tently found in sur face soils (Tyszka et
al., 2012; Biñczycki et al., 2020), ur ban dust (Gmo chowska et
al., 2019), at mo spheric particulates/fly ashes (Tyszka et al.,
2016), and even in veg e ta tion (Sensu³a et al., 2021) across the
re gion, sug gest ing a well-mixed and long- range trans port
mech a nism for Pb-bear ing par ti cles. The iso to pic sig na ture is
de tected even in rel a tively en closed val ley set tings, un der scor -
ing the mo bil ity of at mo spheric Pb and its abil ity to af fect re mote 
ar eas. This sup ports pre vi ous ob ser va tions in moun tain ous re -
gions of SW Po land (Biñczycki et al., 2020), where sim i lar Pb
ra tios were found de spite lim ited lo cal in dus trial ac tiv ity.

To put our re sults in con text, we com pared the Pb iso tope
data from top soil with pub lished val ues for re gional emis sion
sources and min eral de pos its (Fig. 7). No ta bly, pub lished lead
iso tope data for pol luted sam ples are lim ited, but a few clear
pat terns can still be ob served. First, Up per Silesian steel fac to -
ries and chem i cal plants pres ent dis tinctly dif fer ent 206Pb/207Pb
and 208Pb/206Pb ra tios from the LSCPS (Sensu³a et al., 2021).
Sec ondly, dif fer ent me tal lic ores, in clud ing Cu ores from the
Kupferschiefer de pos its, from Miedzianka (older min er al iza tion
as so ci ated with the Karkonosze-Izera gran ite in tru sion)
(Kierczak et al., 2013), Zn-Pb ores from the Silesian-Kraków re -
gion (De Vleeschouwer et al., 2009; Prechova et al., 2023) as
well as Cu ores and slags as so ci ated with the Kupferschiefer
(Wedepohl et al., 1978; Tyszka et al., 2012) pres ent fairly sim i -
lar Pb iso to pic com po si tions. While some over lap ex ists be -
tween the LSCPS and the iso to pic sig na tures of Cu ores and
his tor i cal slags, the spa tial pat tern of top soil con tam i na tion and
its iso to pic ho mo ge ne ity ar gue against a lo cal ore-re lated or i -
gin.

Mul ti ple po ten tial con tri bu tors to the LSCPS have been de -
ter mined (Fig. 7). Given the dis tances be tween dif fer ent sour -
ces and their sus pected pres ence in the re gion stud ied, we
iden tify: 1) bi tu mi nous coal com bus tion in power plants and res -
i den tial heat ing (both Pol ish and Czech sources), 2) met al lur gi -
cal emis sions from smelt ers in Up per Silesia and the
Ostrava-Karviná re gion, 3) past use of leaded gas o line, par tic u -
larly dur ing the 20th cen tury. From these po ten tial sources, coal
com bus tion ap pears to dom i nate LSCPS, as in ferred from both
iso to pic com po si tion (Fig. 7) and his tor i cal emis sion re cords
(Mihaljeviè et al., 2009; Prechova et al., 2023). The 206Pb/207Pb
range of 1.17–1.19 is char ac ter is tic of Pol ish (from Wa³brzych
in Lower Silesia and Up per Silesian) and Czech coal (from
Karviná and Ostrava), which pos sess rel a tively ra dio genic lead
iso to pic sig na tures due to the geo logic age of the source ma te -
rial. This con clu sion is in agree ment with pre vi ous find ings re -
ported by Fia³kiewicz-Kozie³ et al. (2020). Also, a re cent study
from a highly in dus trial area of Up per Silesia in Po land seems to 
cor rob o rate this con clu sion, as well as sug gest ing that the
LSCPS might be de tect able across an even larger area of Po -
land (Prechova et al., 2023), with a few stud ies hav ing re ported
sim i lar Pb iso to pic val ues in top soils across the coun try (Tyszka 
et al., 2012; Reimann et al., 2012; Ga³uszka et al., 2018).

ENVIRONMENTAL AND MONITORING IMPLICATIONS

The dis tri bu tion and iso to pic com po si tion of Pb in the study
area re flect a com plex in ter play be tween source types, ver ti cal
soil stra tig ra phy, and en vi ron men tal con di tions. While iso to pic
ra tios in the top soils point to a ho mo ge neous, re gional pol lu tion
sig nal, and sub soils show lithogenic and slag-re lated vari abil ity,
the phys i cal en vi ron ment likely mod u lates how these sig nals
are ex pressed and pre served. Sev eral soil pa ram e ters in flu -
ence the mo bil ity and re ten tion of Pb. Higher cat ion ex change
ca pac ity (CEC), pH vari a tion, mois ture con di tions and el e vated
or ganic mat ter con tent in top soils con trib ute to Pb ac cu mu la tion 
near the sur face (Karczewska, 1996; Coles and Yong, 2005;
Schwab et al., 2005; Souter and Watmough, 2017; Derkowska
et al., 2023). This is sup ported in our study by the strong pos i -
tive cor re la tion ob served be tween Pb and to tal car bon, sul phur,
and CEC, sug gest ing the role of organo-me tal lic com plexes
and sorp tion onto re ac tive soil com po nents (Derkowska et al.,
2023, SM3).

In ad di tion, me te o ro log i cal and top o graphic con text may
play a key role in Pb iso tope dis tri bu tion (Ettler et al., 2011).
Leszczyna vil lage is lo cated at the southeastern mar gin of the
NCB, within a val ley sys tem sur rounded by el e vated ter rain
(Kowalski et al., 2017). While such to pog ra phy might be ex -
pected to shield the area from re gional pol lu tion in flows, the
con sis tent pres ence of the LSCPS even in en closed sites sug -
gests that long-range at mo spheric trans port is highly ef fec tive.
Pre vail ing winds in the re gion come pre dom i nantly from the
south and south west, fa cil i tat ing the move ment of air borne pol -
lut ants from in dus trial ar eas of Up per Silesia, Wa³brzych, and
Ostrava-Karviná – all known emit ters of ra dio genic Pb linked to
coal com bus tion (Mihaljeviè et al., 2009; Prechova et al., 2023).

More over, de po si tion of at mo spheric Pb may be sea son ally
en hanced dur ing the heat ing sea son, when emis sions from do -
mes tic and in dus trial coal burn ing peak. The wide spread de tec -
tion of LSCPS even in low-ly ing or veg e tated ar eas of the site
in di cates that par tic u late-bound Pb can set tle un der a va ri ety of
con di tions, over com ing po ten tial bar ri ers im posed by to pog ra -
phy. Al though this study did not di rectly in te grate wind field data
or dis per sion mod els, the iso to pic ho mo ge ne ity ob served in the
top soils sup ports the con clu sion that re gional-scale at mo -
spheric pro cesses dom i nate Pb in puts in the sur face soil. Fu -
ture work in cor po rat ing high-res o lu tion me te o ro log i cal mod el -
ing and iso tope-cli mate in te gra tion could fur ther re fine our un -
der stand ing of depositional dy nam ics in com plex ter rain.

Im por tantly, de lin eat ing a re gional Pb iso to pic sig na ture
such as the LSCPS has broader en vi ron men tal and so ci etal rel -
e vance. It can serve as a di ag nos tic tool in soil mon i tor ing, al -
low ing rapid iden ti fi ca tion of mod ern pol lu tion ver sus leg acy
con tam i na tion. This is par tic u larly valu able in land-use plan ning 
and pub lic health as sess ments: ar eas dom i nated by the
LSCPS may be pri or i tized for pre ven tive mea sures, such as
veg e ta tion bar ri ers, soil amend ments, or ex po sure risk com mu -
ni ca tion. More over, map ping the spa tial ex tent of this sig nal
across Po land and neigh bour ing re gions could help to iden tify
zones with el e vated back ground pol lu tion, which may oth er wise 
go un no ticed due to the ab sence of ob vi ous in dus trial sources.
This knowl edge can be in stru men tal in tar get ing remediation ef -
forts and al lo cat ing re sources ef fi ciently, es pe cially in vul ner a -
ble eco sys tems or densely pop u lated ar eas. From a sci en tific
per spec tive, un der stand ing the LSCPS also aids in de coup ling
nat u ral ver sus anthropogenic Pb pools, which is crit i cal for ac -
cu rate geo chem i cal baselining, cli mate ar chives in ter pre ta tion,
or eval u at ing the long-term fate of at mo spheric pol lut ants in soil
sys tems. The LSCPS thus func tions not only as a marker of pol -
lu tion his tory but also as a frame work for an tic i pat ing fu ture en -
vi ron men tal and reg u la tory chal lenges.
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CONCLUSIONS

This study pres ents an in te grated geo chem i cal and iso to pic
in ves ti ga tion of lead in soils from the his tor i cal Old Cop per Ba -
sin in south west ern Po land. By com bin ing Pb iso tope data with
el e men tal con cen tra tions and EDTA-ex trac tion re sults, we
dem on strate a dis tinct ver ti cal and spa tial sep a ra tion be tween
nat u ral, his tor i cal and mod ern pol lu tion sources.

Top soils within the study area are char ac ter ized by a nar row 
range of 206Pb/207Pb ra tios (1.172–1.185), con sis tent with a
wide spread re gional iso to pic sig nal linked to at mo spheric de po -
si tion. This iso to pic fin ger print, re ferred to here as the Lower
Silesian Con tem po rary Pol lu tion Sig nal (LSCPS), re flects cu -
mu la tive emis sions from coal com bus tion and in dus trial ac tiv i -
ties in Po land and Czechia. Its ubiq uity, even in semi-en closed
val ley set tings, un der scores the high mo bil ity of air borne Pb
and the need to con sider re gional-scale pro cesses when as -
sess ing sur face con tam i na tion. In con trast, sub soils dis play
greater iso to pic di ver sity and higher 206Pb/207Pb val ues, com -
monly cor re lated with el e vated Cu con cen tra tions. These re -
sults sug gest the pres ence of lithogenic and ore-de rived Pb, es -
pe cially in pro files de vel oped on or near min er al ized Zech stein
Lime stone (Ca1) rocks or con tam i nated by his tor i cal slags. This 
ver ti cal iso to pic de coup ling sup ports the use of Pb iso topes as
ef fec tive trac ers of con tam i na tion sources and leg acy in puts.
The EDTA ex trac tion high lights that Pb mo bil ity is not uni form
across the study area. In top soils it re veals the dom i nance of
iso to pi cally less ra dio genic, anthropogenic Pb, whereas in sub -
soils it ex poses the com plex ity of lo cal lithogenic and waste-de -

rived in puts. This dual con trol un der scores the im por tance of
con sid er ing both soil depth and site-spe cific his tory when eval -
u at ing the mo bil ity and iso to pic com po si tion of Pb in con tam i -
nated ter rains.

Over all, this study dem on strates that even in geo log i cally
com plex and his tor i cally pol luted re gions, the cur rent Pb iso to -
pic com po si tion in top soils is largely gov erned by con tem po rary 
at mo spheric in put. Rec og niz ing and de lin eat ing re gional iso to -
pic sig nals like the LSCPS can sup port en vi ron men tal mon i tor -
ing, land-use plan ning, and tar geted remediation, es pe cially in
ar eas where lo cal and re gional con tam i na tion sources in ter -
sect.
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