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Streszczenie

Tatry to wyjatkowy ekosystem alpejski w Europie Srodkowej, gdzie dobrze rozpoznane sg gleby
naturalne i procesy glebotworcze je ksztaltujace. Jednak gleby technogeniczne (Technosols) w
srodowisku wysokogorskim tego obszaru nie zostaly dotychczas szczegétowo zbadane. Celem
niniejszej rozprawy jest okres$lenie najwazniejszych czynnikow glebotworczych kontrolujacych
wlasciwosci gleb, a takze zbadanie cech mineralogicznych, mikromorfologicznych i
geochemicznych gleb technogenicznych w rejonach historycznego gornictwa i hutnictwa w
polskich Tatrach dla rozpoznania stopnia zaawansowania proceséOw glebotworczych i stopnia
zanieczyszczenia tych gleb. Przeanalizowano trzynascie profili glebowych, podzielonych na trzy
grupy: (1) gleby technogeniczne powstate z odpadoéw gorniczych stanowigcych skaty weglanowe
(wapienie i dolomity) zawierajace resztki rud Zelaza i manganu, (IT) gleby technogeniczne
powstate z odpadéw gorniczych pochodzacych ze skal magmowych i metamorficznych (granit,
gnejs) zawierajacych pozostatosci rud polimetalicznych oraz (I11) gleby technogeniczne
zawierajace odpady pochodzace z dzialalno$ci hutniczej (np. zuzle). Badania obejmowaly
okreslenie morfologii i klasyfikacji gleb, podstawowych wlasciwosci gleb, podatnosci
magnetycznej, sktadu mineralnego, cech mikromorfologicznych i submikromorfologicznych,
pedogenicznych form Fe, Al, Si i Mn , a takze catkowitej zawarto$ci pierwiastkow glownych,
zawarto$ci pierwiastkow $ladowych i ich form, a takze zawartosci pierwiastkow ziem rzadkich.
Badane gleby technogeniczne byty stabo uksztalttowanymi glebami o prostej morfologii profilu
glebowego (gtownie poziomy O, A i C), z wysoka zawartoScig czesci szkieletowych. Badania
wykazaty, ze wlasciwosci gleb technogenicznych w Tatrach byly determinowane przede
wszystkim przez dawng dziatalno$¢ przemystowa cztowieka, takg jak goérnictwo i hutnictwo, a
takze rodzaj antropogenicznego materiatu macierzystego (odpady gornicze i zuzle hutnicze),
ktory determinowal wiasciwosci gleby wraz z jej sktadem mineralnym i chemicznym. Na
przebieg procesoéw glebotworczych znaczacy wptyw miata roslinno$é, ktorej wystepowanie byto
uwarunkowane rzezbg terenu i warunkami klimatycznymi zaleznymi od pigtra klimatyczno-
roslinnego. Roslinno$¢ i pochodzaca z ro$lin glebowa materia organiczna ksztaltowaty
wilasciwosci wierzchniej warstwy gleby. Proces glebotworczy trwajacy od kilku stuleci w
niektorych glebach doprowadzit do powstania poziomow Bw.

Analiza ptytek cienkich z gleb ujawnita nastepujace mikromorfologiczne przejawy procesow
glebotworczych: (1) tworzenie si¢ pseudomorfoz tlenku zelaza w wyniku wietrzenia siarczkow;
(2) tworzenie si¢ pedogenicznej struktury w poziomach powierzchniowych; (3) tworzenie si¢
pedogenicznych otoczek weglanowych w glebach powstatych z odpadéw gorniczych ztozonych
ze skat weglanowych; (4) tworzenie si¢ pedogenicznych otoczek tlenkéw Fe i Mn w kwasnych
glebach powstalych z odpadow gorniczych zlozonych ze skat krystalicznych (granit, gnejs); (5)

tworzenie si¢ pedogenicznych otoczek siarczanowych w glebach zawierajacych zuzle hutnicze
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oraz (6) bioturbacje (np. kanaly korzeniowe i kanaly biogeniczne wypelnione materialem
przetworzonym przez zwierzeta glebowe). Obserwacje mikromorfologiczne wykazaly rowniez,
ze 7zuzle hutnicze w glebach technogenicznych moga stanowi¢ siedlisko dla fauny glebowej
(najprawdopodobniej nicieni lub wazonkowcow). Selektywne ekstrakcje pedogenicznych Fe, Al,
Mn i Si wykazaty (1) uwalnianie Mn ekstrahowanego za pomocg szczawianu amonu w glebach
powstatych z odpadow gérniczych zawierajagcych rudy Mn, (2) niewielkg mobilizacje Fe i Al
ekstrahowanego za pomocg szczawianu amonu w kwasnych glebach powstatych z materiatu
macierzystego zawierajacego skaly krystaliczne (granit, gnejs) oraz (3) uwalnianie Al i Si
ekstrahowanego za pomoca szczawianu amonu w glebach zawierajacych zuzle hutnicze. WyniKi
badan wskazuja, ze technogeniczne materialy macierzyste ulegaja wietrzeniu, co
najprawdopodobniej spowoduje w przysztosci zmiane sktadu mineralnego badanych gleb.

Zanieczyszczenie gleb pierwiastkami $§ladowymi okreslono poprzez pordéwnanie z
dopuszczalnymi zawarto$ciami zgodnie z obowigzujacymi W Polsce przepisami prawnymi.
Limity te zostaly przekroczone w przypadku Cu, Zn, Pb, Mo, Hg, As, Co, Ni i Ba. Grupa |
badanych gleb byta szczegdlnie wzbogacona w Co, Ni, Fe, Mn i pierwiastki ziem rzadkich. Grupa
Il zawierata podwyzszone zawartosci Cu, Zn, Hg, As, Sb, Bi, Co, Ag, Ba, Sr, U i1 Th, a takze
zawierala mniejsza zawarto$¢ pierwiastkow ziem rzadkich niz grupa I. Grupa III byta bogata w
Cu, As, Sb, Ba, Hg, Co i Ag i zawierata najmniej pierwiastkow ziem rzadkich spo$rod badanych
gleb. Sekwencyjna ekstrakcja metoda BCR wykazata, ze mobilno$¢ pierwiastkow $ladowych
roznita si¢ znacznie w zaleznosci od grupy gleb, przy czym wyzsza mobilnos¢ wykazywaty Mn,
Cu i Zn w grupie 1, podczas gdy w glebach grupy | pierwiastki §ladowe wstgpowaty glownie w
formach niemobilnych. Grupa III wykazywata r6znicowane formy tych pierwiastkow, ktorych
mobilnos$¢ kontrolowana byta przez materi¢ organiczng i tlenki Fe/Mn. Witasciwosci gleb (pH,
zawarto$¢ weglanow i wegla organicznego) miaty wptyw na mobilnos¢ pierwiastkoéw §ladowych.
Wyniki przedstawione w niniejszej rozprawie przyczyniaja si¢ do poszerzenia wiedzy na temat
funkcjonowania gleb technogenicznych w Tatrach oraz ich potencjalnych funkcji ekologicznych
w regionach gorskich. Badania dostarczajg rowniez informacji na temat stopnia zanieczyszczenia
pierwiastkami $ladowymi 1 potencjalnego ryzyka zwigzanego z uwalnianiem si¢ tych

pierwiastkow do srodowiska.

Stowa kluczowe: gleby technogeniczne, pedogeneza, zanieczyszczenie gleby, Srodowisko

gorskie, historyczne gornictwo, historyczne hutnictwo
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Abstract

The Tatra Mountains are a unique Central European alpine ecosystem where the non-
anthropogenic soil cover and soil-forming processes are well recognized. However, the
Technosols in the area’s high-mountain environment have not been studied in detail to date.
Therefore, this study aimed to determine the major soil-forming factors controlling soil properties
and the mineralogical, micromorphological, and geochemical features of Technosols at historical
mining and metallurgical sites in the Polish Tatra Mountains, in order to recognize the degree of
development and contamination of these soils. Thirteen soil profiles were analysed, divided into
three groups: (I) Technosols formed from mine wastes comprising Fe- and Mn-ore-bearing
carbonate rocks (limestones and dolomites), (I1) Technosols developed from mine wastes derived
from polymetallic ore-bearing igneous and metamorphic rocks (granite, gneiss), and (lI1)
Technosols containing wastes from smelting activity (e.g. metallurgical slags). The study
involved determining soil morphology and classification, basic soil properties, magnetic
susceptibility, mineral composition, micromorphological and submicromorphological features,
together with pedogenic forms of Fe, Al, Si, and Mn, total contents of major elements, total
contents of potentially toxic trace elements (PTTE) and their forms, and total concentrations of
rare earth elements (REE).

Studied Technosols were poorly developed soils with simple soil morphology (mainly O, A, and
C horizons), with a high content of rock fragments. The research has shown that the properties of
Technosols in the Tatra Mountains were primarily determined by past human activities, such as
mining and metallurgy, as well as the type of anthropogenic parent material, which included mine
wastes and metallurgical slags, that influenced soil properties, mineral, and chemical
composition. Soil formation was significantly influenced by vegetation, which was conditioned
by the relief and climatic conditions dependent on altitudinal zonation. Vegetation and plant-
derived soil organic matter shaped topsoil properties. The soil-forming process, acting over a few
centuries in some Technosols, led to the formation of Bw horizons.

Soil thin section analysis revealed the following microscale evidences of initial soil formation:
(1) formation of Fe oxide pseudomorphs due to sulphide weathering; (2) formation of pedogenic
structure in the topsoil; (3) formation of pedogenic carbonate coatings in soils developed from
mine wastes composed of carbonate rocks; (4) formation of pedogenic Fe and Mn oxide coatings
in acidic soils developed from mine wastes composed of crystalline rocks (granite, gneiss); (5)
formation of pedogenic sulphate coatings in soils containing metallurgical wastes, and (6)
bioturbations (e.g. root channels and biogenic channels filled with a material reworked by soil
animals). Micromorphological observations also showed that metallurgical slags in Technosols
can serve as a habitat for soil fauna (most likely nematodes or enchytraeids). Selective extractions

of pedogenic Fe, Al, Mn, and Si showed (1) the release of oxalate-extractable Mn in soils
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developed from Mn-bearing ore mine wastes, (2) a slight mobilisation of oxalate-extractable Fe
and Al in acidic Technosols developed from mine wastes composed of crystalline rocks, and (3)
the release of oxalate-extractable Al and Si in Technosols containing metallurgical slags. These
results indicate that technogenic parent materials undergo weathering, which will most likely
consequently transform the mineral composition of the studied Technaosols in the future.
Contamination of soils with PTTE was compared against Polish regulatory limits, which were
exceeded for Cu, Zn, Pb, Mo, Hg, As, Co, Ni, and Ba. Group | Technosols were particularly
enriched in Co, Ni, Fe, Mn, and REE. Group Il soils contained elevated concentrations of Cu, Zn,
Hg, As, Sb, Bi, Co, Ag, Ba, Sr, U, and Th; they also contained lower concentrations of REE
compared to group | soils. Group 11l Technosols were rich in Cu, As, Sb, Ba, Hg, Co, and Ag and
contained the lowest REE contents among the studied soils. Sequential extraction using the BCR
method revealed that PTTE mobility varied strongly according to soil groups, with higher
mobility of Mn, Cu, and Zn in group Il soils, while group | Technosols showed mainly immobile
forms of PTTE. Group Il1 soils exhibited complex PTTE behaviour controlled by organic matter
and Fe/Mn oxides. Soil properties (pH, carbonates, and TOC contents) seem to influence PTTE
mobility.

This study contributes to expanding knowledge on the functioning of Technosols in the Tatra
Mountains and their ecological functions in mountain regions. It also provides insights into the
degree of their contamination and the potential risks associated with the release of these elements
into the environment in areas of historical mining and metallurgical activities in the Tatra

Mountains.

Keywords: technogenic soils, pedogenesis, soil contamination, mountain environment, historical

mining, historical smelting
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1. Wstep

Badania gleb na obszarach objetych historyczng dziatalno$cig gornicza i hutnicza
czlowieka dostarczajg cennych informacji na temat proceséw glebotworczych i
dhlugoterminowego wplywu antropogenicznych oddzialywan na s$rodowisko. Gleby
technogeniczne, wyrozniane w miedzynarodowym systemie glebowym WRB jako
Technosols (IUSS Working Group WRB, 2022), charakteryzuja si¢ obecnoscia
artefaktow, ktore sa materiatami wytworzonymi lub zmienionymi przez cztowieka, a
takze wydobytymi w wyniku dziatalnos$ci gorniczej (Charzynski i in., 2013; Uzarowicz i
in., 2020a). Wazng kategorig wérod nich sg gleby technogeniczne klasyfikowane jako
Spolic Technosols, ktére powstaja na przyktad na sktadowiskach odpadow gorniczych i
przemystowych (Néel i in., 2003; Kabata i in., 2020; Swed i in., 2022). Gleby te
powszechnie wystepuja na wspodtczesnych obszarach przemystowych (Griinewald 1 in.,
2007; Allory 1 in., 2022). Wystepuja one jednak réwniez w miejscach historycznej
dziatalnosci przemystowej, ktore obecnie sa czesto pokryte roslinnoscia w wyniku
naturalnej sukcesji ros$linnej (Wo$ i in., 2023; Castillo Corzo i in., 2025; Uzarowicz i in.,
2025). Czasami obszary te moga obejmowac srodowiska wrazliwe ekologicznie i obszary
chronione. Przyktadem takiego miejsca sg Tatry, obecnie chronione jako Tatrzanski Park
Narodowy (TPN).

Tatry to obszar wysokogorski potozony w poludniowej Polsce 1 potnocnej Stowacji
stanowigcy czg¢$¢ Karpat Zachodnich, ktory ma dlugg histori¢ dzialalno$ci gorniczej 1
hutniczej (Jost, 2004; Raczkowska, 2019). Gérnictwo 1 hutnictwo w Tatrach trwaty od
XV wieku do konca XIX wieku (Radwanska-Paryska 1 Paryski, 1995), a najwiekszy
wptyw na $rodowisko mialty w XVIII 1 na poczatku XIX wieku (Zwolinski, 1984).
Dziatalno$¢ gornicza i hutnicza pozostawila po sobie przeksztatlcony krajobraz, co
spowodowane bylo m.in. deponowaniem odpadow gorniczych i zuzli hutniczych na
powierzchni terenu, co wptywato na lokalne $rodowisko. Odpady te sa substratem, z
ktorego tworzg si¢ gleby technogeniczne (Spolic Technosols).

Dotychczasowe badania gleboznawcze w Tatrach sg liczne 1 obejmujg nast¢pujace
zagadnienia zwigzane z glebami naturalnymi (nieantropogenicznymi): (1) wplyw klimatu
na wlasciwos$ci gleby i tendencje do strefowosci glebowej w zaleznosci od wysokos$ci
n.p.m. (Oleksynowa 1 Skiba, 1977; Skiba, 1983, 1985), (2) wplyw procesow
geomorfologicznych na pokrywe glebowa (Drewnik, 2008), (3) cechy geochemiczne gleb

(Miechowka, 1989; Oleksynowa i in., 1977), (4) sktad mineralny gleb oraz przemiany
15



mineralow glebowych ze szczegdlnym uwzglednieniem mineratow ilastych (Skiba, 2007,
Skiba i in., 2011; Kuligiewicz i in., 2024a, 2024b), (5) wlasciwosci gleb organicznych i
formy prochnicy glebowej (Niemyska-Lukaszuk, 1977; Miechowka i Ciarkowska, 1998;
Wasak 1 Drewnik, 2015, 2016; Stolarczyk 1 in., 2024), (6) aktywnos$¢ biologiczna gleby
(Drewnik, 2006; Wasak, 2014; Miechowka i in., 2021), (7) zawarto$¢ pierwiastkow
sladowych w glebie (Miechowka i Niemyska-Lukaszuk, 2004; Wieczorek i Zadrozny,
2013; Ciarkowska i Miechowka, 2022), w ktérych wykazano réwniez, ze historyczne
wydobycie rud moze wplywac¢ na akumulacje Zn, Pb i Cd w glebach nielesnych, cho¢
bez odniesienia do pochodzenia i funkcjonowania tatrzanskich gleb technogenicznych,
(8) koncentracja radionuklidow w glebie (Kubica i in., 2002, 2007) oraz (9) klasyfikacja
gleb (Komornicki i Skiba, 1996; Skiba, 1983; Strzemski, 1956). Jednak badania gleb w
obszarach historycznego gornictwa i hutnictwa sg bardzo rzadkie. Witasciwosci, sktad
mineralny, geneza i klasyfikacja gleb technogenicznych w Tatrach nie stanowitly
dotychczas przedmiotu szczegdtowych badan.

Analiza mikromorfologiczna, ktérej celem jest rozpoznanie wtasciwosci gleby w
skali mikroskopowej, stanowi wraz z analizami chemicznymi form pedogenicznych Fe,
Al, Mn i Si cenne narzgdzie do badania efektow procesow glebotworczych w glebach
technogenicznych. W ciagu ostatnich dwoch dekad mikromorfologia gleby jest coraz
czesciej wykorzystywana do badania genezy gleb technogenicznych (Zanuzzi i in., 2009;
Séré 1 in., 2010; Uzarowicz i Skiba, 2011; Jangorzo i in., 2013; Huot i in., 2015;
Uzarowicz i in., 2017, 2018b; Watteau i in., 2017; Ortega i in., 2022). Najnowsze badania
mikromorfologiczne (np. Huot i in., 2014; Watteau i in., 2018, 2025; Colombini i in.,
2020; Ruiz i in., 2022; Diaz-Ortega 1 in., 2024) skupialy si¢ na badaniu proceséw
glebotworczych w glebach wystepujacych w obszarach przemystowych na terenach
nizinnych i wyzynnych. Jednak podobne dane dotyczace srodowisk wysokogorskich sg
rzadkie. ldentyfikacja cech mikromorfologicznych gleby, materii organicznej gleby i
cech pedogenicznych ujawnia wzajemne oddzialywanie migdzy wplywami
antropogenicznymi a naturalnymi procesami glebotworczymi (Zaiets i Poch, 2016;
Stoops 1 in., 2018; Verrecchia i Trombino, 2021). Wcze$niejsze badania dotyczace
mikromorfologii gleby w Tatrach, takie jak badania Zasonskiego 1 Niemyskiej-tukaszuk
(1977), Miechowki i Ciarkowskiej (1998) oraz Drewnika (2008), koncentrowaly sie
gtownie na okresleniu wtasciwosci gleb naturalnych (nieantropogenicznych). Dotychczas

nie badano gleb na obszarach objetych historyczng dziatalnoscig gorniczg i hutnicza.
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Selektywne ekstrakcje Fe, Al, Si i Mn z gleb s3 czgsto stosowane w celu
rozrdznienia mineralogicznych i chemicznych form Fe, Al, Si i Mn w glebach, a takze w
celu okreslenia przemian pedogenicznych i wietrzenia mineralow, co jest pomocne w
identyfikacji stopnia zaawansowania procesow glebotworczych (McKeague i Day, 1966;
Cornell i Schwertmann, 2003). Selektywne ekstrakcje Fe, Al, Si i Mn dla gleb
technogenicznych powstatych z réznych antropogenicznych materiatdw macierzystych
(odpady popiotowo-zuzlowe z elektrowni weglowych, odpady goérnicze zawierajgce
siarczki Fe i Cu; odpady gornicze z kopaln osadowych rud zelaza) wskazujg na
uwalnianie tych pierwiastkow w Srodowisku glebowym i dowodza, ze wyniki ekstrakcji
mogg by¢ dobrym wskaznikiem inicjalnych proceséw glebotworczych w glebach
technogenicznych (Uzarowicz i Skiba, 2011; Uzarowicz i in., 2017, 2024, 2025). Wydaje
si¢, ze selektywne ekstrakcje Fe, Al, Si i Mn powinny by¢ rowniez stosowane w
przypadku gleb technogenicznych powstatych z innych antropogenicznych materiatow
macierzystych, w tym gleb technogenicznych w Tatrach.

Badania nad okresleniem zawartosci potencjalnie toksycznych pierwiastkow
sladowych w glebach Tatr byly prowadzone przez wielu naukowcoéw. Zbadano roznice
w zawartos$ci pierwiastkow sladowych w glebach wraz ze wzrostem wysokosci w rejonie
Morskiego Oka i Kasprowego Wierchu (Korzeniowska i Kraz, 2020). Prowadzono
rowniez badania nad zanieczyszczeniem pierwiastkami sladowymi w polskich parkach
narodowych, w tym w TPN. Analizy wykazaly obecno$¢ pierwiastkow $ladowych w
drzewostanach swierkowych (Picea abies (L.) H. Karst), ich akumulacj¢ w iglach, a takze
okreslity zawarto$ci tych pierwiastkow w formach biodostepnych w glebie (Staszewski i
in., 2012). Zbadano rowniez wplyw typow siedlisk roslinnych na charakter i
wystepowanie wybranych pierwiastkow (Kwapulinski i1 in., 2013). Ponadto badano
biodostgpnos¢ pierwiastkow w glebach TPN w Dolinach Chochotowskiej, Koscieliskiej,
Strazyskiej 1 Male; Laki (Kwapulinski 1 in., 2012). Badano réwniez aktywnosci
wybranych radionuklidow oraz zawarto$¢ pierwiastkow $ladowych w wierzchniej
warstwie gleby w Dolinie Chochotowskiej, Koscieliskiej, Bystrej, Suchej Wody i
Rybiego Potoku (Kubica i in., 2007; Stobinski i Kubica, 2017). Ponadto analizowano
zawarto$¢ pierwiastkow sladowych w glebach bielicowych (Kubicai in., 2007; Kowalska
I in., 2021) i inicjalnych na terenie TPN (Niemyska-Lukaszuk, 1977; Miechowka i
Niemyska-Lukaszuk, 2004). Zawarto$¢ pierwiastkow $ladowych badano réwniez w

glebach torfowisk (Miechowka i in., 2002b) oraz w glebach pastwisk gorskich w TPN
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(Miechowka i in., 1997). W ostatnich latach analizowano formy wystgpowania
pierwiastkow w glebach na przyktadzie lasow TPN (Paprotny i in., 2024). Pierwiastki
sladowe badano rowniez w wybranych glebach nieleSnych TPN (Miechowka, 2001;
Miechéwka i in., 2002a). Oceniono réwniez zanieczyszczenie metalami w opadach
pytowych, pokrzywach i glebach w Dolinach Chochotowskiej i Strazyskiej oraz w
poblizu Morskiego Oka, odzwierciedlajace wptyw dlugotrwatej emisji pierwiastkow
Sladowych (Paukszto i Mirostawski, 2019). Analizowano takze zawarto$ci metali
Sladowych (Zn, Pb i Cd) w powierzchniowych warstwach gleb nieleSnych z TPN
(Ciarkowska 1 Miechoéwka, 2022). Wedlug badan przeprowadzonych na Stowacji,
najpowazniejszymi zanieczyszczeniami gleby w Tatrach byty Cd i Fe, a jako gtowne
zrédta zanieczyszczen wskazano transport i1 turystyke (Demkova i in., 2023). Pomimo
rozleglej wiedzy na temat zawartosci pierwiastkow sladowych w glebach Tatr, do tej pory
nie przeprowadzono szczegdtowych badan dotyczacych tych pierwiastkow w glebach na
obszarach historycznego goérnictwa i hutnictwa, w tym miejscach sktadowania odpadow

poprzemystowych.
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2. Cel i hipotezy badawcze

Badania mialy na celu analiz¢ gleb technogenicznych na obszarach historycznego

gornictwa i hutnictwa w Tatrach, aby:

1.

zidentyfikowac gltdéwne czynniki glebotworcze ksztattujace wlasciwosci i rozwaj gleb

technogenicznych;

okresli¢ mikromorfologiczne, submikromorfologiczne i chemiczne wskazniki

procesow glebotworczych;

oceni¢ stopien zanieczyszczenia i mobilno$¢ pierwiastkow sladowych w badanych

glebach, a takze ryzyko srodowiskowe zwigzane z obecnoscig tych pierwiastkow w

glebach.

Szczegotowe cele badan sg nastgpujace.

Czynniki wptywajace na powstawanie gleb w wysokogorskich glebach

technogenicznych:

— Okreslenie roli kluczowych czynnikéw glebotworczych (dziatalnos¢ cztowieka,
material macierzysty, pokrywa ro$linna, uksztattowanie terenu, warunki
klimatyczne, czas) w ksztalttowaniu wlasciwosci wysokogorskich gleb
technogenicznych;

Mikromorfologiczne i chemiczne wskazniki pedogenezy:

— ldentyfikacja cech mikromorfologicznych i submikromorfologicznych w glebach
technogenicznych powstatych z réznych podtozy antropogenicznych (odpady
gornicze, zuzle hutnicze) w Tatrach;

— Okreslenie chemicznych wskaznikow pedogenezy poprzez selektywng ekstrakcje
Fe, Al, Mn i Si oraz okreslenie form tych pierwiastkéw w celu oceny stopnia
zaawansowania procesow glebotworczych;

Cechy geochemiczne i mobilnos¢ pierwiastkéw sladowych:

Okreslenie catkowitych zawarto$ci pierwiastkow sladowych (Cu, Zn, Pb, Cd, Mo,

Hg, As, Sb, Bi, Co, Ni, Ba, Sr, Ag, Au i Sn), pierwiastkow ziem rzadkich (Sc, Y, La,

Ce, Pr, Nd, Sm, Eu, Gd, Th, Dy, Ho, Er, Tm, Yb i Lu) i pierwiastkow

promieniotworczych (U i Th) w glebach technogenicznych na obszarach

historycznego goérnictwa i hutnictwa w Tatrach;

— Ocena stopnia zanieczyszczenia gleby poprzez poroéwnanie zawartoSci
pierwiastkow $ladowych w badanych glebach z dopuszczalnymi zawarto$ciami

okreslonymi w polskich przepisach prawnych;
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— Okreslenie geochemicznych form wybranych pierwiastkow sladowych (Cu, Zn, Pb,
Cd, As, Sb, Ba, Sr, Co, Ni, Mn i Cr) przy uzyciu sekwencyjnej ekstrakcji metoda
BCR oraz ocena ich mobilno$ci w odniesieniu do wlasciwosci gleby, takich jak pH,
zawarto$¢ weglanow i zawartos¢ glebowej materii organicznej.

Dzigki potaczeniu tych podej$¢ niniejsza praca przyczynia si¢ do zrozumienia
genezy gleb technogenicznych w $rodowiskach alpejskich, podkresla ich rolg jako
archiwow historycznego gornictwa oraz dostarcza nowych informacji na temat ich
funkcji ekologicznych i srodowiskowych w Tatrach.

Postawiono nastepujgce hipotezy: (1) rozwdj gleb technogenicznych Spolic w
Tatrach jest kontrolowany przez podobne czynniki glebotworcze, ktore ksztattujg
wlasciwosci gleb naturalnych (nieantropogenicznych), przy czym w rozwoju gleb
technogenicznych najwazniejszg role odgrywaja dziatalno$¢ cztowieka, pochodzenie i
wlasciwosci materialu macierzystego, a takze roslinnos¢, (2) gleby technogeniczne w
Tatrach ulegaja podobnym przemianom pedogenicznym jak gleby naturalne, a
szczegbtowe badania chemiczne, mineralogiczne i mikromorfologiczne pozwola
zidentyfikowaé pierwsze efekty procesow glebotworczych, a takze (3) gleby
technogeniczne w Tatrach sg w zréznicowanym stopniu zanieczyszczone réznymi
pierwiastkami sladowymi wystepujacymi w odpadach gorniczych i hutniczych, a pewna
pula pierwiastkow moze by¢ uwalniana do srodowiska i stanowi¢ potencjalne zagrozenie

w skali lokalnej.
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3. Materialy i metody

3.1. Obszar badan

Badania przeprowadzono w Tatrach, najwyzszej cz¢sci pasma Karpat, potozonych
w potudniowej Polsce. Tatry stanowiag wyjatkowy ekosystem alpejski, obecnie chroniony
jako Tatrzanski Park Narodowy (TPN) i wpisany na list¢ $wiatowej sieci rezerwatow
biosfery UNESCO. Wysokos$¢ terenu waha si¢ od okoto 900 m n.p.m. u podnoéza gor do
2655 m n.p.m. na szczycie Gerlach, z wyraznym zr6znicowaniem klimatu i roslinno$ci w
zaleznosci od wysokosci.

Klimat Tatr wyréznia si¢ na tle terendw otaczajacych i catej Polski. Srednia roczna
temperatura powietrza wynosi od okoto 6°C u podnoza gor do -4°C w szczytowych
partiach gor, a opady rosng wraz z wysokos$cig od okoto 1000 mm do 1800 mm rocznie
(Hess, 1996). Ten gradient klimatyczny powoduje pionowe zrdéznicowanie roslinnosci,
co wyrazone jest poprzez pictrowe utozenie zbiorowisk roslinnych. Pietro regla dolnego
jest zdominowane przez lasy mieszane z bukiem (Fagus sylvatica) i jodta (Abies alba).
W pigtrze regla gornego wystepuja lasy z dominacjg swierka (Picea abies) i brzozy
(Betula pendula). Wyzej wystepuja subalpejskie zarosla kosodrzewiny (Pinus mugo),
ponad ktoérymi rosng alpejskie tgki, a najwyzej znajduje si¢ pigtro turni Z porostami i
mchami (Pigkos-Mirkowa i Mirek, 1996).

Pod wzgledem geologicznym Tatry skladaja si¢ z granitoidow w Tatrach
Wysokich, skat metamorficznych (gnejsow, tupkow) w Tatrach Zachodnich oraz
formacji osadowych (wapieni, dolomitow, piaskowcow, tupkow itp.) w nizszych strefach
(Kotanski, 1971; Gradzinski 1 in., 2001). RzeZba terenu jest uksztalttowana przez przeszte
procesy glacjalne i obecnie dziatajace procesy fluwialne i stokowe, tworzac ztozony
krajobraz dolin i grzbietow (Klimaszewski, 1996).

Mozaikowato$¢ jest bardzo charakterystyczng cechg pokrywy glebowej w Tatrach.
Wiasciwosci gleb zalezg glownie od skaty macierzystej (rozne skaty magmowe, osadowe
1 metamorficzne), ros$linno$ci, procesow morfogenetycznych i warunkéw klimatycznych
(Komornicki i Skiba, 1996). Najczeséciej wystepujacymi glebami sg gleby bielicowe,
redziny, gleby brunatne, a takze gleby inicjalne (litosole i regosole) (Komornicki i Skiba,
1996; Drewnik i in., 2008).

Dziatalnos$¢ czlowieka wywarla silny wptyw na $rodowisko gorskie. Od XV do

konca XIX wieku Tatry byty waznym osrodkiem gdrnictwa i hutnictwa. Wydobywano 1
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wytapiano tam m.in. miedz, srebro, Zelazo i mangan, a pozostatoscia po tej dziatalnosci
sa haldy gornicze, sktadowiska zuzla oraz pozostalosci infrastruktury gorniczej i
hutniczej. Obecnie te opuszczone tereny przemystowe porasta roslinnos¢, a odpady
gornicze i hutnicze stanowig materialy macierzyste dla gleb technogenicznych (Jost,

2004; Raczkowska, 2019).

3.2. Obiekt badan

Obiektem badan byty gleby technogeniczne powstate na terenach pogérniczych i
pohutniczych w Tatrach. Gleby te charakteryzowaty si¢ obecnos$cig artefaktow, przede
wszystkim w postaci fragmentéw skal wydobytych w kopalniach i zdeponowanych na
powierzchni terenu, a takze zuzli powstatych w zaktadach hutniczych. Prace terenowe
przeprowadzono w o$miu obszarach historycznego gornictwa i hutnictwa, ktore
reprezentuja najlepiej zachowane i najwazniejsze typy technogenicznych materiatow
macierzystych oraz etapy rozwoju dziatalnosci przemystowej w Tatrach (Art.1: Ryc. 1 i
2, Tabela 1):

I.  Hucianskie Banie (kopalnia rud manganu i zelaza) — profile 1 i 2 (P1 i P2),
I[l.  Wylot Doliny KoScieliskiej (kopalnia rud zelaza) — P3,
1. Dolina Koscieliska w poblizu schroniska Ornak (sztolnia poszukiwawcza rud
miedzi i srebra) — P4,
IV.  Dolina Pysznianska (kopalnia rud miedzi, srebra i zelaza) — P5 i P6,
V.  Zleb pod Banie na grzbiecie Ornak (kopalnia rud miedzi, Zzelaza i srebra) — P7 i
P8,
VI.  Banisty Zleb na grzbiecie Ornak (kopalnia rud miedzi, srebra, antymonu i

zelaza) — P9 i P10,

VIl.  Dolina Koscieliska — dawny obszar hutnictwa zelaza 1 metali niezelaznych w
Starych Koscieliskach — P11 i P12,
VIIl.  Kuznice (dawny obszar hutnictwa) — P13.

Zbadano trzynascie profili glebowych. Gleby zostaty sklasyfikowane jako Spolic
Technosols lub Coarsic Spolic Technosols zgodnie z migdzynarodowym systemem WRB
(IUSS Working Group WRB, 2022). Podzielono je na podstawie charakteru materiatlow
macierzystych na trzy grupy gleb:
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— Grupa I: Gleby technogeniczne powstate z odpadow gorniczych stanowiacych skaty
weglanowe (wapienie, dolomity) zawierajace pozostatosci rud zelaza i manganu (P1-
P3),

— Grupa Il: Gleby technogeniczne powstate z odpadéw goérniczych stanowigcych skaty
magmowe i metamorficzne (granit, gnejs) =zawierajace pozostatosci rud
polimetalicznych (P5-P10),

— Grupa lll: Gleby technogeniczne zawierajace zuzle hutnicze i inne odpady
pochodzace z zaktadow hutniczych (P11-P13),

— Profil 4 (P4) wykazywal mieszane wlasciwosci typowe dla gleb technogenicznych z

grup i Il

3.3. Analizy laboratoryjne

Szczegotowy opis analiz laboratoryjnych wykonanych do przygotowania niniejszej
dysertacji zostal przedstawiony w publikacjach wchodzacych w jej sktad (Art. 1 —3). W

dalszej czesci przedstawiono skrétowy opis wykonanych analiz laboratoryjnych.

3.3.1. Podstawowe wlasciwosci gleb

Probki gleby pobrane z kazdego poziomu glebowego zostaly wysuszone w
temperaturze pokojowej, a nastepnie przesiane na sicie 2 mm w celu oddzielenia czgsci
szkieletowych (>2 mm) i czgsci ziemistych (<2 mm). Badania wlasciwosci gleb
przeprowadzono na czeg$ciach ziemistych zgodnie ze standardowymi procedurami
gleboznawczymi (Van Reeuwijk, 2002; Pansu i Gautheyrou, 2006; Brogowski i
Czerwinski, 2016; Soil Science Division Staff, 2017). Okre$lono nastepujace
wlasciwosci:

— sklad granulometryczny metoda Bouyoucos—Casagrande w  modyfikacji
Proszynskiego (Warzynski i in., 2018); grupy granulometryczne okreslono zgodnie z
klasyfikacja USDA;

— pH metoda potencjometryczng w H>O i 1M KCI (stosunek masy gleby do objetosci
roztworu 1:2,5);

— Zzawarto$¢ weglanow metoda objetosciowa Scheiblera z uzyciem 10% HCI;

— zawarto$¢ wegla organicznego (TOC), catkowitego azotu (TN) i catkowitej siarki
(TS) za pomocg analizatora elementarnego CHNS;
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— podatno$¢ magnetyczna za pomocg wielofunkcyjnego urzadzenia MFKI1-FA
Kappabridge, zgodnie z procedurami Thompsona i Oldfielda (1986);

— kwasowos$¢ wymienna (EA) metoda Sokotowa;

— wymienne kationy zasadowe (EB) (Ca, Mg, K i Na) wyekstrahowano przy uzyciu
octanu amonu i chlorku amonu odpowiednio w probkach glebowych
niezawierajacych i zawierajacych weglany (Ostrowska i in., 1991); zawartos¢
pierwiastkow w ekstraktach okreslono metoda ICP-OES;

— pojemnos¢ kompleksu sorpcyjnego (CEC) obliczono jako sum¢ EA i EB;

— stopien wysycenia kompleksu sorpcyjnego zasadami (BS) obliczono jako udziat
procentowy EB w CEC.

3.3.2. Sklad mineralny gleb

Sktad mineralny probek czesci ziemistych (<2 mm) okreslono metoda dyfrakcji
rentgenowskiej (XRD). Wykorzystano dyfraktometr Bruker AXS D5005. Zastosowano
promieniowanie CoKa o napigciu 40 kV i natezeniu pradu 30 mA. Zmielone probki
proszkowe byty badane w zakresie od 3 do 70 °20 przy czasie zliczania wynoszacym 1 s
na kazdy krok 0,02° na obrotowym stoliku. Analizy XRD przeprowadzono w Katedrze
Gleboznawstwa, Instytutu Rolnictwa, Szkoty Glownej Gospodarstwa Wiejskiego
(SGGW) w Warszawie.

3.3.3. Analizy mikromorfologiczne

Probki 0 nienaruszonej strukturze pobrano do puszek Kubiény z wybranych
pozioméw glebowych. Probki wysuszono na powietrzu, a nastgpnie impregnowano
zywica epoksydowa Araldite 2020. Z impregnowanych blokow glebowych
przygotowano polerowane ptytki cienkie (szlify) o grubosci 30 um. Ptytki cienkie badano
w Swietle przechodzacym pod mikroskopami petrograficznymi. Zastosowano opis
mikromorfologiczny i terminologi¢ wedtug Stoopsa (2021). Ptytki cienkie wykonano na

Wydziale Geologii Uniwersytetu Warszawskiego.

3.3.4. Analizy SEM-EDS

Wybrane ptytki cienkie z gleb analizowano za pomocg skaningowego mikroskopu
elektronowego wyposazonego w spektrometr rentgenowski z analizatorem dyspersji
energii (SEM-EDS). Przed analiza SEM-EDS probki napylono weglem. Wykorzystano

mikroskop skaningowy SIGMA (Zeiss) z emisjg polowa. Mikroskop byt wyposazony w
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detektor elektronow wstecznie rozproszonych (BSE). Badania przeprowadzono w trybie
wysokiej prézni przy napigciu przyspieszajacym 20 kV. Analizy przeprowadzono w
Laboratorium Mikroskopii Elektronowej, Mikroanalizy i Dyfrakcji Rentgenowskiej

Wydziatu Geologii Uniwersytetu Warszawskiego.

3.3.5. Pedogeniczne formy Fe, Al, Si i Mn

Na probkach czgéci ziemistych przeprowadzono selektywne ekstrakcje Fe, Al, Mn
i Si w celu scharakteryzowania pedogenicznych form tych pierwiastkow. Wykonano
nastepujace analizy:

— Ekstrakcja ditionianowo-cytrynianowo-wodorowgglanowa (DCB) w celu 0znaczenia
wolnych tlenkoéw zelaza (Feq) (Mehra i Jackson, 1958);

— Ekstrakcja roztworem 0,175 M szczawianu amonu i 0,1 M kwasu szczawiowego, 0
pH 3,0 w ciemnosci w celu 0znaczenia amorficznych i stabo wykrystalizowanych
form Fe, Al, Mn i Si (Feox, Alox, Mnox, Siox) (Schwertmann, 1964).

Zawartosci badanych pierwiastkow zmierzono metoda ICP—OES. Calkowita
zawarto$¢ Fe (Fet) okre$lono poprzez catkowita mineralizacj¢ mikrofalowa czesci
ziemistych za pomocg stezonych kwasow (HNO3, HF, HCI, HCIO4), a nastgpnie analizg
ekstraktow metoda [ICP-OES. Wszystkie analizy przeprowadzono w dwoch
powtorzeniach.

Na podstawie tych danych obliczono nastepujace parametry: Fens = Fer— Feq, Fec =

Feq — Feox, Fed/Fet, Feox/Fed, Alox + Y2Feox (ten ostatni wyrazony w %).

3.3.6. Calkowita zawartos$¢ pierwiastkow gléwnych, sladowych i pierwiastkow ziem
rzadkich

Oznaczono catkowitg zawarto$¢ pierwiastkow gtownych (Si, Fe, Al, Mg, Ca, K i
Mn), pierwiastkéw sladowych (Cu, Zn, Pb, Cd, Mo, Hg, As, Sb, Bi, Co, Ni, Ba, Sr, Ag,
Au, Sn), pierwiastkow promieniotworczych (U, Th) oraz pierwiastkow ziem rzadkich
(Sc, Y oraz lantanowce od La do Lu). Probki zostaty zmielone i stopione z dodatkiem
LiBO2 i Li2B4O7, a nastepnie stopy rozpuszczono w HNOz. Zawarto$¢ pierwiastkow
glownych 1 §ladowych zostala zbadana odpowiednio metoda ICP-AES i ICP-MS.
Analizy wykonano w Bureau Veritas Minerals Laboratories (BVML) w Kanadzie.
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3.3.7. Sekwencyjna ekstrakcja pierwiastkow sladowych metoda BCR

Operacyjnie zdefiniowane formy chemiczne wybranych pierwiastkow $ladowych
(Cu, Zn, Pb, Cd, As, Sb, Ba, Sr, Co, Ni, Mn i Cr) zostaty okreslone w probkach glebowych
przy uzyciu czterostopniowej sekwencyjnej procedury ekstrakcji metoda BCR (Rauret i
in., 1999; Mossop i Davidson, 2003) (Art. 3: Tabela 1). Zawarto$¢ pierwiastkow w
ekstraktach glebowych uzyskanych podczas kolejnych etapow ekstrakcji okre§lono
metodg ICP—OES. Ekstrakty glebowe analizowano w dwodch powtorzeniach. Probki
kontrolne analizowano w dwoch powtorzeniach z kazdym zestawem frakcji. Analizy
przeprowadzono w Katedrze Gleboznawstwa i Chemii Rolniczej, Wydzialu Nauk

Scistych Uniwersytetu w Granadzie w Hiszpanii.

3.3.8. Analizy statystyczne

W celu zidentyfikowania czynnikow determinujacych wiasciwosci badanych gleb
oraz rozroznienia grup gleb o podobnych wlasciwosciach zastosowano analize
sktadowych gléwnych (PCA). Przed analizg statystyczng dane zostaly znormalizowane,
a w analizie uwzgledniono nastgpujace wlasciwosci: podatnos¢ magnetyczna (y), pHnzo,
zawarto$¢ weglanow (CaCOs eq.), EA, EB, BS, a takze zawarto$¢ wybranych
pierwiastkow glownych przeliczonych na tlenki (SiO2, Fe203, Al203, MgO, Ca0, K20 i
MnO).

Zalezno$¢ migdzy zawartoSciami pierwiastkow $ladowych we frakcjach
zdefiniowanych operacyjnie (analiza sekwencyjna metoda BCR) a wybranymi
wlasciwo$ciami gleb (pH, zawarto$¢ weglanéow i TOC) oceniono za pomocg korelacji
rang Spearmana. Wystepowanie rozktadu normalnego w danych sprawdzono za pomoca
testu Shapiro-Wilka. Poziom istotnos$ci (o) w niniejszym badaniu wynosit 0,05. Analizy

statystyczne przeprowadzono w programie Statistica™ 13.3 (Tibco Software Inc.).
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4. Wyniki
4.1. Morfologia i podstawowe wlasciwosci gleb technogenicznych

Badane gleby zostaty sklasyfikowane jako Spolic Technosols i Coarsic Spolic
Technosols (Art. 1: Tabela 1). Charakteryzowaly si¢ one prosta morfologia profili
glebowych (najczesciej o uktadzie pozioméw O-A-C, z wyjatkiem P5 1 P6, ktore
posiadaty poziomy Bw) i wysokim udziatem czg¢$ci szkieletowych (wigkszo$¢ poziomow
glebowych zawierata ponad 50% fragmentow skalnych, jednak liczne poziomy zawieraty
nawet do 90% fragmentow skalnych). Czesci ziemiste gleb (< 2 mm) miaty uziarnienie
piasku gliniastego i gliny piaszczystej (Art. 1: Tabela 2).

W grupie | gleb technogenicznych pH wynosito od 7,2 do 8,1 (poziomy mineralne).
Zawarto$¢ weglanow byta wysoka (do 31% CaCO3). Srednie wartosci TOC w poziomach
organicznych wynosily 42,5%, a TN 1,36%, przy nizszych wartosciach w warstwach
mineralnych (§rednio TOC 4,35% i TN 0,27%). Srednia zawarto$é TS i TP w catych
profilach wynosita odpowiednio 0,06% i 0,30%. Wartosci podatno$ci magnetycznej
wahaty si¢ od 7 do 91 x108-m3-kg? (Art. 1: Tabela 2). EA i EB w calych profilach
wynosity $rednio odpowiednio 0,33 i 41,28 cmol(+)-kg?, natomiast BS wynosito
powyzej 97,2% we wszystkich poziomach glebowych (Art. 1: Tabela 3).

W grupie Il gleb technogenicznych pH wynosito miedzy 3,8 a 6,0 (poziomy
mineralne). Nie stwierdzono obecnosci weglandéw. W poziomach organicznych $rednia
zawartos¢ TOC wynosita 39,3%, a TN 1,39%; w poziomach mineralnych srednia
zawartos¢ TOC wynosita 2,17%, a TN 0,15%. Srednia zawarto$¢ TS i TP w calych
profilach wynosita odpowiednio 0,16% 1 0,10%. Wartosci podatnosci magnetycznej
wynosity od 10 do 39 x108-m3kg? (Art. 1: Tabela 2). EA i EB w catych profilach
wynosity $rednio odpowiednio 6,24 i 6,16 cmol(+)-kg™, natomiast BS wynosito od 4,7
do 99,9 % (Art. 1: Tabela 3).

W glebach technogenicznych grupy III pH wynosito od 5,6 do 8,6 (poziomy
mineralne). Srednia zawarto$¢ weglanéw wynosita 3%. Srednia zawarto$¢ TOC w
poziomach organicznych wynosita 42,64%, a TN 1,20%, natomiast w poziomach
mineralnych $rednia zawartos¢ TOC wynosita 6,73% (do 14,7% w poziomie 2C w P12
wzbogaconej w wegiel drzewny), a TN 0,29%. Podatno$¢ magnetyczna byta wyjatkowo

wysoka, osiagajac nawet 10486 x108-m3kg? (Art. 1: Tabela 2). EA i EB w catych
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profilach wynosity $rednio odpowiednio 0,09 i 24,87 cmol(+)-kg™?, natomiast BS byto w
profilach P11-P13 wyzsze niz 94,6% (Art. 1: Tabela 3).

W profilu 4 $rednia warto$é pH wynosita 6,6, przy braku weglanéw. Srednia
wartos¢ TOC wynosita 3,06%, TN 0,22%, TS 0,03% i TP 0,06% w calym profilu.
Wartosci podatnosci magnetycznej wynosity od 8 do 22 x108-m3 kg (Art. 1: Tabela 2).
EA i EB w catym profilu wynosity $rednio odpowiednio 0,06 i 14,67 cmol(+)-kg?,
natomiast BS bylo wyzsze niz 99,40% (Art. 1: Tabela 3).

4.2. Skitad mineralny gleb na podstawie analizy XRD

Sktad mineralny badanych gleb technogenicznych odzwierciedlat réznorodnosc¢ ich
materiatow macierzystych (Art. 1: Tabela 4). W glebach technogenicznych z grupy |
dominowaty kalcyt i kwarc, a takze skalenie (albite, ortoklaz), mika i hematyt.
Zidentyfikowano rowniez dolomit i mineraly ilaste (prawdopodobnie smektyt lub
wermikulit). Gleby technogeniczne z grupy Il i profil 4 charakteryzowaty si¢ obecnoscia
kwarcu, miki, skaleni (ortoklazu i albitu) oraz jarosytu. Stwierdzono réwniez obecnos¢
domieszek chlorytu, pirytu i amfiboli. W sktadzie mineralnym gleb technogenicznych z
grupy III dominowat kwarc, ktéremu towarzyszyly magnetyt, hematyt, skalenie
fayalitowe (albit i ortoklaz), mika i mineraty ilaste (smektyt, wermikulit, kaolinit,
chloryt), natomiast wystepowaty rowniez domieszki wiistytu, goethytu, dolomitu i
kalcytu.

4.3. Cechy mikromorfologiczne i submikromorfologiczne

Gleby technogeniczne z grupy | (P1-P3) sktadaty si¢ z fragmentow skat osadowych
weglanowych (wapienie, dolomity) z domieszka skat osadowych krzemionkowych i1
drobnego materialu glebowego wystepujacego pomiedzy fragmentami skat (Art. 2: Ryc.
1A-F, Tabela 2). Materiat glebowy charakteryzowal si¢ wewnatrz agregatowa
mikrostrukturg (intergrain microaggregate microstructure). Masa podstawowa
(groundmass) wystepowata w postaci agregatow okruchowych (crumbs) lub foremno-
wielo$ciennych zaokraglonych (subangular blocky aggregates) 0 wskazniku
rozmieszczenia c/f porfirik (porphyric) (Art. 2: Ryc. 1A i B; Tabela 2). Fragmenty skat
weglanowych, zelazistych i krzemionkowych, a takze ziarna weglandéw, kwarcu i skaleni
stanowily gruboziarniste fragmenty w agregatach. Zidentyfikowano pseudomorfozy

tlenku zelaza po siarczkach (wybrane przedstawiono w Art. 2: Ryc. 1E i F, Ryc. 2A).

28



Mikromasa gleb byla materiatem ztozonym z mineralow ilastych i tlenkoéw zelaza o
réznorodnej strukturze-b (undifferentiated b-fabric). W cienkich ptytkach z gleb
sporadycznie znajdowano korzenie. Sporadycznie stwierdzono rowniez otoczKi wtornych
weglanow wapnia (Art. 2: Ryc. 1G i H).

Gleby technogeniczne z grupy Il (P5-P10) powstalty z odpadow gorniczych
zawierajacych fragmenty skal magmowych (granit) i metamorficznych (gnejs). W
glebach dominowata ztozona mikrostruktura wspotwystepujaca z ziarnistymi agregatami
(granular aggregates) (Art. 2: Ryc. 3 A-J, Tabela 2). Masa glebowa miata wskaznik
rozmieszczenia c/f monic (monic) (Art. 2: Tabela 2). Sktadata si¢ z mikroagregatow
glebowych, ziaren mineratow oraz stabo zwietrzatych fragmentow skat sktadajacych si¢
z glinokrzemianow (skalenie, miki, chloryt), kwarcu, barytu i tlenkow Zelaza (Art. 2: Ryc.
3G i H, Ryc. 7). Dominujacymi ziarnami mineralnymi byty kwarc, muskowit, biotyt,
drobnoziarnista mika (sericit), chloryt i tlenki zelaza (Art. 2: Ryc. 31 i J, Tabela 2).
Siarczki zelaza wystepowaly rzadko (Art. 2: Ryc. 2B). Mikromasa skladata si¢ z
mineratoéw ilastych i tlenkow Zelaza i miata roznorodng (undifferentiated) i okotoziarnistg
(granostriated b-fabric) strukture-b (Art. 2: Ryc. 3C i D). Dominowaty dobrze rozwinigte
okruchowe agregaty (Art. 2: Ryc. 3E i F). Sporadycznie obserwowano otoczki
zawierajace tlenki Zelaza na fragmentach skal (np. Art. 2: Ryc. 3A i B). Mapa
pierwiastkowa w SEM-EDS dla Mn (Art. 2: Ryc. 7) ujawnita wystepowanie otoczek
ztozonych z faz zawierajacych Mn (najprawdopodobniej tlenkow Mn), ktore wydajg si¢
mie¢ pochodzenie pedogeniczne. Ponadto stwierdzono réwniez bioturbacje w postaci
kanatéw wypelionych materialem glebowym, ktoéry najprawdopodobniej zostat
przerobiony przez faung glebowa (np. Art. 2: Ryc. 3G i H).

Gleby technogeniczne z grupy Il (P11-P13) zawieraly odpady z zaktadow
hutniczych, w tym zuzle, jako glowny substrat glebowy. Mikrostruktura tych gleb byta
ztozona z ziarnistych mikroagregatow (granular microaggregates) (Art. 2: Ryc. 4 A-J,
Tabela 2). Masa glebowa sktadata si¢ glownie z fragmentéw zuzli hutniczych z
zaglebieniami czesto zamieszkanymi przez organizmy glebowe (najprawdopodobniej
nicienie lub wazonkowce) i wypelionymi mikromasa glebowa przerobiong przez te
zwierzeta (Art. 2: Ryc. 4A i B). Zuzle sktadaty sie m in. z piroksenu i magnetytu (Art. 2:
Ryc. 4G i H), ale niektore z nich byly materiatami amorficznymi (Art. 2: Ryc. 41 1 J,
Tabela 2) lub zawieraty igietkowate fazy zawierajace Fe (najprawdopodobniej tlenki Fe)

(Art. 2: Ryc. 8). Masa glebowa sktadata si¢ prawdopodobnie z mineralow ilastych, ale
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zawierata réwniez znaczny udzial siarki i fosforu, co sugeruje obecnos¢ zwigzkow
organicznych. Typowymi gruboziarnistymi sktadnikami masy glebowej byly sferyczne
tlenki zelaza, najprawdopodobniej magnetyt (Art. 2: Ryc. 2C). Ciemny kolor gleby byt
zwigzany z obfitoscig fragmentow wegla drzewnego (Art. 2: Ryc. 2C) oraz materig
organiczng pochodzenia antropogenicznego rozproszong w mikromasie. Mapa
pierwiastkowa w SEM-EDS dla siarki (Art. 2: Ryc. 8) ujawnila obecno$¢ otoczek
zawierajacych S, najprawdopodobniej w formie siarczanow. W glebach sporadycznie
znajdowano resztki roslinne W réznych stanie rozkladu. Znaleziono takze agregaty
materiatu glebowego zawierajacego mineraty ilaste, ktore najprawdopodobniej powstaty
w wyniku zmieszania gleby rodzimej z materiatem antropogenicznym powstatym
podczas dziatalnosci hutniczej (Art. 2: Ryc. 4A-F).

Material macierzysty profilu 4 stanowita mieszanka weglanowych skat osadowych,
skal magmowych i metamorficznych. Podloze glebowe charakteryzowato si¢ foremno-
wielo$cienng zaokraglong mikrostrukturg (subangular blocky microstructure) (Art. 2:
Ryc. 5A-D, Tabela 2). Masa glebowa miata wskaznik rozmieszczenia c/f porfirik
(porphyric) i réznorodng strukturg-b (undifferentiated b-fabric) (Art. 2: Ryc. 5A-D).
Sktadata si¢ z glinokrzemianowego materiatu gliniastego z domieszka tlenkow zelaza
(Art. 2: Ryc. 2D). Materiat gruboziarnisty reprezentowaty fragmenty kwarcu, skaleni,
weglanow, miki (Art. 2: Ryc. 5A 1 B, Tabela 2) oraz tlenkéw zelaza (Art. 2: Ryc. 2D).
Materia organiczna skladata si¢ z ciemnobragzowych pozostatosci organicznych
rozproszonych w mikromasie i kanatach. Kanaty byly czesto wypelnione korzeniami
(Art. 2: Ryc. 5C i D).

4.4. Pedogeniczne formy Fe, Al, Mn i Si

Zawarto$¢é Fer wahata sic od 7484 do 344307 mg-kg?, Feq od 1273 do 50639
mg-kg?, a Feox 0d 499 do 93449 mg-kg* we wszystkich profilach (Art. 2: Tabela 3).
Wsrod grup gleb zaobserwowano wyrazne roznice w stosunkach Fed/Fet | Feox/Feq. W
grupie | stosunki Fed/Fet i Feox/Feq wynosity srednio odpowiednio 0,38 i 0,22, podczas
gdy w grupie II $rednia tych stosunkéw wynosita 0,32. W profilu 4, charakteryzujacym
si¢ cechami grup I i I, stosunek Fed/Fet i Feox/Feq wynosit srednio odpowiednio 0,41 i
0,18, podczas gdy w grupie III stosunki te wynosity srednio odpowiednio 0,23 1 1,26.

Zawarto$¢ Alox, Siox 1 Mnox réznita si¢ miedzy grupami gleb. W glebach
technogenicznych grupy I zawarto$é Alox wynosita $rednio 1578 mg-kg?, Siox 225 mg-kg-

30



1 a Mnox 17699 mg-kg?, podczas gdy w glebach grupy II zawarto$é tych pierwiastkow
wynosita §rednio odpowiednio 1747, 156 1 2136 mg-kg™. W profilu 4 zawarto$é Alox, Siox
i Mnox wynosita §rednio 1018, 147 i 563 mg-kg™, natomiast w grupie 111 Technosols ich
zawarto$é wynosita §rednio odpowiednio 3298, 3565 i 3758 mg-kg™.

Wartosci Alox + /2Feox byty niskie w grupach 11 I oraz w profilu 4 (§rednio 0,29%),

ale znacznie wyzsze w grupie III (§rednio 2,70%).

4.5. Calkowite zawartoSci pierwiastkow glownych

W ogdlnym ujeciu krzem byt dominujacym pierwiastkiem w badanych glebach (do
66,3% SiO2) (Art. 1: Ryc. 4). W profilach glebowych 4-13 waznym pierwiastkiem byt
rowniez Al. W skladzie chemicznym profili 4-10 wystepowaly réwniez ogolnie wyzsze
zawartosci K niz w innych glebach. Gleby z grupy III charakteryzowaty si¢ bardzo duza
zmienno$cig sktadu chemicznego w obrebie profilu. Opréocz Si 1 Al, w skladzie
chemicznym profili 11 i 12 wystepowal wysoki udziat Fe. Najwyzsze zawartosci Mg i
Ca odnotowano w glebach technogenicznych grupy 1. Wysokie zawartosci Ca wykryto
rowniez w profilu 13, gdzie pod warstwa zuzlu znajdowata si¢ warstwa podglebia
zawierajaca weglany. Znaczacy udzial Mn odnotowano w profilach 1 i 2 (gleby

technogeniczne grupy I).

4.6. Calkowite zawartoS$ci pierwiastkow sladowych i pierwiastkow ziem
rzadkich

Zawartosci pierwiastkow §ladowych i pierwiastkow ziem rzadkich (Art. 3: Ryc. 1 i
2) byty zroznicowane w poszczegdlnych grupach gleb.

W grupie | najbardziej charakterystyczng cechg byla podwyzszona zawartos¢ Co
(do 205 mg-kg?) i Ni (do 431 mg-kg™), znacznie przekraczajace zawartosci wystepujace
w grupach Il i Hll. Gleby te zawieraty stosunkowo niskie ilosci innych pierwiastkow
sladowych, chociaz Zn, Mo i1 Sr wykazywaty podwyzszone zawarto$ci w pordwnaniu z
glebami w innych badanych lokalizacjach. Grupa I zawierata generalnie najwyzsze
zawartosci pierwiastkow ziem rzadkich w poréwnaniu z innymi glebami (od 61 do 786
mg-kg?) (Art. 3: Tabela 2).

Grupa II wykazywata bardzo duze zrdéznicowanie zawarto$ci pierwiastkow
sladowych, ze szczegdlnie wysokimi ilo§ciami nastepujacych pierwiastkow: do 20

mg-kg? Mo, 32277 mg-kg! Ba, 581 mg-kg? Sr, 15 mg-kg? U, 23 pug-kg? Au, 1666
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mg-kg? Cu, 159 mg-kg Zn, 37 mg-kg* Hg, 347 mg-kg* As, 1263 mg-kg™ Sb, 21 mg-kg"
! Bi, 70 mgkg? Co, 25 mg-kg! Th oraz >100 mg-kg? Ag. Catkowita zawartos¢
pierwiastkow ziem rzadkich wynosita od 61 do 346 mg-kg™ (Art. 3: Tabela 2).

Najwicksze zroznicowanie sktadu pierwiastkowego wystgpito w glebach
technogenicznych z grupy I1I. Zawarto$¢ wszystkich badanych pierwiastkow w profilach
11 1 13 byla zazwyczaj niska w poréwnaniu z innymi glebami. Profil 12 wykazywat
wysokg catkowitg zawarto$¢ As, Cu, Sb i Ba w calym profilu glebowym, jednak poziom
3C w tym profilu zawierat ekstremalne iloéci Cu (>10000 mg-kg™t), Hg (>50 mg-kg™?),
As (901 mg-kg?), Sb (>2000 mg-kg?), Bi (44 mg-kg?), Ag (>100 mg-kg?) i Au (2172
ng-kgl). Gleby charakteryzowaty sie najnizsza catkowita zawartoscia pierwiastkow ziem
rzadkich wynoszac od 59 do 237 mg-kg™* (Art. 3: Tabela 2).

Profil 4 wykazywat umiarkowane zawartosci pierwiastkow sladowych (np. Zn, Cr,
Pb, As, Co, Ni, Ba, przy stosunkowo niskiej ilosci np. Cu, Cd, Mo, Hg, Sbh, Bi, Ag i Au.
Calkowita zawarto$¢ pierwiastkow ziem rzadkich wynosita od 159 do 214 mg-kg? (Art.
3: Tabela 2).

4.7. Geochemiczne formy wybranych pierwiastkow sladowych

Sekwencyjna ekstrakcja metoda BCR ujawnita duze zrdéznicowanie form
pierwiastkow §ladowych w badanych grupach gleb technogenicznych (Art. 3: Ryc. 3-5).

Grupa | charakteryzowata si¢ dominacja Cu, Zn, Pb, As, Co, Ni i Cr we frakcji 4
(F4), co wskazuje na niskg mobilnos¢. Antymon wykazywatl duzg réznorodnos¢ form 1
wystepowat gtownie w F4, F3 1 F2, z zauwazalnym udziatem w F1. Kadm, Ba, Sr1 Mn
czesto wystepowaly w F2, z zauwazalnym udziatem w F1.

Grupa II wykazywala bardziej mobilne formy. Miedz, Pb, Ba, Sr, Co, Ni, Mn i Cr
wystepowaty gtownie w F2, z zauwazalnym udzialem niektorych z nich w F1, podczas
gdy Zn, Cd, As i Sb byly czgsciowo ustabilizowane w F4. Kilka wyjatkow
odzwierciedlalo zmienno$¢ charakterystyczng dla poszczegdlnych poziomow, np.
wyzszy udziat Cu i Ni w F3 lub Zn, As i Sb w F2 w niektorych poziomach.

Grupa III wykazywata najbardziej zréznicowane formy wystgpowania
pierwiastkow sladowych. MiedZ byla roztozona miedzy F3 1 F2, Zn 1 Pb wystepowaty
glownie w F2, ale takze w F4, natomiast Cd dominowalo w F2 i F4. Arsen i Sb

wystepowaty glownie w F4, ale pojawiaty si¢ rowniez w F2 w wybranych poziomach.
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Bar, Sr, Co, Ni i Mn wystgpowaty najobficiej w F2, natomiast Cr wystgpowal najczesciej
w F2 i F4.
Profil 4 wykazywat zréznicowane cechy, z Cu, Zn, Pb, Ba, Sr, Co, Ni i Mn

dominujagcymi w F2, ale Cd, As, Sb i Cr czgsciowo ustabilizowanymi w F4.
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5. Dyskusja

5.1. Czynniki glebotworcze kontrolujace wlasciwosci wysokogorskich

gleb technogenicznych

Kluczowym czynnikiem glebotworczym odpowiedzialnym za powstanie badanych
gleb technogenicznych byta dziatalnos¢ cztowieka w przesziosci. Bez wydobycia i
hutnictwa, a takze przede wszystkim sktadowania odpadoéw przemystowych, gorniczych
I hutniczych na powierzchni ziemi, badane gleby technogeniczne nie istniatyby.
Dziatalno$¢ cztowieka wpltywa na rodzaj, ilos¢ 1 rozmieszczenie materialow
antropogenicznych tworzacych podtoze glebowe.

Wiele wezedniejszych badan wykazato, ze skata macierzysta jest najwazniejszym
czynnikiem glebotworczym kontrolujacym zmienno$¢é i wiasciwosci gleb w Tatrach
(Komornicki i Skiba, 1996; Miechéwka i in., 1997; Skiba i in., 2004; Wasak-S¢k, 2017).
Wyniki przedstawione w pracy wskazuja, ze dotyczy to rowniez gleb technogenicznych
wystepujacych w tym regionie. Rodzaj materialu macierzystego determinowat cechy
badanych gleb technogenicznych, takie jak wtasciwosci fizyczne gleby (zawarto$¢ czgsci
szkieletowych, sktad granulometryczny), wlasciwosci chemiczne (zawartos¢ weglanow
w glebie, pH gleby) 1 wlasciwosci sorpcyjne (np. CEC 1 BS), podatno$¢ magnetyczna, a
takze sktad mineralny i chemiczny.

W wyniku rozwoju pokrywy roslinnej na obszarach pogérniczych i pohutniczych
w Tatrach w przypowierzchniowych czgsciach gleby zakumulowata si¢ glebowa materia
organiczna (Art. 1 Ryc. 2) co wptyneto na strukture gleby (Art. 1: Ryc. 3) oraz pH gleby.
Na przyktad akumulacja igiet $wierka (np. w Zlebie pod Banie) i kosodrzewiny (np. w
Banistym Zlebie) spowodowata zakwaszenie gornych czesci gleby niezaleznie od
materialu macierzystego (Art. 1: Tabela 2). Ponadto glebowa materia organiczna
zgromadzona w wierzchniej warstwie gleby wptyne¢ta na wlasciwosci sorpcyjne gleby
(Art. 1: Tabela 3). Ponadto akumulacja glebowej materii organicznej moze réwniez miec¢
wpltyw na aktywnos$¢ i1 roznorodnos$¢ mikroorganizméw glebowych, co powinno by¢
przedmiotem dalszych badan.

W $rodowiskach alpejskich, w tym w Tatrach, wysoko$¢ nad poziomem morza
wplywa na warunki klimatyczne i okresla strefowo$¢ klimatyczno-ro$linng (Skiba, 1977).
Klimat wptywa na szate roslinng, ktére z kolei wptywa na witasciwosci gleby. Wplyw

klimatu i roslinno$ci na badane gleby mozna zaobserwowac na zboczach Ornaku. Profile
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78 (Zleb Pod Banie) oraz profile 9 i 10 (Banisty Zleb) znajdowaty si¢ w réznych strefach
klimatyczno-roslinnych. Pierwsze gleby byly pokryte lasem $wierkowym i w duzej
mierze mchami (Bryophyta sp.), podczas gdy drugie byly zdominowane przez zarosla
kosodrzewiny. Gleby profili 7-10 zawieraty podobng zawartos¢ TOC w poziomach O.
Jednak w profilach 7 i 8 poziomy A byty zauwazalnie bogatsze w TOC niz poziomy A z
profili 9 i 10. Ponadto stosunek C/N byt nizszy w profilach 7 i 8 niz w 9 i 10 (Art. 1:
Tabela 2). Cechy takie sg zwigzane z roznicami w tempie rozktadu materii organicznej
gleby, ktore jest wolniejsze powyzej gornej strefy lesnej w glebach tatrzanskich
(Drewnik, 2002, 2006).

Innym waznym czynnikiem wptywajacym na ksztattowanie si¢ gleb w Tatrach sa
warunki geomorfologiczne (rzezba terenu), ktoére oddziatuja na gleby np. poprzez
nachylenie zboczy i1 ekspozycje (Drewnik, 2008). Pokrywa roslinna, nawet na bardziej
stromych zboczach, skutecznie chronila powierzchni¢ ziemi przed erozjg. Ekspozycja
zbocza i ilo$¢ promieniowania stonecznego wpltywaja na warunki mikroklimatyczne,
ktore z kolei wptywaja na zasigeg gorskich stref klimatyczno-roslinnych (Komornicki i
Skiba, 1996). Na podstawie uzyskanych wynikow wplyw warunkéw klimatycznych i
rzezby terenu na badane gleby jest posredni. Klimat i uksztattowanie terenu determinujg
szate roslinng, ktére z kolei ksztaltuje wtasciwosci gleby.

Czas powstawania gleby jest rowniez czynnikiem wptywajacym na jej wlasciwosci
i stopien uksztattowania. W przypadku badanych gleb wplyw czasu jest trudny do
okreslenia, poniewaz inne czynniki, takie jak podtoze skalne, uksztattowanie terenu,
roslinnos¢ zalezna od klimatu, poprzez swoj decydujacy wplyw na ksztaltowanie si¢
wlasciwosci gleby, utrudniajg oceng wptywu czasu. Jednakze profile 5 1 6 z poziomami
Bw znajdowaly si¢ w Dolinie Pysznianskiej, gdzie wydobycie prowadzono w XV wieku
(w pozostalych miejscach wydobycie odbywato si¢ gtownie w XVIII 1 XIX wieku).
Mozna zatem sgdzi¢, ze profile 5 i 6 to najstarsze ze wszystkich badanych gleb. Dlatego

tez powstawanie poziomow Bw moze by¢ zwigzane z dtugim okresem pedogenezy.

5.2. Mikromorfologiczne, submikromorfologiczne i chemiczne

wskazniki pedogenezy gleb technogenicznych
5.2.1. Mikromorfologiczne i submikromorfologiczne wskazniki pedogenezy

Badane gleby technogeniczne reprezentuja gleby poczatkowego etapu proceséw
glebotworczych, co potwierdza staby stopien uksztattowania profili glebowych. Niemniej
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jednak dzigki badaniom mikroskopowym okres§lono efekty transformacji i reorganizacji
technogenicznego substratu glebowego, ktére mozna traktowac jako mikromorfologiczne
wskazniki pedogenezy. Pomimo mtodego wieku gleb (200500 Iat) i stabego rozwoju
profilu, procesy wietrzenia, a takze procesy glebotwoércze i biologiczne przeksztalcaja
podtoze technogeniczne w funkcjonujacag glebe. Zidentyfikowane wskazniki obejmuja
tworzenie si¢ (1) pseudomorfoz tlenku zelaza w wyniku wietrzenia siarczkow; (2)
struktury pedogenicznej w przypowierzchniowych poziomach gleb; (3) otoczek
weglanowych w odpadach gorniczych bogatych w weglany; (4) otoczek tlenku zZelaza i
manganu w kwasnych glebach z odpadéw gorniczych zawierajacych skaty magmowe i
metamorficzne; (5) otoczek siarczanowych w glebach zawierajacych zuzle hutnicze; oraz
(6) bioturbacji wskutek dziatalno$ci roslin i zwierzat.

Pseudomorfozy tlenku zZelaza po siarczkach (znalezione w P1-P10) wskazuja na
aktywne wietrzenie chemiczne, ktére jest najwazniejszym procesem w transformacji
siarczkow zelaza (Néel i in., 2003; Uzarowicz i Skiba, 2011; Uzarowicz i in., 2024).
Pseudomorfozy powstaja w wyniku utleniania siarczkow, czego efektem jest uwolnienie
do gleb zelaza oraz jondéw siarczanowych. Wigkszo$¢ pseudomorfoz w badanych glebach
stanowity catkowite pseudomorfozy sktadajgce si¢ wytacznie z tlenku zelaza, co sugeruje
dobre napowietrzenie gleby dzigki duzej ilosci szkieletu glebowego, co umozliwia
wymiang powietrza (Hayes 1 in., 2014).

Analiza mikromorfologiczna wykazata, ze w gérnych czesciach badanych profili
glebowych tworzy si¢ pedogeniczna struktura, co jest efektem lgczenia si¢ czgstek
materiatu glebowego w agregaty glebowe. Gleby technogeniczne w pierwszym etapie
powstawania sg zazwyczaj utworami 0 masywnej strukturze (Uzarowicz i in., 2018a,
2025; Watteau i in., 2019), jednakze organizmy glebowe i glebowa materia organiczna
sprzyjaja tworzeniu si¢ struktury juz w ciggu pierwszych kilku lat pedogenezy (Badin i
in., 2009; Séré i in., 2010). Glebowa materia organiczna ma kluczowe znaczenie dla
stabilnosci agregatow (Jangorzo i in., 2013, 2014; Watteau i in., 2019), a rozwdj struktury
po 1540 latach jest porownywalny z glebami naturalnymi (Ortega i in., 2022).
Aktywnos$¢ biologiczna sprzyja tworzeniu agregatow (Hedde i in., 2019), a duze
znaczenie ma rowniez obecnos¢ weglanu wapnia (Uzarowicz i in., 2018b).

W odpadach gorniczych zawierajacych skaty weglanowe zidentyfikowano otoczki
ztozone z pedogenicznych weglanow. W badanych glebach powstaja one w wyniku

wytracania si¢ CaCOs z roztworéw glebowych, czesto po wstepnym rozpuszczeniu
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weglandw pochodzacych z materialu macierzystego (Zamanian i in., 2016; Kowalska i
in., 2020). Pedogeniczne weglany zidentyfikowano w glebach technogenicznych
pochodzacych z popiotdow i osadow przemystowych (Huot i in., 2014; Uzarowicz i in.,
2017; Uzarowicz i in., 2018a; Konstantinov i in., 2020; Uzarowicz i in., 2024). Ich
obecno$¢ potwierdza wietrzenie materialow technogenicznych bogatych w wapn.

W kwasnych glebach technogenicznych zaobserwowano wystepowanie otoczek
tlenku zelaza na powierzchniach mineratéw i skat (P5 i P6, poziomy Bw i ABw).
Wskazuja one na uwalnianie zelaza do gleby w wyniku przemian mineraléw glebowych
(Van Ranst i in., 2018; Cornell i Schwertmann, 2003), co prawdopodobnie jest zwigzane
Z pewnym zaawansowanym procesem glebotworczym (bielicowanie lub brunatnienie).
Obecnos¢ otoczek tlenku zelaza w poziomach Bw sugeruje, ze kilka stuleci trwania
procesu glebotworczego (gleby z poziomami Bw znajdowaly si¢ w Dolinie
Pysznianskiej, gdzie prawdopodobnie w XV wieku prowadzono dziatalno$¢ gornicza)
wystarczylo, aby rozpocza¢ zaawansowane procesy glebotworcze. W badanych glebach
zidentyfikowano rowniez rzadziej wystepujace otoczki tlenku manganu. Ich powstawanie
zalezy najprawdopodobniej od pH, warunkéw redoks i aktywnosci mikrobiologicznej
(McKenzie, 1989; Eswaran i Raghu Mohan, 1973; Sullivan i Koppi, 1992; Eren i in.,
2014; Mayanna i in., 2015).

W glebach technogenicznych zawierajacych zuzle hutnicze zidentyfikowano
otoczki siarczanowe, ktore najprawdopodobniej powstaly w wyniku uwalniania siarki
podczas wietrzenia zuzla. Jest to zgodne z badaniami dotyczacymi wietrzenia zuzli
hutniczych w warunkach srodowiskowych (Kierczak i in., 2021). Chociaz zuzle sg
materiatami antropogenicznymi (Warchulski i in., 2020), podlegaja one naturalnym
procesom wietrzenia podobnym do wietrzenia mineratow i skat (Kierczak i in., 2021).
Ponadto wietrzenie zuzli hutniczych skutkuje mobilizacja pierwiastkow $ladowych,
takich jak Zn, Pb, Cu 1 As, ktore mogg stanowi¢ zagrozenie dla lokalnego srodowiska
(Kierczak i in., 2013; Potysz i in., 2018).

W kilku badanych glebach, zwlaszcza tych o wyzszej zawartosci materii
organicznej, zidentyfikowano oznaki aktywnosci biologicznej, w tym kanaty powstate
dzieki aktywnosci fauny glebowej oraz korzeni, co jest zgodne z wynikami
wczesniejszych badan (Arocena i in., 2010), ktore wskazuja, ze obecno$¢ materii
organicznej sprzyja rozwojowi organizméw glebowych 1 intensyfikacji proceséw

bioturbacji. Ponadto, w zuzlach znajdujacych si¢ w glebach z rejonu historycznego
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hutnictwa stwierdzono wystepowanie przedstawicieli fauny (np. nicieni lub
wazonkowcow). Kolonizacja biologiczna obszardw poprzemystowych, w tym
sktadowisk odpadow przemystowych, przyspiesza tworzenie si¢ agregatow i
réznicowanie struktury gleby (Santini i Fey, 2016; Dominguez-Haydar i in., 2018;
Uzarowicz i in., 2020b) i stanowi dowod na ksztaltowanie si¢ rownowagi ekologicznej

na obszarach przeksztatconych w wyniku historycznej dziatalnosci gorniczej i hutniczej.

5.2.2. Selektywne ekstrakcje Fe, Al, Si i Mn jako chemiczne wskazniki pedogenezy

Badania wykazaty, ze w glebach kwasnych, zwtaszcza tych powstatych z odpadow
gorniczych zawierajacych skaly magmowe i metamorficzne, procesy glebotwoércze
prowadza do mobilizacji Fe i Al. W glebach kwasnych stwierdzono zwigkszone
zawartosci form Fe i Al ekstrahowanych za pomoca szczawianu amonu, co jest
charakterystyczne dla poczatkowych etapow wietrzenia chemicznego i zaawansowanych
procesow glebotworczych (np. bielicowania) (McKeague i Day, 1966; Krettek i Rennert,
2021). Uwalniania Fe i Al do roztworu glebowego, a nastgpnie do wytracania si¢
amorficznych lub stabo krystalicznych tlenkéw i wodorotlenkéw jest prawdopodobnie
skutkiem cze$ciowego rozktadu pierwotnych glinokrzemianow (np. biotytu, muskowitu,
plagioklazu) (Kalita i in., 2019). Podobne wyniki uzyskano w badaniach gleb
technogenicznych w Polsce na historycznych hatdach kopalni miedzi w Miedzianej
Gorze 1 Miedziance (Uzarowicz i in., 2024), a takze na haldach kopalni rudy Zelaza w
rejonie Osicowej Gory (Uzarowicz i in., 2025), co potwierdza poczatek mobilizacji Fe i
Al we wczesnych etapach pedogenezy.

W profilach 1 i 2 (grupa | gleb technogenicznych) wykryto bardzo wysokie
zawartosci Mn ekstrahowalnego za pomocg szczawianu amonu, co najprawdopodobniej
wynika z wysokiej zawarto$ci Mn w materiale macierzystym. Podwyzszona zawarto$¢
Mnox w badanych glebach moze wskazywac na aktywne procesy oksydo-redukcyjne i
udzial mikroorganizméw w utlenianiu Mn (Mayanna i in., 2015). Z kolei mobilizacja
krzemu (Siox) jest zwigzana z wietrzeniem pierwotnych mineratow zawierajacych Si i
tworzeniem si¢ wtornych amorficznych form Si, ktéore wydaja sie¢ by¢ typowe dla
wczesnych etapow rozwoju gleb technogenicznych (Uzarowicz i in., 2024, 2025).
Zawartosci Al 1 Si ekstrahowalnego za pomocg szczawianu amonu byly wyzsze w
glebach technogenicznych zawierajacych zuzle hutnicze niz w innych badanych glebach.
Cecha ta jest najprawdopodobniej zwigzana z wietrzeniem zuzli, ktéremu towarzyszy

uwalnianie Al i Si z zuzli. Uwalnianie Al 1 Si ekstrahowanych za pomocg szczawianu
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amonu zostalo udokumentowane jako efekt pedogenezy w glebach technogenicznych
powstatych z popiotéw i zuzli z elektrowni weglowych (Uzarowicz i in., 2017), co
odzwierciedla przemiany mineralne popiotéw i zuzli w srodowisku glebowym.

Bardzo wysokie zawartosci zelaza ekstrahowalnego za pomoca szczawianu amonu
(Feox) odnotowano w glebach technogenicznych zawierajacych zuzle hutnicze, zwlaszcza
tych zawierajacych zuzle bogate w magnetyt (P11 i P12). Ilosci Feox w tych glebach sa
wyzsze niz Feq, co jest sytuacjg nietypowg w srodowisku glebowym. Podobne zjawisko
zidentyfikowano w glebach technogenicznych powstatych z popiotow elektrowni
cieplnych (Uzarowicz i in., 2017), gdzie wykazano, ze wysoka zawarto$¢ Feox Nie zawsze
odzwierciedla wylacznie obecno$¢ pedogenicznych, amorficznych form Fe, ale moze
réwniez by¢ efektem obecno$ci magnetytu. Jest to minerat, ktory ulega cz¢$§ciowemu
rozpuszczeniu podczas ekstrakcji ditionitem i szczawianem (Walker, 1983; Fine i Singer,
1989; Van Oorschot i Dekkers, 1999). Dlatego tez, gdy magnetyt wystepuje W glebie,

trudno jest wyciggnaé wiarygodne wnioski na podstawie selektywnej ekstrakcji Fe.

5.3. Cechy geochemiczne i mobilnos$¢ pierwiastkow sladowych

5.3.1. Zanieczyszczenie badanych gleb na podstawie calkowitej zawartosci
pierwiastkéw $ladowych w kontekscie aktualnych przepiséw prawnych w

Polsce
Zawarto$¢ pierwiastkow §ladowych w analizowanych glebach zostata poréwnana
z dopuszczalnymi zawarto$ciami okreslonymi w polskich normach prawnych, ktére stuza
jako punkt odniesienia dla oceny zanieczyszczenia powierzchni ziemi w Polsce
(Rozporzadzenie Ministra Klimatu i Srodowiska z 2024 r.). Dopuszczalne zawarto$ci
pierwiastkow zostaly przekroczone dla nastgpujacych metali (metaloidéw): Cu (P5, P6,
P8-P12), Zn (P12 — poziom 3C), Pb (P10, P12), Mo (P8), Hg (P5, P6, P8-P10, P12), As
(P1, P2, P4-P12), Co (P1, P2, P8-P10, P12 — poziom 3C), Ni (P1, P2) i Ba (P1, P2, P4—
P13). Zawarto§¢ Cu w glebach technogenicznych przekraczata dopuszczalne limity
ponad 16-krotnie (P9), a Pb i Mo odpowiednio 1,2- i 2-krotnie. Dopuszczalne zawartosci
dla Hg zostaty przekroczone 18-krotnie, a dla As 34-krotnie w tych glebach. Kobalt i Ni
osiggnety warto$ci odpowiednio 6- i 4-krotnie wyzsze od okreslonych w polskich
przepisach. Bar osiaggnal wartosci 160-krotnie wyzsze od wartosci dopuszczalnych. W
poziomie 3C profilu 12, ktoéra najprawdopodobniej jest warstwa zawierajgca pozostatosci

rudy polimetalicznej o wysokich zawartos$ciach pierwiastkow sladowych, przekroczono
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dopuszczalne zawartosci Cu (66-krotnie), Zn (1,4-krotnie), Pb (1,7-krotnie), Hg (16-
krotnie), As (45-krotnie), Co (2,5-krotnie) i Ba (7,5-krotnie). Natomiast zawartosci Cr,
Cd 1 Sn we wszystkich badanych glebach nie przekroczyty dopuszczalnych limitow.

5.3.2. Ocena mobilnosci pierwiastkow §ladowych w badanych glebach na

podstawie sekwencyjnej ekstrakcji metoda BCR

Dzi¢ki czterostopniowej analizie BCR zidentyfikowano formy pierwiastkéw w celu
oceny ich mobilnosci (Art. 3: Ryc. 3-5, Tabela 3). W konteks$cie potencjalnego wptywu
pierwiastkow $ladowych na srodowisko najwazniejsze jest okreslenie zawartosci tych
pierwiastkow w pierwszej frakcji (F1), tj. w najbardziej mobilnych formach w glebie. W
grupie 11 gleb technogenicznych (P9 i P10) stwierdzono wysoka zawarto$¢ Cu si¢gajaca
nawet 174 mg-kg? (poziom C1, P10) w F1. Stosunkowo wysokie zawartosci Cu i Sb
(odpowiednio 43 i 7 mg-kg™?) odnotowano w poziomie 3C profilu 12, ktéry byt warstwa
skal rudonos$nych zachowanych w profilu glebowym na obszarze historycznego
hutnictwa. Najwyzsza zawarto$¢ Zn w F1 zostata zmierzona w profilu w Kuznicach (P13)
i wyniosta 50 mg-kg? (poziom AC). W innych lokalizacjach zawarto$¢ Zn osiaggneta
maksymalnie 9 mg-kg* (P3, poziom O/C) lub okoto 3—4 mg-kg™* (P6, poziomy Bw i C).
Zawarto$¢ Pb w F1 wynosita do 0,9 mg-kg? (P11, poziom A), As do 1,2 mg-kg™ (P3,
poziom O/C), Co do 1,1 mg-kg? (P9, poziom AC), Ni i Cd do 0,3 mg-kg?, Crdo 0,9
mg-kg?, Sr do 58 mg-kg?, Bado 213 mg-kg' i Mn do 2242 mg-kg* (P13, poziom AC).

Uzyskane wyniki wskazuja na potencjalng mobilnos¢ gtéwnie Cu, Zn, Mn, Ba, Sr,
co moze stanowi¢ zagrozenie dla srodowiska poprzez mozliwe pobieranie pierwiastkow
sladowych przez rosliny i ich wymywanie do wod gruntowych i powierzchniowych, w
tym strumieni goérskich wystepujacych zazwyczaj w poblizu sktadowisk odpadow,
sztolni, szybow 1 historycznych obszaréw hutniczych. Takie obserwacje sa zgodne z
wynikami wczesniejszych badan, ktore podkreslaja znaczenie pierwszych frakcji w
sekwencyjnych ekstrakcjach jako kluczowego wskaznika zawartosci metali
biodostepnych 1 mobilnych w zanieczyszczonych glebach (Kodirov 1 in., 2018; Kicinska

i in., 2022; Swed i in., 2022; Uzarowicz i in., 2024).

5.3.3. Cechy geochemiczne gleb technogenicznych na podstawie calkowitych

zawartosci pierwiastkow §ladowych i pierwiastkéw ziem rzadkich

Grupa | gleb technogenicznych (w szczegolnosci P1 i P2), powstatych z odpadow

gorniczych zawierajacych skaly weglanowe, charakteryzowata si¢ podwyzszonymi
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zawarto$ciami pierwiastkéw syderofilnych (Co i Ni), a takze Fe i Mn, co odzwierciedlato
geogeniczne pochodzenie tych pierwiastkow ze skal zawierajacych rozproszone rudy Fe
i Mn. Gleby technogeniczne z grupy I charakteryzowaty si¢ rowniez stosunkowo wysoka
(w poréwnaniu z innymi glebami) suma pierwiastkow ziem rzadkich (do 786 mg-kg™),
co najprawdopodobniej wynikalo z duzej zawartoSci mineralow zawierajacych
pierwiastki ziem rzadkich oraz silnego powinowactwa pierwiastkow ziem rzadkich do
mineratéw weglanowych w skatach (Liang i in., 2014).

Gleby technogeniczne z grupy Il (P5-P10), powstate z odpaddéw gorniczych
stanowigcych skaly magmowe 1 metamorficzne zawierajacych pozostatosci rud
polimetalicznych, wykazywaly bardzo duza zmienno$¢ zawarto$Ci pierwiastkow
sladowych, ze znacznym wzbogaceniem w pierwiastki chalkofilne (Cu, Mo, Hg, As, Sh
i Bi), ale takze Ba, Sr, U i Th. Cechy te odzwierciedlaty polimetaliczny charakter rud
rozproszonych w skatach macierzystych. Nizsza suma pierwiastkow ziem rzadkich (do
346 mg-kg') w poréwnaniu z glebami z grupy I sugerowata najprawdopodobnie;
mniejszg zawartos¢ mineralow zawierajacych pierwiastki ziem rzadkich w materiale
macierzystym.

Grupa |1l gleb technogenicznych (P11-P13), zawierajaca zuzle hutnicze,
wykazywata najbardziej zréznicowane zawartosci pierwiastkow sladowych. Wytaczajac
poziom 3C w profilu 12 (poniewaz najprawdopodobniej byta to warstwa skat
rudonos$nych zachowanych w profilu glebowym), nalezy stwierdzi¢, ze gleby te byty
wzbogacone w szereg metali (Cu, As, Sb, Ba, Hg, Co i Ag) pochodzacych z rud
przetwarzanych w hutach, ktore byly w wigkszosci reprezentowane przez rudy
polimetaliczne. Stosunkowo niska suma pierwiastkow ziem rzadkich (<237 mg-kg™) byta

rowniez cechg charakterystyczng gleb technogenicznych z grupy IlI.

5.3.4. Zwiazek miedzy frakcjonowaniem pierwiastkow a wlasciwosciami gleb

Zaleznos¢ miedzy pH a zawarto$cig pierwiastkow w frakcjach (F1-F4) wykazata
ujemng korelacje miedzy pH gleb a zawartoscig Cu, Zn, Pb, Sb, Ba, Co 1 Mn w F1, ktora
jest frakcja najbardziej mobilng. Wskazuje to, ze im nizsze pH gleby, tym wyzsza
zawarto$¢ wyzej wymienionych pierwiastkow w F1. Dlatego tez w glebach kwasnych
nalezy spodziewac si¢ najwyzszej mobilnosci Cu, Zn, Pb, Sb, Ba, Co i Mn. Z drugie;j
strony, korelacje miedzy pH gleby a zawartoscia As i Sr w F1 byly dodatnie, co
wskazywalo, ze im wyzsze pH (w zakresie pH wystepujacym w badanych glebach), tym

wyzsza mobilnos¢ As i Sr w badanych glebach.
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Analizy statystyczne wykazaly istotng ujemng korelacj¢ migdzy zawarto$cia
weglanow w glebach a zawartoscig Cu, Zn, Pb, Sb, Ba, Co i Mn w F1. Wyniki te
wykazaty, ze obecno$¢ weglandw w glebie zmniejszata mobilnos¢ wyzej wymienionych
pierwiastkow. Wynik ten odzwierciedla wspomniang powyzej korelacje migdzy
zawarto$cig pierwiastkow a pH.

Analizy statystyczne wykazaly réwniez istotne dodatnie korelacje miedzy
zawarto$cig TOC a zawarto$ciami Zn, Pb i Cr w F3, ktory uznawana jest za frakcje
zwigzang z glebowg materig organiczng. Wyniki te wykazaly, ze wyzej wymienione
pierwiastki wykazywaly wysokie powinowactwo do glebowej materii organicznej. Z
kolei As byt pierwiastkiem niezwigzanym z materig organiczng w badanych glebach
technogenicznych, co potwierdzata ujemna korelacja migdzy zawartoscia TOC a
zawartos$cig As W F3. Wyniki te byty zgodne z wynikami innych autoréw (Romero-Freire
i in., 2014; Hattab i in., 2015; Paniagua-Lopez i in., 2023).
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. WhniosKi

. Najwazniejszymi czynnikami glebotwoérczymi kontrolujacymi geneze¢ i wlasciwosci
gleb technogenicznych byly: dawna dziatalno$¢ przemystowa cztowieka, rodzaj
materialu macierzystego i ro$linnos¢. Czynniki antropogeniczne zwigzane z
dziatalnos$cig goérniczg i hutnicza miaty bezposredni i decydujacy wpltyw na geneza
badanych gleb technogenicznych. Material macierzysty determinowat wigkszos¢
wlasciwosci gleby (pH, zawarto$¢ weglanow, wlasciwosci sorpeyjne), podatnosé
magnetyczng, a takze sktad mineralny i chemiczny. Ro$linnos¢ wplywata na
wilasciwos$ci wierzchniej warstwy gleby, np. poprzez akumulacje materii organicznej.
. Mimo poczatkowego stadium rozwoju, w badanych glebach zidentyfikowano
mikromorfologiczne i submikromorfologiczne przejawy procesow glebotworczych, z
ktorych najwazniejszymi byty: (1) pseudomorfozy tlenku zelaza w wyniku wietrzenia
siarczkow; (2) pedogeniczna struktura w powierzchniowych poziomach glebowych;
(3) pedogeniczne otoczki oraz (4) bioturbacje.

. Na rozwoj struktury gleby w badanych glebach technogenicznych wplyw ma
obecno$¢ weglandw, akumulacja materii organicznej w wierzchniej warstwie gleby,
a takze penetracja korzeni i bioturbacja spowodowana aktywnos$cig fauny.

Otoczki pedogeniczne wystepujace w badanych glebach technogenicznych
odzwierciedlajg wlasciwosci geochemiczne materialow macierzystych. W glebach
powstatych z odpadow gorniczych zawierajacych weglany wystepowaty otoczki z
wtornych weglanéw wapnia. W kwasnych glebach pochodzacych z odpadow
gorniczych zawierajgcych glinokrzemiany otoczki tlenku zelaza byly powszechne w
poziomach Bw, natomiast otoczki tlenku manganu wystepowaty sporadycznie. W
glebach zawierajagcych Zzuzle hutnicze stwierdzono otoczki siarczanowe,
najprawdopodobniej powstale w wyniku wietrzenia zuzli 1 uwalniania si¢ siarki do
srodowiska glebowego.

. W wigkszosci badanych gleb technogenicznych zaobserwowano bioturbacje takie jak
kanaty korzeniowe i kanaly biogeniczne wypelnione materiatem przetworzonym
przez zwierzgta glebowe. Zwierzeta glebowe (najprawdopodobniej nicienie lub
wazonkowce) znaleziono w przestrzeniach wewnatrz fragmentow  zuzli
wystepujacych w glebach w rejonach danego hutnictwa.

Metody selektywnej ekstrakcji wykazaty uwalnianie Mn ekstrahowalnego za pomoca

roztworu szczawianu amonu w glebach powstatych z odpadow goérniczych
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zawierajacych Mn, niewielka mobilizacj¢ Fe i Al ekstrahowalnego za pomoca
roztworu szczawianu amonu w kwasnych glebach powstalych z materiatu
macierzystego zawierajgcego glinokrzemiany oraz uwalnianie Al 1 Si
ekstrahowalnego za pomocg roztworu szczawianu amonu w utworach glebowych
zawierajacych zuzle hutnicze. Obecnos¢ Fe, Al, Mn i Si ekstrahowalnego za pomoca
roztworu szczawianu amonu w badanych glebach jest efektem dziatania procesow
wietrzenia mineralnego substratu glebowego.

Badane gleby technogeniczne w Tatrach wykazujg znaczne zanieczyszczenie
niektorymi pierwiastkami §ladowymi przekraczajacymi dopuszczalne zawartosci dla
Cu, Zn, Pb, Mo, Hg, As, Co, Ni i Ba zgodnie z aktualnymi przepisami prawnymi
obowigzujacymi w Polsce.

Czterostopniowa sekwencyjna analiza metoda BCR pozwolita na identyfikacje
pierwiastkow §ladowych w najbardziej mobilnych formach (F1). W F1 w okreslonych
poziomach niektorych gleb stwierdzono wysokg zawartos¢ Cu, Zn, Sb, Pb, As, Co,
Ni, Cd, Cr, Sr, Ba i Mn, co wskazuje, ze pierwiastki te moga wykazywa¢ wysoka
mobilno$¢ w badanych glebach. Podkresla to potencjalne zagrozenia dla srodowiska
zwigzane z obecnos$cig pierwiastkow §ladowych, wynikajace z mozliwosci pobierania
tych pierwiastkoOw przez rosliny oraz przedostawania si¢ ich do wod gruntowych i
powierzchniowych.

Badania wykazaty zaleznos$ci miedzy formami pierwiastkow a wlasciwosciami gleb,
takimi jak pH, obecno$¢ weglanow i zawarto$¢ glebowej materii organicznej. Analizy
statystyczne wykazaly wzrost mobilnosci Cu, Zn, Pb, Sb, Ba, Co 1 Mn wraz ze
spadkiem pH gleby i spadkiem zawartosci weglanéw. Jednak zachowanie As i Sr
wykazywato odwrotng tendencj¢: im wyzsze pH, tym wigksza mobilno$¢ tych
pierwiastkow. Wyniki wykazaty pozytywne korelacje migdzy zawarto$ciami Zn, Pb

1 Cr a zawartoSciami TOC.
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ARTICLE INFO ABSTRACT

Keywords:
Technogenic soils
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Historical mining
Historical smelting

The Tatra Mountains are a unique Central European alpine ecosystem where the non-anthropogenic soil cover
and soil-forming processes are well recognized. However, the Technosols in the area’s high-mountain environ-
ment have not been studied in detail to date. Therefore the aim of this study was to identify the most important
soil-forming factors controlling the properties of Technosols developed in historical mining and metallurgical
sites in the Tatra Mountains of southern Poland active from the 15% Century until the end of the 19™. The present
paper is one of the first attempts to study the genetic aspects of high-mountain Technosols in the temperate
climatic zone. The study involved determining soil morphology and classification, soil properties, magnetic
susceptibility, mineral composition, optical microscopic observations and total concentration of major elements.
The studied Technosols were poorly developed soils with simple soil morphology (mainly A horizon in the topsoil
and C horizons in the subsoil). There was a high content of rock fragments. The research has shown that the
properties of Technosols in the Tatra Mountains were primarily determined by past human activities like mining
and metallurgy as well as the type of anthropogenic parent material, which included mining wastes and
metallurgical slags and determined soil properties together with mineral and chemical composition. Soil for-
mation was significantly influenced by vegetation which was conditioned by the relief and climatic conditions
dependent on altitudinal zonation. Vegetation and plant-derived soil organic matter shaped topsoil properties.
The lengthy soil-forming process acting since a few centuries in some Technosols led to the formation of Bw
horizons.

1. Introduction

The Tatra Mountains are a unique Central European alpine
ecosystem. The majority are part of the Tatra National Park, which be-
longs to the UNESCO World Network of Biosphere Reserves. Currently,
this is a protected area, but in the past it was the site of extensive mining
and metallurgical processing. Industrial activity in the Tatra Mountains
has a long history and can be divided into two periods. The first (from
medieval times up to 18" Century) was mainly related to the extraction
and smelting of non-ferrous metals (mainly copper and silver), while the
second (in the 2nd half of the 18" Century and in 19™ Century) involved
the exploitation and smelting of iron and manganese ores (Jost, 1962;
Paulo, 1979). Mining and metallurgical processing of metal ores in the

* Corresponding author.
E-mail address: magdalena_tarnawczyk@sggw.edu.pl (M. Tarnawczyk).
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Tatra Mountains ceased at the end of the 19™ Century.

Ore mining and metal smelting leads to the creation of solid wastes
commonly disposed of on the land surface. Mine wastes consist of rocks
extracted from underground and not used for further processing,
whereas metallurgical wastes are mainly slag produced by ore smelting
accompanying by other smelter waste. The disposal sites are subject to
plant colonization once the industrial areas are abandoned. Due to
spontaneous plant succession, technogenic soils (Technosols) start to
develop on the surface of mine heaps and metallurgical slag disposal
sites. Technosols soils develop from industrial wastes of this kind. Their
properties and pedogenesis are dominated by their technical origin
(IUSS Working Group WRB, 2022). These soils contain a considerable
concentration of artefacts, made or strongly altered by humans or
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extracted from greater depths. Technogenic soils have recently been
among the most intensively studied soil groups in different parts of the
globe (Néel et al., 2003; Huot et al., 2015; Uzarowicz et al., 2020b)
though high-mountain Technosols are poorly recognized. Technogenic
soils commonly occur in industrial areas and are therefore often referred
to as SUITMAs (Soils of Urban, Industrial, Traffic, Mining and Military
Areas) and urban or mine soils (Lal and Stewart, 2017; Rate, 2022). A
common feature of Technosols on heaps is their high heterogeneity.
Their profile is generally poorly developed, although pedogenesis effects
can be observed on old heaps (Huot et al., 2015; Ivanov et al., 2009;
Uzarowicz and Skiba, 2011). Technogenic materials deposited on heaps
can be a source of potentially toxic trace elements (Ciarkowska and
Miechowka, 2022; Tarnawczyk et al., 2021; Uzarowicz et al., 2020a)
and may pose a threat to the local environment, including soil, water
and plants mainly due to the release of trace elements during the
weathering of the technogenic soil substrate.

The literature about historical mining and smelting areas in the Tatra
Mountains to date focuses mainly on the history of mining in the Tatra
Mountains, the location and prospection of ores, the methods of their
extraction and the analysis of available source materials (Dmytrowski
and Kiciriska-Swiderska, 2006; Jach, 2002; Paulo and Panajew, 2006;
Watocki, 1950; Zwolinski, 1960). Moreover, the remnants of historical
mining and smelting activity (drifts, shafts, mining heaps, steelworks
and slags) in the Tatra Mountains are subject to geological studies
(Hrouda and Kahan, 1991; Jach and Dudek, 2005; Sitarz et al., 2021).
The current status of some of the adits of iron, manganese and poly-
metallic ores in the Chochotowska Valley and Koscieliska Valley areas
were also inventoried, as well as basic mineralogical studies on collected
samples (Pawlikowski et al., 2014).

Previous pedological studies in the Tatra Mountains are numerous
and they involve, until now, the following native (non-anthropogenic)
soil-related topics (1) effect of climate on the soil properties and the
tendency to altitudinal soil zonality (Oleksynowa and Skiba, 1977;
Skiba, 1983, 1985), (2) influence of geomorphological processes on soil
cover (Drewnik, 2008), (3) soil geochemistry (Miechowka, 1989;
Oleksynowa et al., 1977), (4) soil mineralogy with emphasis on clay
minerals in soils (Skiba, 2007; Skiba et al., 2011), (5) properties of
organic soils and forms of humus (Miechowka and Ciarkowska, 1998;
Niemyska-tukaszuk, 1977; Wasak and Drewnik, 2015, 2016; Stolarczyk
et al., 2024), (6) biological activity of soil (Drewnik, 2006; Miechowka
et al., 2021; Wasak, 2014), (7) concentration of heavy metals in soil
(Miechéwka and Niemyska-tukaszuk, 2004; Wieczorek and Zadrozny,
2013; Ciarkowska and Miechowka, 2022), (8) concentration of radio-
nuclides in soil (Kubica et al., 2002, 2007) and (9) soil classification
(Komornicki and Skiba, 1996; Kubica et al., 2002; Skiba, 1983;
Strzemski, 1956). However, soil studies on historical mining and
smelting are very rare. The properties, mineral composition, origin and
classification of Technosols in the Tatra Mountains have not been
investigated in detail to date. Recently, a study was carried out to
determine the factors controlling the concentration and spatial distri-
bution of Zn, Pb and Cd in non-forest Tatra-Mountain soils (Ciarkowska
and Miechowka, 2022). It was found that historical ore mining may
contribute to metal concentration in soil in the Tatra Mountains. How-
ever, the studies by Ciarkowska and Miechowka (2022) did not focus on
genesis and functioning of Tatra-Mountain Technosols.

The objective of this study was to determine the most important soil-
forming factors controlling morphology, physico-chemical properties,
mineral composition and major element content in Technosols devel-
oped in historical mining and metallurgical sites in the Tatra Mountains,
southern Poland. To the best author’s knowledge, the paper will be the
first attempt to study the relationship between soil-forming factors and
properties of high-mountain environment Technosols. We hypothesise
that the development of Technosols in the high mountains is controlled
by similar factors influencing genesis of native mountain soils (parent
material, relief and morphogenetic processes, climatic conditions
related with altitude, water, plant cover, human activity and time), of
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which past human activity (mining and smelting) and diversity of
technogenic parent materials are expected to be the most important
factors. The study extends the knowledge on the properties, origin and
evolution of high-mountain Technosols in the temperate climatic zone
with the Tatra Mountains as an example.

2. Materials and methods
2.1. Characterization of Tatra-Mountain environmental conditions

The research was conducted in the Tatra Mountains, southern Poland
(Fig. 1). The Tatra Mountains are a unique alpine environment at an
altitude reaching 2655 m a.s.l. (the Gerlach peak) with typical climatic-
plant zonality. The lowest is the lower forest zone extending up to about
1250 m a.s.l. It consists mainly of beech (Fagus silvatica L.) and fir (Abies
alba Mill.) though spruce (Picea abies (L.) H. Karst) is also common as it
was introduced by human in past forest management practices. The
upper forest zone, in which spruce and silver birch (Betula pendula Roth)
predominate, extends from about 1250 m up to 1550 m a.s.l. Above that
at 1550-1800 m a.s.l. there is the subalpine zone where dwarf pine
(Pinus mugo Turra) shrubs make up the predominating plant community.
The alpine meadow zone is at 1800-2300 m a.s.l., and is dominated by
alpine grasslands including species like Juncus trifidus and Festuca varia.
The subnival zone (above 2300 m a.s.l.) is the highest in the Tatra
Mountains. It is characterized by harsh climatic conditions and a pre-
dominance of lichens, mosses and low grasses (Pickos-Mirkowa and
Mirek, 1996).

The Tatra Mountains have a subalpine and alpine climate, with high
precipitation and low temperatures. Annual precipitation increases with
altitude - from 1150 mm at the foot of the mountains up to around 1800
mm on Kasprowy Wierch (1987 m a.s.l.). The average annual temper-
ature is 6 °C at the foothills and —4°C on the summits.

The mosaic pattern is very characteristic for the soil cover in the
Tatra Mountains (Komornicki and Skiba, 1996). The soils reveal diverse
properties and are formed from various igneous, sedimentary and
metamorphic rocks (Komornicki and Skiba, 1996). Vegetation, which is
dependent on vertical zonality and affects soil through organic matter
input. Human activities like logging and tourism influence soil forma-
tion and fertility. Harsh climatic conditions affect the rate of soil for-
mation and the type of vegetation present (Komornicki and Skiba, 1996;
Nyka, 1969; Skrzydtowski 2013). Due to the alpine relief, steep slopes
and intense rainfall, soil erosion is a common feature in the Tatra
Mountains, which can affect the soil depth, structure and fertility,
making it difficult for vegetation to grow (Fidelus-Orzechowska et al.,
2021).

Podzols are typical Tatra-Mountain soils where non-carbonate rocks
occur as soil parent materials (Komornicki and Skiba, 1996). Podzols
commonly develop in coniferous forests. Rendzina soils (Rendzic Lep-
tosols) develop on carbonate rocks. Brown soils (Cambisols) occupy
relatively small areas in the lower alpine forests of the Tatra Mountains
(Komornicki and Skiba, 1996; Ciarkowska and Miechowka, 2022) where
they, together with rendzinas, provide habitats for different variants of
beech and beech-fir forests. Above the tree line, initial soils like Lep-
tosols and Regosols are common. There are also remnants of cryogenic
soils which formed in the Tatra Mountains during past cold periods as an
effect of cryogenic processes (Oleksynowa and Skiba, 1977).

2.2. Study area

Field studies were conducted in eight selected historical mining and
smelting areas: (I) Hucianskie Banie (Mn and Fe ore mine), (I) mouth of
the Koscieliska Valley (Fe ore mine), (III) Koscieliska Valley near the
Ornak tourist shelter (Cu and Ag ore prospection adit), (IV) Pyszniariska
Valley (Cu, Ag and Fe ore mine), (V) 7Zleb pod Banie (Pod Banie Couloir)
at the Ornak ridge (Cu, Fe and Ag ore mine), (VI) Banisty Zleb (Banisty
Couloir) at the Ornak ridge (Cu, Ag, Sb and Fe ore mine), (VII)
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Fig. 1. Location of the study sites. I - Hucianskie Banie (Profile 1 and 2); II - Mouth of the Koscieliska Valley (Profile 3); III - Koscieliska Valley near the Ornak tourist
shelter (Profile 4); IV — Pysznianiska Valley (Profile 5 and 6); V — Zleb pod Banie (Pod Banie Couloir) at the Ornak ridge (Profile 7 and 8); VI — Banisty Zleb (Banisty
Couloir) at the Ornak ridge (Profile 9 and 10); VII - Koscieliska Valley — old steelwork at Stare Koscieliska (Profile 11 and 12); VIII — Kuznice steelwork area (Profile
13). (sources: www.mapsforeurope.org; www.tablicaszkolna.pl; www.geoportal.gov.pl).

Koscieliska Valley — an old steelworks (a former iron and non-ferrous
metal smelting area at Stare KoScieliska) and (VIII) the KuZnice steel-
works area (metal smelter) (Fig. 1).

At Hucianskie Banie site in the Chochotowska Valley, where Profiles
1 and 2 were located, manganese-bearing organodetritic limestones of
the Lower Jurassic occur (Pawlikowski et al., 2014). Native copper has
also been observed in these limestones (Gorecki and Sermet, 2012).
Hematite iron ore occurring in the red Jurassic limestones was also
mined there. Profile 3 was located near an adit at the mouth of the

Koscieliska Valley, at Kopka Koscieliska hill, where iron ores embedded
in soft Triassic carbonate rocks were mined (Watocki, 1950).

The oldest mining drifts in the Tatra Mountains were created in the
Pysznianska Valley (Profile 5 and 6) and on slopes of the Ornak ridge
(Profile 4, 7, 8, 9 and 10) (Fig. 1). Copper and silver ore veins in granite
and gneiss were exploited there (Watocki, 1950). Particularly intensive
mining works and prospecting for silver, copper and iron ores were
carried out on the western slopes of Ornak at Banisty Zleb (Profile 9 and
10).


http://www.mapsforeurope.org
http://www.tablicaszkolna.pl
http://www.geoportal.gov.pl
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The largest centres of ore smelting (old steelworks) in the Tatra
Mountains were located in the Koscieliska Valley at Stare Koscieliska
(Profile 11 and 12) and in the Bystry Valley at KuZnice (Profile 13)
(Fig. 1). They processed metal ores extracted, among others, in the
Koscieliska Valley (including Pysznianiska Valley) and on the Ornak
ridge (Pawlikowski and Wrobel, 2013).

2.3. Study object

Thirteen soil profiles (P1-P13) were studied during the field works in
July 2020 (Fig. 2). Soil profiles represented the most important and the
best-preserved areas of historical mining and metallurgical activity in
the Tatra Mountains reflecting the great variability of different types of
mine and metallurgical wastes. In this study, we decided to consider one
or two soil profiles representing one study site. The profiles were located
on small heaps at the mouths of adits, in the vicinity of the old shaft and
in the vicinity of the old steelworks. Field reconnaissance in each study
site was completed prior to the preparation of each soil profile. The
study sites varied in type of anthropogenic parent material like mining
wastes and metallurgical slags, which differed in petrology and mineral
composition of rock fragments occurring in soils as well as in soil
properties. Moreover, different vegetation types were considered to
assess the influence of plant cover on soil properties. Samples were taken
from different topographic conditions, taking into account elevation,
landforms and climatic conditions (Table 1). Also, the period of activity
of mines and smelters was included to assess how the duration of soil-
forming processes may influence soil properties and profile
development.

Soil samples were taken from the soil horizons distinguished in soil
profiles during field works. The analyses were carried out on a total of 56
soil samples (including 15 organic soil and 41 mineral soil samples).
Soils were described in the field according to FAO guidelines (Jahn et al.,
2006). The soil profiles were classified according to the World Reference
Base for Soil Resources (IUSS Working Group WRB, 2022) and Polish
Soil Classification (Kabata et al., 2019; Polish Soil Classification, 2019).
Location, soil classification, geomorphological settings, and vegetation
around studied soil profiles was presented in Table 1.

2.4. Laboratory analyses

2.4.1. Soil properties

Soil samples taken from each soil horizon were analysed in the lab-
oratory. Living roots and organic residues were removed from soil
samples, which were then dried at room temperature and sieved through
a 2 mm sieve in order to obtain fine earth (<2 mm). The fine earth
properties were determined by means of common pedological methods
(Pansu and Gautheyrou, 2006; Soil Science Division Staff, 2017; Van
Reeuwijk, 2002). Particle size distribution was measured by the
Bouyoucos-Casagrande method modified by Prészynski (Warzynski
et al., 2018). Soil textural classes were defined according to the USDA
classification (Soil Science Division Staff, 2017). Soil pH was assessed
using potentiometric method in HO using a soil/solution ratio of 1:2.5
(Pansu and Gautheyrou, 2006). Carbonate content was determined by
means of the Scheibler volumetric method (reagent: 10 % w/w HCI)
(Bak, 1992). Total organic carbon (TOC), total nitrogen (TN) and total
sulphur (TS) were determined using CHNS elemental analyser (the vario
MACRO cube, Elementar) (Pansu and Gautheyrou, 2006). Inorganic
(carbonate) C was subtracted in TOC calculations whenever a sample
contained carbonates. The C/N ratio was calculated based on TOC and
TN contents. Total phosphorous (TP) was determined on powdered soil
fine earth by microwave sample mineralization (Milestone Ethos UP) in
a mixture of concentrated acids (2 ml HNO3 + 5 ml HF + 2 ml HCl + 1 ml
HClO4) and analysis of extracts using inductively coupled plasma —
optical emission spectrometry (ICP-OES, Perkin Elmer, Avio 200).

Exchangeable acidity (EA) was measured by means of the Sokolov
method (extraction using 1 mol-dm™3 potassium chloride and titration
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using 0.05 mol-dm~—3 NaOH) (Brogowski and Czerwinski, 2016).
Exchangeable bases (Ca2t, Mg?", K*, and Na') were extracted using
ammonium acetate (pH = 7.0) and ammonium chloride (pH = 8.2) in
non-carbonate and carbonate-bearing soil samples respectively
(Ostrowska et al., 1991). Contents of exchangeable bases (Ca%", Mg?*,
K" and Na™) in extracts were determined using ICP-OES method (Perkin
Elmer, Avio 200). The sum of exchangeable bases (EB) was then calcu-
lated. Cation exchange capacity (CEC) was obtained as a sum of EA and
EB. Base saturation (BS) was shown as a percentage of EB in CEC.

2.4.2. Soil magnetic susceptibility

The mass-specific magnetic susceptibility (y) i.e., volume magnetic
susceptibility (x) normalized by a mass unit of the samples was
measured using a multifunction MFK1-FA Kappabridge (AGICO, Brno,
Czech Republic) at a frequency of 976 Hz with an intensity of 200 Am .
For each sample, the k parameter was measured three times and the
average value was calculated. The samples were weighed with an ac-
curacy of + 1 mg for the analyses. The y parameter, which is commonly
used in environmental studies, depends on the content of magnetic
particles, their mineralogy and grain-size distribution (Thompson and
Oldfield, 1986).

2.4.3. Soil mineral composition

Fine-earth (<2 mm) sample bulk mineral composition was deter-
mined using the powder X-ray diffraction method (XRD). The samples
were powdered in an agate mortar prior to analyses. The Bruker AXS
D5005 diffractometer equipped with the KRISTALLOFLEX® 760 X-ray
generator, vertical goniometer, 1 mm divergence slit, 2 mm anti-scatter
slit and 0.6 detector slit and a graphite diffracted-beam monochromator
was used. CoKa radiation was applied with the voltage of 40 kV and 30
mA current. Random mounts of the ground materials were scanned from
3 to 70 °26 at a counting time of 1 s per 0.02° step on a rotating stage.
XRD analyses were performed in the Department of Soil Science, War-
saw University of Life Sciences - SGGW (WULS-SGGW), Poland. Mineral
symbols were used in accordance with international standards (Warr,
2021).

2.4.4. Optical microscopy observations

Undisturbed soils blocks were taken from selected soil horizons.
They were air-dried and embedded with Araldite 2020 epoxy resin.
Polished thin sections were prepared from the impregnated soil blocks
and examined in transmitted light under petrographic microscopes
(Olympus SZX Z10 and Olympus BX41). Polished thin sections were
prepared at the Faculty of Geology, University of Warsaw, Poland.

2.4.5. Total concentrations of major elements

In order to determine the contents of major elements, the soil sam-
ples were ground and mixed with LiBO,/LizB4O7 flux. Crucibles were
fused in a furnace. The cooled beads were dissolved in the American
Chemical Society (ACS) grade nitric acid. Contents of major elements
were analysed by ICP-AES method. Loss on ignition (LOI) was deter-
mined by igniting a sample split in 1000 °C, then measuring the weight
loss. Analyses were carried out in the Bureau Veritas Minerals Labora-
tories (BVML), Canada.

2.5. Statistical analysis

Principal Component and Classification Analysis (PCCA) was used to
identify the factors determining the properties of studied soils and
distinguish soil groups with similar properties. The data was standard-
ized prior to statistical analysis and the following properties were taken
into account: magnetic susceptibility (), pHu20, content of carbonates
(CaCOs eq.), EA, EB, BS as well as concentration of SiO, FeoO3, Al,O3,
MgO, CaO, K20, and MnO. The number of principal components was
selected based on the eigenvalues. The analysis was conducted in STA-
TISTICA 13 (StatSoft).
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Fig. 2. Studied soil profiles and their surroundings. P1, P2 — Hucianskie Banie (Mn and Fe ore mine); P3 — Mouth of the Koscieliska Valley (Fe ore mine); P4 —
Koscieliska Valley near the Ornak tourist shelter (Cu and Ag ore prospection adit); PS, P6 — Pysznianska Valley (Cu, Ag and Fe ore mine); P7, P8 — Zleb pod Banie (Pod
Banie Couloir) at the Ornak ridge (Cu, Fe and Ag ore mine); P9, P10 — Banisty Zleb (Banisty Couloir) at the Ornak ridge (Cu, Ag, Sb and Fe ore mine); P11, P12 -
Koscieliska Valley — old steelwork at Stare Koscieliska (the area of the former center of iron and non-ferrous metals smelting); P13 — Kuznice steelwork area
(metal smelter).
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Table 1
Location, soil classification, geomorphological settings and vegetation around studied soil profiles.

Location and time of ~ Soil Soil classification Geographical Altitude  Geomorphological Vegetation

activity of the profile position (GPS) (masl)  settings

mining/smelting

area

1. Hucianskie Banie P1 WRB2022*: Spolic Technosol 49°15'38.3" N 1156 Slope 40 %, exposure Meadow (Poaceae, Ranunculus repens,
(late 18 ¢. — mid- (Loamic, Eutric, Calcaric, Humic, 19°49'18.3"E NE Trifolium pratense, Taraxacum officinale,
19 ¢) Hyperartefactic, Skeletic, Toxic) Geranium robertianum, Fragaria sp.,

PSC2019**: Industriosol Veronica sp., Polypodiopsida sp., Urtica

(toxic) dioica, Valeriana sp.), regenerating spruce
P2 WRB2022*: Spolic Technosol 49°15'38.2" N 1155 Slope 40 %, exposure  forest

(Loamic, Eutric, Calcaric, Humic, 19°49'18.1"E NE

Hyperartefactic, Skeletic, Toxic)

PSC2019**: Industriosol

(toxic)

1. Mouth of the P3 WRB2022*: Spolic Technosol 49°16'27.0' N 944 Slope 40 %, exposure Spruce forest (Picea abies, Bromus sp.,
Koscieliska Valley (Epiarenic, Endoloamic, Eutric, 19°52'8.5"E w Bryophyta sp., Galium sp., Arctium sp.,
(late 18™ ¢. — 19t Dolomitic, Mollic, Hyperartefactic, Cirsium sp., Fragaria sp., Hieracium sp.,
c) Skeletic) Orchis sp., Ranunculus sp., Daphne

PSC2019**: Industriosol mezereum)

III. Koscieliska P4 WRB2022*: Spolic Technosol 49°13'45.1" N 1112 Flat area on a dump Spruce forest (Picea abies, Sorbus sp., Rubus
Valley near the (Epiarenic, Endoloamic, Eutric, 19°51'16.4" E sp., Polypodiopsida sp., Urtica dioica,
Ornak tourist Humic, Hyperartefactic) Myosotis sp., Bryophyta sp.)
shelter PSC2019**: Industriosol
(late 18% ¢. —
early 19" ¢.)

1V. Pysznianska P5 WRB2022*: Spolic Technosol 49°12'54.0"' N 1189 Slope 30 %, exposure Spruce forest (Picea abies, Bryophyta sp.,
Valley (Arenic, Epidystric, Endoeutric, 19°51'21.7"E NE Vaccinium myrtillus, Polypodiopsida sp.,
15" c. - late 19™ Protocambic, Humic, Chamerion angustifolium, Rubus sp., Oxalis
c.) Hyperartefactic, Skeletic, Toxic) acetosella)

PSC2019**: Industriosol
(toxic)
P6 WRB2022*: Spolic Technosol 49°12'58.7" N 1189 Slope 45 %, exposure
(Epiloamic, Endoarenic, Dystric, 19°51'22.2" E NW
Protocambic, Humic,
Hyperartefactic, Skeletic, Toxic)
PSC2019 ndustriosol
(toxic)

V. Zleb pod Banie P7 WRB2022*: Spolic Technosol 49°13'36.7" N 1376 Slope 45 %, exposure Spruce forest (Picea abies; Sorbus sp.,
(Pod Banie (Epiarenic, Endoloamic, Dystric, 19°50'32.9" E E Bryophyta sp., Vaccinium myrtillus,
Couloir) at the Humic, Hyperartefactic, Skeletic) Polypodiopsida sp.)

Ornak ridge PSC2019**: Industriosol (toxic)
@as5™c. —late 19" P8 WRB2022*: Spolic Technosol 49°1336.6" N 1373 Slope 45 %, exposure
c) (Arenic, Dystric, Humic, 19°50'33.6" E E

Hyperartefactic, Skeletic, Toxic)

PSC2019**: Industriosol

(toxic)

VI. Banisty Zleb P9 WRB2022*: Coarsic Spolic Technosol ~ 49°13'34.0' N 1590 Slope 30 %, exposure  Pinus mugo shrubs (Vaccinium myrtillus,
(Banisty Couloir) (Arenic, Amphiloamic, Dystric, 19°49'44.2" E NW Bryophyta sp., Carex sp., Juncus trifidus,
at the Ornak ridge Ochric, Hyperartefactic, Skeletic, Calluna vulgaris, Rubus sp.)

16" c.-19" ) Toxic)
PSC2019**: Industriosol
P10 WRB2022*: Coarsic Spolic Technosol ~ 49°13'34.7" N 1588 Slope 45 %, exposure
(Loamic, Dystric, Humic, 19°49'42.7" E NW
Hyperartefactic, Skeletic, Toxic)
PSC2019**: Industriosol
(toxic)

VII. Koscieliska P11 WRB2022*: Spolic Technosol 49°15'27.5" N 969 Flat area Meadow (Dactylis glomerata, Alchemilla sp.,
Valley - old (Epiarenic, Endoloamic, Eutric, 19°52'5.9"E Ranunculus acris, Equisetum arvense,
steelwork at Stare Carbonic, Humic, Hyperartefactic, Myosotis sp., Urtica dioica, Trifolium
Koscieliska Pyric, Toxic)PSC2019**: Industriosol pratense, Geum rivale, Rumex acetosa,
18™ ¢. — early (toxic) Geranium phaeum, Campanula sp., Achillea
19t ¢) P12 WRB2022*: Spolic Technosol 49°15'27.5" N 969 Flat area millefolium, Cirsium sp., Galium sp.)

(Epiarenic, Endoloamic, Eutric, 19°52'5.9"E
Carbonic, Humic, Hyperartefactic,

Pyric, Toxic)

PSC2019**: Industriosol (toxic)

VIIL. Kuznice P13 WRB2022*: Spolic Technosol 49°16'12.5' N 918 Slope 5 %, exposure N Grasses and perenials (Dactylis glomerata,
steelworks (Arenic, Eutric, Humic, 19°58'51.2" E Alchemilla sp., Potentilla anserina, Galium

(late 18™ ¢. — late
19 ¢)

Hyperartefactic, Relocatic, Skeletic)
PSC2019**: Industriosol

sp., Urtica dioica, Trifolium repens)
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3. Results
3.1. Soil morphology and classification

The studied Technosol profiles were weakly developed soils. All
profiles had simple soil morphology with O and A (AC) horizons in the
topsoil and C horizons (diverse anthropogenic parent materials) in the
subsoil (Fig. 2). The exception were Profiles 5 and 6 in which weakly
developed Bw horizons occurred. There was a high rock-fragment con-
tent in the majority of the examined soil profiles (Table 2).

Technosols developed from mining wastes were represented by ten
profiles (Profiles 1-10) (Fig. 2). Profiles 1 and 2 at Hucianskie Banie in
the Chochotowska Valley were located on a small heap near the adit of
an old Fe and Mn ore mine. Soil material contained numerous sedi-
mentary rock fragments (grey limestones) surrounded by loamy mate-
rial with grey and red colours (Table 2). Profile 3 at the mouth of the
Koscieliska Valley was developed at close vicinity of an adit of the
abandoned Fe ore mine. The substrate consisted of dolomite debris
surrounded by a loamy soil substrate containing a high admixture of
humus. Profile 4 occurred at a small heap in a higher part of the
Koscieliska Valley where copper and silver ores were prospected. It had
a clearly visible A horizon in the topsoil and brown soil substrate in the
subsoil (Fig. 2). Profiles 5 and 6 were developed on heaps near the
collapsed shafts in the Pysznianiska Valley where copper, silver and iron
ores were exploited. The soils are rich in granite and gneiss fragments.
Thick O horizons (up to 10 cm) were distinguished in the topsoil.
Brownish horizons were found in the central part of profiles. These
horizons were labelled as Bw horizons which suggest the possible effect
of some more advanced soil-forming processes (brownification or
podzolization). Profiles 7 and 8 were developed on small heaps near old
copper mines in Zleb pod Banie (Pod Banie Couloir) at the eastern slopes
of the Ornak ridge covered with spruce forest. Profiles 9 and 10 were
developed on a mine waste debris deposited near an old copper mine in
Banisty Zleb (Banisty Couloir) at the western slopes of the Ornak ridge
covered with Pinus mugo shrubs. Profiles 7 and 8 had better-developed O
and AC horizons than Profiles 9 and 10.

Technosols developed in the areas of old metallurgical activity were
represented by three profiles (Profiles 11-13) (Fig. 2). Profiles 11 and 12
were located near the old steelworks at Stare Koscieliska in the
Koscieliska Valley. These soils contained numerous slag fragments, fer-
ruginous rocks, charcoals and building waste (e.g., brick fragments).
Secondary Cu-bearing minerals (azurite, malachite) commonly covered
slag fragments. Profile 12 was clearly layered. Profile 13 was located in
Kuznice where old steelworks were active in 19" Century. The profile
was located in an artificial slag disposal site prepared in the vicinity of
Tatra National Park headquarter about 10 years before the field works.
The disposal site was constructed from carbonate-bearing sandy mate-
rial covered with a layer of slag fragments brought in from the vicinity of
the old steelworks in KuZnice area. The effect was a thin bipartite Profile
13 (Fig. 2).

The studied soils were classified as different variants of Spolic
Technosols characterized by various supplementary qualifiers (Hyper-
artefactic, Humic, Loamic, Skeletic, Toxic, Eutric, Epiarenic, Endoloa-
mic, Dystric, Arenic, Calcaric, Protocambic, Carbonic, Pyric, Dolomitic,
Mollic, Relocatic), and Coarsic Spolic Technosols with different sup-
plementary qualifiers (Arenic, Amphiloamic, Dystric, Ochric, Hyper-
artefactic, Skeletic, Toxic, Loamic, Humic) (IUSS Working Group WRB,
2022) (Table 1), as well as Industriosols (toxic) (Kabata et al., 2019;
Polish Soil Classification, 2019).

3.2. Physical and chemical soil properties

All investigated soils were characterized by a high contribution of
rock fragments (majority of soil horizons were composed of > 50 % rock
fragments, however numerous soil horizons contained up to 90 % rock
fragments). The analysed soil fine-earth texture (< 2 mm) was mainly

Catena 247 (2024) 108521

sandy loam and loamy sand (Table 2).

The pHpyao of the studied soils was very diverse (from 3.6 to 8.6)
(Table 2). High pHyso (up to 8.1) was typical of Profile 1, 2 and 3 in
which carbonate rock fragments occurred in soil substrate. These soils
contained high contents of carbonates (from 9.6 to 31.2 %). High pHyz0
was also a feature of Profile 13 subsoil where content of carbonates
reached a value of 5.8 %. High pHpyz0, despite the lack of carbonates,
was typical of Profile 4, 11 and 12. In profile 12, carbonates occurred
only in 3C horizon (1.7 % of carbonates). The lowest pHyso (from 3.6 to
6.0) was characteristic feature of Profiles 5-10 (Table 2) developed from
non-carbonate mine wastes containing fragments of granites and
gneisses. Regardless of soil parent material, soil pHy20 within all studied
soil profiles was typically the lowest in the topsoil where soil organic
matter (SOM) was accumulated. The highest acidity occurred in the
topsoil of Technosols covered with coniferous vegetation (Table 1) like
Profiles 5-10 located in the Pysznianska Valley, Zleb pod Banie and
Banisty Zleb.

TOC contents were typically the highest in organic (O) horizons (up
to 47.9 %) (Table 2). In the mineral horizons, TOC concentration was
lower (from 0.29 to 14.69 %) and generally decreased with profile
depth. The exception to this trend were profiles located near the old
steelworks in the Koscieliska Valley. In the subsoil (C horizons) of Profile
11, TOC content increased with depth; however, in Profile 12, TOC was
the highest (14.69 %) at the depth of 28-50 cm (2C horizon). Numerous
fragments of anthropogenic charcoals were found in Profiles 11 and 12.
In the soil mineral horizons in post-mining areas (Profile 1-10), TOC
content average was 2.75 %, whereas it was 6.32 % on average in soils of
the post-smelter areas (Profiles 11-13).

The highest TN contents were recorded in the organic horizons (from
0.9 to 2.06 %), whereas mineral horizons contained from 0.06 to 0.65 %
of TN (Table 2). In the mineral horizons, the TN contents tended to
decrease with soil depth. The C/N ratio ranged from 19 to 53 (31 on
average) in organic horizons and from 5 to 94 in mineral horizons (22).
The highest C/N ratio value was determined in 2C horizon of Profile 12
where numerous fragments of anthropogenic charcoals occurred.

TS content generally decreased with depth in the profiles. The
highest contents were recorded in Profile 12 in the 3C horizon (0.75 %),
in Profile 7 in the mineral horizons (0.37-0.53 %), and in Profile 10 in
AC horizon (0.57 %) (Table 2). In the other horizons, TS content ranged
from 0.01 to 0.16 %.

TP content ranged from 0.07 to 0.16 % in the organic horizons
whereas, in the mineral horizons, it ranged from 0.05 to 0.76 %
(Table 2). The highest contents were recorded in Hucianskie Banie (0.76
% in AC2 horizon of Profile 2) and in the old steelworks in the
Koscieliska Valley (0.59 % in 2C horizon of Profile 12) though TP in the
remaining soils ranged from 0.05 to 0.16 % throughout the profiles.

3.3. Sorption properties

Exchangeable acidity (EA) ranged from 0.04 to 18.58 cmol(+)-kg !
in mineral horizons and from 2.78 to 15.26 cmol(-&-)-kg’1 in the Oe and
Oa horizons (Table 3). The lowest EA were noted in Profiles 1, 2 and 3 in
which soil material was slightly alkaline. High EA was the feature of the
most acidic soils. The highest EA was recorded in AC horizon of Profile 7
located in Zleb pod Banie. In Profiles 11-13 containing metallurgical
slags developed in the areas of old smelting activity, EA was averagely
very low (0.09 cmol (+)-kg ™) (Table 3).

The highest EB values were typical of Profile 1, 2 and 3 developed
from mine wastes containing carbonate rocks (Table 3). The highest
amounts of EB were found in Oe horizon of Profile 3. However, the
lowest EB contents were noted in non-carbonate Profiles 4-10.

The CEC of the investigated soils averaged 22.7 cmol(+)-kg !
(Table 3). Profiles 1, 2 and 3 had the highest CEC, whereas the non-
carbonate soils had the lowest (Table 3). The CEC of the soils contain-
ing metallurgical wastes (e.g., slags) varied widely among profiles,
which was associated with soil material heterogeneity. For example, 3C



Table 2

Selected physical and chemical properties of the studied soils.

Soil Horizon Depth  Munsell colour Rock fragments  Percentage of fractions (mm) Soil textural class =~ Magnetic PHu2o  eq. TOC TN c/ TS TP
profile (cm) (moist)* (%)* 2.0.0.05 0.05-0002 <0.002 (USDA) susceﬁibi&ity E;g) CaCO3 (%) (%) N (%) (%)
(x10~°-m>-kg™") (%)
P1 Oi 0-1 - - - - - - - - - 42.40 1.46 29 0.10 -
AC1 1-5 10YR 2/2 15 76 17 7 SL 83.5 7.4 20.5 8.19 0.56 19 0.08 0.33
AC2 5-15 10YR 3/1 60 76 15 9 SL 91.4 7.9 31.2 2.18 0.12 48 0.04 0.29
C 15-35  10YR 3/2 70 75 15 10 SL 36.8 8.0 30.4 1.85 0.07 76 0.04 0.31
2C 35-60 2.5YR 3/3 80 54 30 16 SL 12.5 8.1 21.5 1.06 0.11 34 0.02 0.14
P2 Oi 0-1 - - - - - - - - - 43.97 0.98 45 0.07 -
AC1 1-25 10YR 2/2 40 75 19 6 SL 32.2 7.5 22.1 6.62 0.44 21 0.06 0.60
AC2 25-45 10YR 3/1 60 70 21 9 SL 33.7 7.9 21.2 2.63 0.17 31 0.03 0.76
AC3 45-65  10YR 3/2 70 65 23 12 SL 32.6 7.9 20.8 2.42 0.15 32 0.04 0.66
2C 65-90  2.5YR 3/2 80 46 40 14 L 22.4 7.8 9.6 2.70 0.24 16 0.04 0.19
P3 Oe 0-6 7.5YR 3/3 — — - - - - 5.7 - 41.22 1.65 25 0.13 0.09
o/C 6-25 10YR 2/1 70 87 9 4 LS 32.3 6.8 11.1 23.57 1.11 22 0.12 0.07
AC 25-40  10YR 2/2 70 81 15 4 LS 15.1 7.2 17.0 10.69 0.53 24 0.07 0.07
BC 40-60  10YR 3/4 40 70 24 6 SL 6.5 7.6 26.5 5.14 0.26 32 0.04 0.08
P4 Oi 0-1 - - - — - - - — - — - - - -
A 1-13 10YR 2/2 50 85 11 4 LS 22.3 6.1 n 8.41 0.54 16 0.06 0.08
Cl 13-35  7.5YR5/4 30 58 25 17 SL 8.0 6.8 n 0.49 0.07 7 0.02 0.05
c2 35-60  10YR 5/4 30 57 25 18 SL 7.9 6.9 n 0.29 0.06 5 0.01 0.06
P5 Oe 0-3 10YR 2/2 - - - - - - 4.1 - 44.95 2.06 22 0.15 0.16
Oa 3-10 10YR 2/1 - - - - - - 3.7 - 23.09 1.20 19 0.12 0.12
A 10-15  10YR 2/1 50 86 11 3 LS 15.6 4.0 n 4.62 0.29 16 0.10 0.08
Bw 15-20  10YR 3/3 70 78 18 4 LS 13.4 4.4 n 1.79 0.14 13 0.09 0.09
C 20-45  10YR 4/2 90 77 19 4 LS 14.0 6.0 n 1.01 0.09 12 0.08 0.08
P6 Oe 0-2 10YR 2/2 - 0 0 0 - - 4.0 - 37.86 1.67 23 0.14 0.13
Oa 2-10 10YR 2/1 - 0 0 0 - - 3.6 - 27.23 1.23 22 0.11 0.12
ABw 10-20  10YR 3/3,4/3 50 76 16 8 SL 10.2 39 n 1.16 0.10 12 0.06 0.09
C 20-65 5YR5/1 90 79 14 7 LS 10.8 5.5 n 0.63 0.07 9 0.16 0.10
P7 Oe 0-2 - - - - - - - 3.7 - 40.47 1.54 26 0.13 0.13
AC 2-15 10YR 2/1 50 86 13 1 S 32.5 3.8 n 10.93 0.65 17 0.08 0.10
C 15-50  10YR 3/4 70 65 32 3 SL 15.3 4.6 n 1.96 0.15 13 0.02 0.08
P8 Oe 0-4 — — — - — — — 4.0 — 46.96 1.58 30 0.12 0.15
AC 4-15 10YR 2/2 40 81 18 1 LS 15.5 3.8 n 3.02 0.16 18 0.57 0.06
Cl 15-35  10YR 2/2 70 81 16 3 LS 11.8 4.5 n 1.26 0.10 13 0.15 0.06
c2 35-55  10YR 3/4 80 79 18 3 LS 10.5 4.3 n 1.44 0.11 13 0.12 0.06
P9 Oi 0-2 - - - — - - - — - 45.82 0.91 50 0.08 -
AC 2-10 10YR 3/2 80 79 15 6 LS 14.4 4.4 n 1.05 0.10 11 0.40 0.08
Cl 10-40  10YR 4/2 90 76 16 8 SL 14.4 4.5 n 0.88 0.09 10 0.37 0.09
Cc2 40-80 10YR 4/2 90 79 15 6 LS 13.3 4.5 n 0.86 0.09 10 0.53 0.08
P10 Oi 0-1 - - - - - - - - - 47.90 0.90 53 0.07 -
AC 1-10 10YR 3/2 70 76 17 7 SL 39.0 4.4 n 1.48 0.10 15 0.07 0.08
Cl 10-50  10YR 4/2 90 77 16 7 SL 14.8 4.4 n 1.16 0.09 12 0.07 0.09
Cc2 50-70 10YR 4/4 70 76 18 6 SL 15.2 4.5 n 1.42 0.12 12 0.06 0.10
P11 Oi 0-1 - - - - - - - - - 40.20 1.22 33 0.09 -
A 1-15 10YR 2/1 5 79 14 7 LS 3313.6 5.6 n 9.13 0.55 17 0.06 0.28
Cl 15-30 10YR 2/2, 4/3 10 65 26 9 SL 3342.2 6.0 n 5.24 0.29 18 0.04 0.27
c2 30-45 10YR 2/1 15 67 27 6 SL 7064.4 6.2 n 8.84 0.28 32 0.04 0.45
C3 45-60  10YR 2/1 20 69 26 5 SL 10485.6 6.5 n 10.60 0.22 47 0.04 0.53
P12 Oi 0-1 - - - — - - - — - - - - - -
A 1-20 10YR 2/1 20 76 19 5 LS 4683.8 5.8 n 8.04 0.42 19 0.05 0.27
Cl 20-28  10YR 5/4 20 67 24 9 SL 489.4 6.1 n 2.55 0.21 12 0.10 0.12
2C 28-50  10YR 2/1 50 65 29 6 SL 9480.3 6.1 n 14.69 0.16 94 0.03 0.59
3C 50-60  5YR 4/4 40 70 23 7 SL 161.2 6.6 1.7 1.44 0.08 20 0.75 0.30
4G 60-75  10YR 4/3 30 61 29 10 SL 36.6 6.4 n 1.87 0.18 10 0.05 0.10
P13 Oi 0-1 - - - - - - - - - 45.07 1.18 38 0.07 0.00
AC 1-15 10YR 2/1 80 80 18 2 LS 128.0 7.0 1.3 6.03 0.38 16 0.10 0.10
2C 1525  10YR5/3 50 84 11 5 LS 28.3 8.6 5.8 5.63 0.38 17 0.10 0.05

Explanations: — not analysed; n — not detected; * measured during field works; L — loam; LS - loamy sand; S - sand; SL - sandy loam; TOC - total organic carbon; TN - total nitrogen; TS — total sulphur; TP - total

phosphorous.
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Table 3
Sorption properties of the studied soils.
Soil profile Horizon Depth (cm) EA ca*t Mgt Kt Na* EB CEC (EA + EB) BS
cmol(-f)okg*l (%)
P1 Oi 0-1 — - - - - - - -
AC1 1-5 0.12 43.46 1.23 0.45 0.00 45.2 45.3 99.7
AC2 5-15 0.07 29.35 0.54 0.25 0.02 30.2 30.2 99.8
C 15-35 0.07 23.92 0.44 0.06 0.02 24.5 24.5 99.7
2C 35-60 0.07 21.76 0.68 0.10 0.01 22.6 22.6 99.7
P2 Oi 0-1 - - - - - - - -
AC1 1-25 0.07 35.12 0.55 0.29 0.00 36.0 36.0 99.8
AC2 25-45 0.10 32.82 0.42 0.30 0.04 33.6 33.7 99.7
AC3 45-65 0.09 32.49 0.42 0.27 0.02 33.2 33.3 99.7
2C 65-90 0.09 29.47 0.39 0.15 0.03 30.0 30.1 99.7
P3 Oe 0-6 2.78 68.59 23.40 2.66 0.11 94.8 97.6 97.2
o/C 6-25 0.22 52.54 18.02 0.29 0.09 70.9 71.2 99.7
AC 25-40 0.12 37.07 9.66 0.12 0.10 47.0 47.1 99.7
BC 40-60 0.13 21.61 5.60 0.06 0.02 27.3 27.4 99.5
P4 Oi 0-1 - - - - - - - -
A 1-13 0.09 18.80 8.80 0.21 0.03 27.8 27.9 99.7
C1 13-35 0.04 5.48 3.18 0.12 0.02 8.8 8.8 99.6
c2 35-60 0.04 4.38 2.80 0.14 0.02 7.4 7.4 99.4
P5 Oe 0-3 6.52 25.81 6.16 2.19 0.16 34.3 40.8 84.0
Oa 3-10 13.13 10.24 1.79 0.79 0.10 129 26.1 49.6
A 10-15 7.54 2.54 0.57 0.11 0.05 3.3 10.8 30.2
Bw 15-20 4.81 1.71 0.76 0.08 0.00 2.6 7.4 34.7
C 20-45 0.07 4.91 1.92 0.10 0.02 6.9 7.0 99.0
P6 Oe 0-2 6.64 17.31 3.06 1.54 0.15 22.1 28.7 76.9
Oa 2-10 13.33 11.31 2.04 0.77 0.09 14.2 27.5 51.6
ABw 10-20 9.98 0.45 0.28 0.11 0.02 0.9 10.8 7.9
C 20-65 0.13 2.63 1.50 0.16 0.02 4.3 4.4 97.1
pP7 Oe 0-2 15.26 5.49 3.61 2.63 0.18 11.9 27.2 43.8
AC 2-15 18.58 0.53 0.74 0.35 0.07 1.7 20.3 8.3
C 15-50 4.94 0.13 0.07 0.09 0.02 0.3 5.3 6.0
P8 Oe 0-4 8.49 8.30 3.94 3.93 0.15 16.3 24.8 65.8
AC 4-15 4.36 0.25 0.31 0.17 0.02 0.7 5.1 14.5
C1 15-35 1.79 0.35 0.43 0.12 0.02 0.9 2.7 34.0
c2 35-55 2.45 0.20 0.26 0.11 0.03 0.6 3.1 19.8
P9 Oi 0-2 - - - - - - - -
AC 2-10 3.39 0.14 0.07 0.10 0.02 0.3 3.7 8.8
C1 10-40 2.77 0.12 0.05 0.10 0.03 0.3 3.1 9.5
Cc2 40-80 2.61 0.12 0.04 0.09 0.02 0.3 2.9 8.6
P10 Oi 0-1 — — — — — - — -
AC 1-10 3.76 0.13 0.05 0.08 0.00 0.3 4.0 6.3
C1 10-50 3.21 0.08 0.02 0.06 0.01 0.2 3.4 5.0
Cc2 50-70 3.46 0.06 0.02 0.06 0.02 0.2 3.6 4.7
P11 Oi 0-1 — — — — — — — —
A 1-15 0.12 27.68 3.47 0.42 0.02 31.6 31.7 99.6
C1 15-30 0.30 23.91 1.82 0.13 0.04 25.9 26.2 98.8
C2 30-45 0.06 33.65 1.29 0.08 0.09 35.1 35.2 99.8
C3 45-60 0.07 43.69 1.13 0.08 0.07 45.0 45.0 99.9
P12 Oi 0-1 — — — — — - - -
A 1-20 0.08 23.64 2.38 0.11 0.05 26.2 26.3 99.7
C1 20-28 0.07 10.63 0.84 0.08 0.02 11.6 11.6 99.4
2C 28-50 0.05 50.57 2.16 0.12 0.07 529 53.0 99.9
3C 50-60 0.05 0.49 0.37 0.02 0.04 0.9 1.0 94.6
4C 60-75 0.05 10.56 1.12 0.09 0.03 11.8 119 99.6
P13 Oi 0-1 — — - — — - - -
AC 1-15 0.14 16.92 3.15 0.52 0.10 20.7 20.8 99.3
2C 15-25 0.04 11.54 0.36 0.02 0.01 119 12.0 99.7

Explanations: — not analysed; EA — exchangeable acidity, EB — sum of exchangeable bases; CEC — cation exchange capacity; BS — base saturation of the sorption complex.

horizon of Profile 12 (Koscieliska Valley — old steelwork) had very low
CEC compared to the other horizons in that profile where the average
was 30.1 cmol (+)vkg’1. It should be noted that all studied profiles had
the highest CEC in the topsoil (Table 3) where SOM was accumulated.

The BS in soils containing carbonate rocks (Profiles 1, 2, 3) as well as
in Profile 4, and soils with metallurgical wastes (Profiles 11, 12, 13), was
higher than 94.6 %. BS was much lower in soils with non-carbonate
igneous and metamorphic rocks (Profiles 5-10). In the mineral hori-
zons, BS averaged 16.5 %, while in the organic horizons this was 54.8 %.
Soils from the Pysznianiska Valley had an average BS of 59.0 % (Table 3).

3.4. Soil magnetic susceptibility

The magnetic susceptibility of the investigated soils ranged from 7 to
10486 x 10’8-n13~kg’1 (Table 2). The highest magnetic susceptibility
values were recorded in the Koscieliska Valley in the vicinity of the old
steelworks (Profile 11 and 12). Relatively high magnetic susceptibility
(up to 91 x 10~8.m3kg™1) was characteristic for Profiles 1 and 2 from
Hucianskie Banie (where Mn and Fe ore mining took place) and Profile
13 in KuZnice (old metal steelwork) (up to 128 x 10’8-m3-kg’1). In the
remaining sites (Profiles 3-10), the y value did not exceed 39 x
10’8-m3‘kg’1 (Table 2). In general, soils of Profiles 1-10 and 13 were
characterised by higher magnetic susceptibility in the topsoil (avg. 40 x
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lO’8~m3-kg’1) than in the subsoils (avg. 15 x lO’8~m3~kg’1), with the
exception of the Profiles 11 and 12, where the profiles were charac-
terised by a high variability of magnetic susceptibility throughout the
soil profiles.

3.5. Soil mineral composition based on XRD analyses

The predominant minerals in Profiles 1 and 2 were calcite and quartz
(Table 4). There were also mica and feldspars (albite and orthoclase)

Table 4
Mineral composition of the soil fine earth (<2 mm) based on powder XRD
analyses.

Soil profile Horizon Depth (cm) Mineral phases
1 Oi 0-1 —
AC1 1-5 Cal, Qz, CM, Mca, Hem, Ab
AC2 5-15 Cal, Qz, Mca, CM, Ab, Hem, Or
C 15-35 Cal, Qz, Ab, CM, Mca, Hem
2C 35-60 Qz, Cal, Mca, CM, Hem
P2 Oi 0-1 —
AC1 1-25 Cal, Qz, CM, Mca, Ab, Hem
AC2 25-45 Cal, Qz, Mca, CM, Ab, Hem
AC3 45-65 Cal, Qz, Mca, CM, Ab, Hem
2C 65-90 Qz, Cal, Ab, CM, Mca, Hem
P3 Oe 0-6 -
o/C 6-25 Qz, Dol
AC 25-40 Qz, Dol
BC 40-60 Qz, Dol, Ab
P4 Oi 0-1 -
A 1-13 Qz, Mca, Or, Ab, Chl, Dol?, Py?
C1 13-35 Qz, Mca, Or, Ab, Chl, Jrs?, Dol?
Cc2 35-60 Qz, Mca, Or, Ab, Chl, Dol?
P5 Oe 0-3 -
Oa 3-10 -
A 10-15 Qz, Mca, Ab
Bw 15-20 Qz, Mca, Ab, Chl, Py?, Jrs?
C 20-45 Qz, Mca, Ab, Chl, Jrs?, Py?
P6 Oe 0-2 -
Oa 2-10 —
ABw 10-20 Qz, Mca, Ab, Chl, Or
C 20-65 Qz, Mca, Ab, Or, Chl, Jrs
P7 Oe 0-2 —
AC 2-15 Qz, Ab, Mca, Chl, Or
C 15-50 Qz, Mca, Ab, Chl, Or
P8 Oe 0-4 -
AC 4-15 Qz, Mca, Ab, Jrs
C1 15-35 Qz, Mca, Ab, Or, Jrs
C2 35-55 Qz, Mca, Ab, Or, Jrs?
P9 Oi 0-2 -
AC 2-10 Qz, Mca, Ab, Jrs
C1 10-40 Qz, Mca, Ab, Jrs, Chl
Cc2 40-80 Qz, Mca, Ab, Jrs
P10 Oi 0-1 -
AC 1-10 Qz, Mca, Ab, Chl
Cl 10-50 Qz, Mca, Ab, Chl, Or
C2 50-70 Qz, Mca, Ab, Chl, Or, Jrs
P11 Oi 0-1 -
A 1-15 Qz, Mag, Ab, Fa, Hem
C1 15-30 Qz, Mag, Ab, Kln, Mca, Fa, Hem
C2 30-45 Qz, Mag, Fa, Hem, Ab
C3 45-60 Qz, Mag, Wiis, Hem, Fa, Ab
P12 Oi 0-1 .
A 1-20 Qz, Mag, Ab, Hem, Fa, CM, Mca, Kln
C1 20-28 Qz, Ab, Or, Mca,
2C 28-50 Qz, Mag, Wiis, Hem, Fa, Ab
3C 50-60 Qz, Mca, Gth, Cal, Ab
4C 60-75 Qz, Ab, Mca, Or, Chl?
P13 Oi 0-1 —
AC 1-15 Qz, Ab, Or, Mca, Chl
2C 15-25 Qz, Ab, Mca, Or, Chl, Dol, Cal

Explanations: — not analysed. Mineral symbols: Ab — albite, Cal - calcite, Chl —
chlorite, CM - clay minerals (smectite, vermiculite or mixed-layer clays), Dol —
dolomite, Fa — fayalite, Gth — goethite, Hem — hematite, Jrs — jarosite, Kln —
kaolinite, Mag — magnetite, Mca — mica, Or — orthoclase, Py — pyrite, Qz — quartz,
Wiis — wilstite.
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present in these profiles. The soils of this area were also characterised by
the presence of hematite. Clay minerals (most likely smectite or
vermiculite) were found throughout the profile. In Profile 3, at the
mouth of the Koscieliska Valley, dolomite was present in addition to a
high contribution of quartz. Albite was recorded in the lowermost ho-
rizon of this profile.

The dominant mineral in Profiles 4-10 was quartz, accompanied by
mica and feldspars (orthoclase and albite) (Table 4). Some soil horizons
contained admixtures of chlorite. Jarosite was also identified in all these
soils but not in all soil horizons. The occurrence of pyrite was likely in
certain horizons of Profile 4 and 5. Admixture of some amphibole was
found in the subsoil of Profile 7. Profile 4 probably contained an
admixture of dolomite.

The Profiles 11 and 12 from the area of abandoned smelter at the
Koscieliska Valley had diverse mineral composition throughout soil
profiles. Quartz was predominant in both profiles (Table 4). Magnetite,
hematite and fayalite were found in Profile 11 as well as in A and 2C
horizons of Profile 12. Feldspars (albite and orthoclase) were recorded at
all profile depths. Mica occurred in individual horizons of Profile 11 and
12 (Table 4). Clay minerals (smectite and/or vermiculite, as well as
kaolinite and chlorite) were identified in a few horizons of both profiles.
Moreover, wiistite was found in C3 horizon of Profile 11 and 2C horizon
of Profile 12. Profile 12 was also characterised by the presence of
goethite and calcite in horizon 3C (50-60 cm). Profile 13 in KuZnice
contained quartz, feldspar, mica and chlorite, whereas dolomite and
calcite were also found in 2C horizon.

3.6. Microscopic observations

Petrographic microscope observations showed the arrangement of
soil components (rock fragments, groundmass) and their mineral
composition. The analyses revealed that the major soil constituents are
rock fragments of which petrographic features and mineral composition
differed between soil profiles depending on parent material (Fig. 3). The
investigated soil’s fine material was dispersed between rock fragments.
In Profiles 1 and 2, the soil skeleton consisted of carbonate rocks (Fig. 3A
and 3B), Profile 4 contained both carbonate and non-carbonate rocks
(Fig. 3C) while Profiles 5-10 contained non-carbonate igneous (gran-
ites) and metamorphic (gneisses) rocks (Fig. 3D-3F). Profiles 11-13
were characterised by the presence of slag and charcoal fragments
(Fig. 3G and 3H).

The groundmass occurring in the form of soil aggregates between
rock fragments was characterised mainly by complex, granular and
intergrain micro-aggregate microstructure and complex or single pack-
ing voids (Fig. 3). The studied soils had crumb aggregates or sub-angular
blocks with undifferentiated birefringence fabric (b-fabric). Aggregates
consisted of fine material rich in humified SOM occurring most likely as
organo-mineral associations (not shown). In the ABw horizon of Profile
6, organic residues such as plant roots occurred in greater quantity.

3.7. Total concentrations of major elements

In general, Si was a predominant major element in the studied soils
(up to 66.3 % of SiOy) (Fig. 4; Table S1). In soils with aluminosilicate
parent materials and in historical smelting areas (Profiles 4-13), Al was
also a significant element. In the chemical composition of Profiles 4-10,
there were also generally higher K contents than in the other soils. The
soils of the areas of former metallurgical activity were characterised by a
very high variability in chemical composition within the profile. In
addition to Si and Al, a high proportion of Fe occurred (Fig. 4) in the
chemical composition of Profiles 11 and 12. The highest contents of Mg
and Ca were recorded in soils developed from carbonate parent mate-
rials (Profiles 1-3). High Ca contents were also detected in Profile 13,
where there was a carbonate-containing subsoil below the slag layer
(Fig. 4). A substantial contribution of Mn was recorded in Profiles 1 and
2 developed on a heap near a historical Fe and Mn ore mine at
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Fig. 3. Optical microscope images (PPL — transmitted light). A — carbonate rocks (1) and rocks containing Fe and Mn oxides (2), Profile 1, 2C2 horizon. B — carbonate
rocks (1) and microaggregates built of soil micromass (2), Profile 2, AC1 horizon. C — A mixture of different kind of rock fragments including carbonate rocks (1) and
rocks containing hematite (2), Profile 4, C1 horizon. D — Fragments of granites (1) and soil microaggregates (2), Profile 6, ABw horizon. E — Fragments of granites (1)
and soil microaggregates (2), Profile 8, AC/C1 horizon. F — Fragments of granites (1) containing Fe oxides (2), Profile 9, AC horizon. G — Metallurgical slag fragments
(1) in a black soil material rich in charcoals (2), Profile 11, C2 horizon. H — Metallurgical slag fragments (1) and soil microaggregates (2), Profile 13, AC horizon.

Hucianskie Banie. processes), (3) specific climatic conditions (low temperatures, high

precipitation) and altitude-zone vegetation characteristic of mountain

4. Discussion ecosystems, (4) time as well as (5) limited but influential human activ-

ities (Komornicki and Skiba, 1996). In the alpine and subalpine meadow

4.1. General soil characterization and the specific features of Tatra- zones, geomorphological factors such as debris flows are crucial for soil

Mountain Technosols formation, whereas in the dwarf pine (Pinus mugo) zone and upper

alpine forest zone with spruce (Picea abies), climate and vegetation have

Soil development in the Tatra Mountains is influenced by (1) a stronger influence on pedogenesis (Drewnik, 2008). The soils of the
geological background, (2) specific geomorphological settings (high and lower alpine forests are mainly shaped by parent material.

steep slopes with differing exposition, dynamic morphogenetic The most important soil-forming processes occurring in the Tatra
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shown in Table S1 (supplementary materials).

Mountains are (1) podzolization (takes place on regoliths of non-
carbonate igneous and metamorphic rocks as well on post-glacial mo-
raines), (2) accumulation of soil organic matter (takes place commonly
regardless the parent material, in particular in the zone of dwarf pine
and in the upper alpine forest with spruce, in land depressions and in the
valleys where organic soils can be formed) and (3) brownification (this
takes place mostly on thick regolith covers on mountain foothills, but
also on carbonate rock outcrops) (Komornicki and Skiba, 1996; Skiba,
2007; Miechowka and Drewnik, 2018). Based on the results obtained (i.
e., soil morphology and properties), one can conclude the soil-forming
processes in the studied Technosols are not advanced. The studied
Technosols exhibit features of the initial soils having O and A horizons
(containing SOM) in the topsoil and C horizons (comprising parent rock
materials) in the subsoil. The exceptions are Profiles 5 and 6 from
Pysznianska Valley, where Bw horizons were distinguished. Therefore
more advanced soil-forming process (podzolization or brownification)
seem to influence the development of these soils. The formation of these
horizons is most likely related to the long duration of soil-forming
processes in that site discussed below.

Studies on Technosols properties, genesis and evolution are still
ongoing worldwide (Néel et al., 2003; Charzynski et al., 2013; Huot
et al., 2015; Santini and Fey, 2016; Uzarowicz and Skiba, 2011; Uzar-
owicz et al., 2017). All these studies focus on Technosols in lowland or
highland urban and post-industrial areas with little research on high-
mountain environments like the Tatras. Recent publications about
high mountain soils under anthropogenic influence focus on soil

contamination (Ciarkowska and Miechowka, 2022; Guillevic et al.,
2023). However, there is a need to study the influence of high-mountain
environmental conditions and their effect on Technosol genesis. To the
best author’s knowledge, the present paper is one of the first attempts to
study the genetic aspects of high-mountain Technosols.

Until now, researchers paid little attention to Tatra-Mountain
Technosols. However, Spolic Technosols in the Tatra Mountains are a
specific type of post-industrial soils formed from post-mining and
smelting metallurgical wastes. Moreover, these soils have not been
indicated on Tatra-Mountain soil maps (Skiba et al., 2015) due to their
limited and dispersed occurrence. Historically, Tatra-Mountain mines
and smelting areas were small in character rather than being part of
large industrial plants (Jost, 1962). Nevertheless, it is important to add
Technosols to Tatra-Mountain soil maps and treat Technosols as a soil
group contributing to the area’s soil diversity.

The soil-forming factors that influence the development of Tech-
nosols include similar factors to native mountain soils i.e., parent ma-
terial, biota (plants, animals, microorganisms), climatic conditions
(related to altitudinal zonality in mountains), relief and morphogenetic
processes, time and human activity (Howard, 2017). The anthropogenic
substrates (e.g., mine and metallurgical wastes) that make up Tech-
nosols constitute the soil parent material that determines most of their
properties. The climate in which Technosols form can affect the rate of
soil-forming processes and the development of soil horizons. Conse-
quently, climatic conditions shape biota, the presence and activity of
which can influence the development of Technosols through their
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impact on the rate of SOM accumulation and decomposition (Drewnik,
2006; Frouz et al., 2008; Wasak, 2014; El Mderssa et al., 2023). Tech-
nosols can form on flat surfaces or slopes and their relief can affect the
movement of water and sediment, which can impact the development of
soil horizons (Wos and Pietrzykowski, 2020). The time of Technosol
formation can also affect the degree of advancement of soil-forming
processes expressed in soil morphology (e.g., occurrence of B hori-
zons). Soils that have been forming for a longer period tend to have more
distinct soil horizons and a higher degree of development (Skiba et al.,
2004).

The comparison of pedogenetic aspects between the Technosols in
lowland/highland and high-mountain areas is difficult because of a lack
of data for the latter. Although the literature about pedogenesis of
Technosols in areas of historical mining and smelting in lowlands or
highland areas is available (Huot et al., 2015; Ivanov et al., 2009;
Uzarowicz and Skiba, 2011), data on the development and evolution of
mountain Technosols is scarce. The main similarities seem to be that
both lowland/highland and high-mountain Technosols occur in the
isolated patches where industrial waste was deposited. These have
different parent materials than the surrounding areas (Adamczyk, 1965;
Kierczak et al., 2009; Pietrzykowski et al., 2011; Swed et al., 2022). Post-
industrial areas both in lowland/highland (Karczewska et al., 2018;
Pajak et al., 2018; Potysz et al., 2019; Tarnawczyk et al., 2021; Uzar-
owicz et al., 2020a) and high-mountain areas (Ciarkowska and
Miechowka, 2022) are often highly contaminated with potentially toxic
trace elements. On the other hand, the differences between Technosol
pedogenesis in lowland/highland areas and high mountains most likely
reflects the geoecological conditions related to relief, altitude, climatic
conditions and plant cover. These differences may lie in different soil
microbial activity in lowlands/highlands and high mountains; however,
that issue should be examined in detail in the future.

4.2. Historical human activity and parent rock as the major soil-forming
factors

The crucial soil-forming factor responsible for the formation of the
studied Technosols was the human activity in the past. There can be no
disputing that without mining and smelting as well as deposition of
industrial of mining and metallurgical wastes on the land surface, the
examined Technosols would not exist. Human activity affects the nature,
quantity and distribution of the anthropogenic materials making up the
soil substrate.

The type of parent rock is the main soil-forming factor controlling the
majority of soil properties (Huang et al., 2011). Its influence on soils can
be complex and can vary depending on the specific geological back-
ground. Parent-rock mineral and chemical composition determines soil
properties (e.g., pH), availability of nutrients as well as soil structure and
drainage. The parent rock can also affect the rate of weathering and
erosion, leading to the development of different soil horizons (Blume
and Schwertmann, 1969; Wilson, 2004).

A number of previous studies have shown that parent rock is the most
important soil-forming factor controlling the variability and properties
of Tatra-Mountain native soils (Komornicki and Skiba, 1996;
Miechéwka et al., 1997; Skiba et al., 2004; Wasak-Sek, 2017). The re-
sults presented herein indicate this is also true for the Technosols there.
The type of parent material determined the features of the studied
Technosols like soil physical properties (soil texture), chemical (content
of carbonates in soils, soil pH) and sorption properties (e.g. CEC and BS),
magnetic susceptibility as well as mineral and chemical composition
(Fig. 4; Tables 2-4, S1).

The studied Technosols can be divided into three groups according to
the nature of the parent material: group I — Technosols developed from
mine wastes derived from carbonate rocks (Profiles 1-3); group II —
Technosols developed from mine wastes derived from aluminosilicate
igneous and metamorphic rocks (Profiles 5-10), and group III — Tech-
nosols developed in historical smelting areas and containing
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metallurgical wastes (Profiles 11-13). Profile 4 had the properties of
soils representing both group I and II (Fig. 5). The PCCA analysis shows
the diversity of the studied Technosols is mostly determined by three
principal components (Fig. 5): the first explains 53.3 % of the variability
of the data and is related with SiO,, Al,O3 and CaO concentration, EB,
PHu20 and carbonate content. This principal component clearly distin-
guished the above mentioned soil groups. The second principal
component explains 20.9 % of the variability of the data and is related
with magnetic susceptibility and Fe;O3 concentration. The third ex-
plains 10.2 % of data variability and is related to EA.

Group I Technosols are characterized by the high contribution of
carbonate rock fragments, high pHyzo (7.5 on average), carbonate
content (21 % on average), relatively high CEC (36 cmol(+)okg’1 on
average) and BS (99.7 % on average). The soils” mineral composition is
dominated by calcite, quartz, mica, hematite and dolomite. On average,
concentrations of major elements can be arranged as follows: Si > Ca >
Al > Fe > Mn > Mg > K > P > Na > Ti. Parent-material carbonates in
Profiles 1-3 affect soil properties and chemical composition, which was
clearly detected by PCCA analysis (Fig. 5). All these soils have very much
in common with ‘rendzina soils’ typical of carbonate bedrock
(Miechowka and Drewnik, 2018). Some are enriched in Fe and Mn, in
particular in areas of historical Fe- and Mn-bearing ore mining (Jach and
Dudek, 2005).

Group II Technosols developed from mine wastes comprising non-
carbonate igneous or metamorphic rocks (Profiles 5-10) are character-
ized by low pHpya0 (4.3 on average), lack of carbonates, low CEC (6 cmol
(Jr)okg’1 on average in mineral horizons), low BS (24,7% on average in
mineral horizons) and relatively low y (avg. 16 x 10~%-m3kg™! on
average). Mineral composition of these soils is dominated by quartz,
mica, albite, orthoclase and chlorite. On average, the major elements
can be arranged as follows: Si > Al > Fe > K > Mg > Na > Ti > Ca > Mn
> P. Group II Technosols can be very well distinguished in Fig. 5 based
on the first principal component. The low pH and relatively high content
of SiO,, Al;03, and K30 in group II Technosols is strictly related to soil-
parent material mineral and chemical composition. These Technosols
have the features of native soils developed from granites and gneisses as
well as non-carbonate glacial moraines occurring mostly in the foothills
and valleys of the Eastern (High) Tatra Mountains (Drewnik et al.,
2008).

Group III includes Technosols developed in historical smelting areas
and has some common features, for example high pH (6.4 on average),
relatively high CEC (25 cmol(-&-)-kg’1 on average in mineral horizons)
and high BS (99.1 % on average) as revealed by PCCA analysis (Fig. 5).
Features of this kind are characteristic for soils developed from metal-
lurgical slags and thermal power station ash (Kierczak et al., 2008;
Potysz et al., 2015; Uzarowicz et al., 2017; Uzarowicz et al., 2018a,
2018b). On the other hand, a typical attribute of that group of Tech-
nosols is the great diversity of mineral and chemical composition. One
particular mineralogical feature is the occurrence of soil layers enriched
in metallurgical slags containing amorphous phases (slags), magnetite,
olivines (e.g. fayalite), wiistite and hematite. High y was typical of soils
from group III. In particular, very high y (3565 x 10~ %m3kg™' on
average) is typical of soil layers rich in metallurgical wastes. The profiles
of these Technosols are also very diverse in chemical composition;
however, the following general pattern of major elements can be
determined as Si > Fe > Al > Ca > K > Mg > Mn > Na > P > Ti. A typical
feature of these soils is the high Fe concentration, which is related to the
occurrence of Fe-rich minerals like magnetite, fayalite, wiistite and
hematite.

Profile 4 shared features of both group I and II (Fig. 5). That soil had a
pH of 6.6 on average, lack of carbonates, as in group II, as well as
moderate CEC (15 cmol(+)ekg ! on average), high BS (99.6 on average)
and generally low y (avg. 13 x 10 %m3kg™!). That soils’ mineral
composition is dominated by quartz, mica, orthoclase, albite and chlo-
rite. On average, the concentrations of the major elements can be ar-
ranged as follows: Si > Al > Fe > K > Mg > Ca > Ti > Na > P > Mn.
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Fig. 5. Principal Component and Classification Analysis (PCCA) of studied Technosols in the Tatra Mountains (coordinates of the principal components and
explanation of symbols of soil samples are given in Table S2 and S3 (supplementary materials).

The studied parent material revealed diverse susceptibility to
weathering. Mine-waste Technosols derived from carbonate rocks
(Profiles 1-3) contained calcite or dolomite, which are relatively soluble
in the environment (Zamanian et al., 2016). On the other hand, Profiles
5-10 were developed from parent materials containing granites and
gneisses, the minerals of which are relatively resistant to weathering.
Some rocks contained sulphides, which are highly susceptible to
weathering in soil environments (Néel et al., 2003; Uzarowicz and Skiba,
2011). Metallurgical wastes occurring in Profiles 11-13 contained a
variety of mineral phases that are mostly quite resistant to weathering
(Potysz et al., 2015), although some elements (e.g., Cu) were released
during weathering and formed secondary minerals (e.g., malachite).
Formation of pedogenic Cu carbonates was reported in mine-waste
Technosols near historical Cu mines (Uzarowicz et al., 2024).

Investigated Technosols’ magnetic susceptibility was strongly influ-
enced by the presence of magnetic phases (mainly Fe oxides like
magnetite or hematite) inherited from the soil parent materials. The
highest magnetic susceptibility was measured in soils containing
metallurgical slags (Profiles 11 and 12) (Table 2). These soils were
enriched in technogenic magnetite particles that contributed to very
high magnetic susceptibility. Investigations of Technosols developed on
thermal power station ash disposal sites highlight the significant influ-
ence of parent-material magnetic minerals (e.g. magnetite) on soil
magnetic properties (Uzarowicz et al., 2021). Magnetic susceptibility is
a parameter commonly used to investigate both genetic aspects and the
level of soil contamination. Soils can contain different magnetic min-
erals inherited from the parent material as well as being influenced by
climate, vegetation and soil-forming processes (Blume and Schwert-
mann, 1969). Soil-forming processes can increase topsoil magnetic
susceptibility through mineral alteration and organic matter accumu-
lation (Fine et al., 1989, Frankl et al., 2022). In stable soils, magnetic
susceptibility tends to increase upwards due to intense near-surface soil-
forming processes (Cerdan et al., 2010; Gorka-Kostrubiec et al., 2016).
Such a feature was also detected in majority of the studied soil profiles
(Table 2), however additional magnetometric analyses have to applied
to explain higher magnetic susceptibility in the topsoil than in the
subsoil of the investigated Technosols in detail.

4.3. Vegetation as a soil-forming factor controlling topsoil properties

Vegetation is, apart from parent material, another important soil-
forming factor determining the studied Technosols properties. Vegeta-
tion plays an important role in the post-mining recovery of Tatra-
Mountain soils; once mining ceases, vegetation starts returning to the
mined area, which is important for the natural soil regeneration. Trees
and other plants help to stabilize the soil and prevent erosion and also
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promote SOM accumulation. This improves soil properties, increases
fertility and supports the growth of plants. Additionally, vegetation
helps to recharge mining-area groundwater (Galhardi and Bonotto,
2016). Overall, vegetation has been an essential component of the post-
mining recovery process in the Tatra Mountains and was crucial for
restoring the natural ecosystem.

The results of this study of post-mining and post-smelting soils
indicate that the vegetation and plant-derived SOM mostly shapes the
topsoil properties of the studied Technosols. As a result of the devel-
opment of vegetation in post-mining and post-smelting areas in the Tatra
Mountains, SOM has been accumulated in the studied soil-profile topsoil
(Fig. 2). Investigated-soil TOC content reached up to 48 % and TN
concentration varied between 0.06 and 2.06 % (Table 2). Generally,
SOM-related TN concentration was higher in the topsoil than subsoil.
Post-mining and post-smelting site vegetation provided organic matter
that was transformed into humus of mor and moder type. SOM accu-
mulation influenced soil structure (formation of aggregates composed of
organo-mineral compounds, Fig. 3) and soil pH. For example, the
accumulation of spruce (e.g. at Zleb pod Banie) and dwarf pine needles
(e.g. at Banisty Zleb) caused an acidic reaction regardless of the soil’s
parent material (Table 2). Moreover, SOM accumulated in the topsoil
influenced soil sorption properties (Table 3). This was clearly visible in
the surface soil horizons, where CEC was higher in comparison with the
subsoil. SOM humic compounds show strong sorption properties that
enhance soil CEC (Wasak and Drewnik, 2016; Salami et al., 2024).
Furthermore, SOM accumulation may also have an impact on soil mi-
crobial activity and diversity though that is a topic for future studies.

The Fig. 4 shows the major-element and LOI variation in the soil
profiles studied. The element-content differences are obviously related
to bedrock mineral composition. In contrast, the LOI was higher in soil
horizons with a high contribution of organic matter (both soil organic
matter in the O horizons and organic matter in charcoal form in the soils
containing slag) and carbonates or hydrated minerals.

4.4. Climate, relief, water and time as soil-forming factors controlling soil
properties and genesis

In alpine environments, including the Tatra Mountains, altitude in-
fluences climatic conditions and defines the climate-plant zonality
(Skiba, 1977). Climate affects the vegetation cover, which in turn in-
fluences soil properties as described above. The effect of climate and
vegetation on soils can be observed on the slopes of Ornak. Profiles 7 and
8 (Pod Banie Couloir) as well as Profiles 9 and 10 (Banisty Couloir) were
located in different climate-plant zones (Table 1). The former soils were
covered with spruce forest and largely mosses (Bryophyta sp.), while the
latter were dominated by Pinus mugo shrubs. All soils (Profiles 7-10)
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contained similar TOC contents in O horizons (Profiles 9 and 10 showed
a little higher TOC concentrations). However, in Profiles 7 and 8, the A
horizons were noticeably richer in TOC than A horizons from Profiles 9
and 10 (Table 2). Moreover, the C/N ratios were lower in the former
than latter soils. Features like this are related to differences in the SOM-
decomposition rate, which is slower above the upper-forest zone in Tatra
Mountain soils (Drewnik, 2002, 2006). Research regarding the rate of
cellulose decomposition shows this process is mainly influenced by cli-
matic and plant factors, while the geological substrate is much less
influential (Drewnik, 2008).

Another important soil-forming factor in the Tatra Mountains are the
geomorphological settings (relief) affecting soils e.g., through slope
inclination and exposure (Drewnik, 2008). Although the slope inclina-
tion influences the intensity of erosion, the effects of water erosion were
not observed in the immediate surroundings of the studied soil profiles.
Vegetation cover, even on steeper slopes, was effective in protecting the
land surface against erosion. Slope exposure and amount of solar radi-
ation influences microclimatic conditions, which in turn affects the
range of mountain climatic-plant zones (Komornicki and Skiba, 1996).
Based on the results obtained, the influence of climatic conditions and
relief on the studied soils are indirect. Climate and geomorphological
settings determine vegetation cover, which in turn shapes soil
properties.

Water did not determine the investigated Technosols’ properties. All
studied soils were well aerated and located in well drained sites. No
traces of gleyic processes were found (Fig. 2).

The time of soil formation is also a factor controlling soil properties.
In the case of the investigated soils, the influence of time is difficult to
determine, as other factors such as bedrock, relief, climate-dependent
vegetation, through their determining contribution to the formation of
soil properties, make assessment difficult. However, the profiles with Bw
horizons were located in Pysznianiska Valley, on the oldest sites, where
mining was carried out in the 15™ Century (at the other sites, mining
mainly took place in the 18" and 19 Centuries). Therefore, the for-
mation of Bw horizons may be related to a long pedogenesis period.

5. Conclusions

Soil studies in the historical mining and smelting areas of the Tatra
Mountains have revealed the long-lasting and particular impacts of these
activities on Technosol properties. These soils are weakly developed
soils characterized by high diversity of properties, varying in parent
material (mine wastes, metallurgical wastes), vegetation cover as well as
elevation a.s.l. (determining climate-plant altitudinal zone) and land-
form. The duration of soil formation also differed among the studied
Technosols.

The most important factors controlling Technosol origin and prop-
erties are past human activity, parent material and vegetation. Anthro-
pogenic factors associated with human mining and metallurgical
activities had a direct and decisive impact on the studied Technosol
origin. Parent material determined majority of soil properties (pH,
content of carbonates, sorption properties), magnetic susceptibility,
mineral and chemical composition.

Based on the nature of parent material, the studied Technosols can be
divided into three groups: group I comprises Technosols developed from
mine wastes constituted by carbonate rocks, group II includes Tech-
nosols developed from mine wastes derived after non-carbonate igneous
and metamorphic rocks and group III comprises Technosols developed
in historical smelting areas and containing metallurgical wastes. All
these groups are characterized by different soil properties, mineral and
chemical composition.

Vegetation that varied with altitude and geomorphological settings
promoted soil organic matter accumulation in the topsoil which in turn
influenced soil properties in the surface horizons (e.g., pH, content of
total organic carbon and total nitrogen, sorption properties).

Other soil-forming factors controlling the studied Technosol
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properties were relief, altitude-related climatic conditions, water con-
ditions and time of soil formation. Climatic conditions and relief
determine the studied Technosols properties indirectly and it is not as
pronounced as in the case of human activity, parent material and
vegetation. Water only had a limited influence on the studied Tech-
nosols as they were located in well-drained areas.

The lengthy soil-formation period (a few centuries) of some studied
Technosols led to the formation of weakly developed Bw horizons within
soil profiles. This indicates that the progress of soil-forming processes in
post-mining areas in the Tatra Mountains can transform Technosols into
more developed soils.
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Abstract
Received: 2025-08-09 Spolic Technosols developed from mine and metallurgical wastes in areas of historical mining and
Accepted: 2025-09-26 smelting activities undergo natural weathering, soil-forming and biological processes. This study
Published online: 2025-09-26 presents (1) micromorphological and submicromorphological features using optical microscopy
Associated editor: Cezary Kabata and scanning electron microscopy, as well as (2) chemical characteristics based on selective extrac-

tions of pedogenic Fe, Al, Mn and Si in Technosols from the Tatra Mountains, southern Poland, to
identify key pedogenic processes in these soils. This approach provides insight into the complex

Keywords: pedogenesis of Spolic Technosols in an alpine environment influenced by past industrial activity.

Thirteen soil profiles were analysed, divided into three groups: (I) Technosols formed from mine
Spolic Technosols wastes comprising Fe- and Mn-ore-bearing carbonate rocks (limestones and dolomites), (I) Techno-
Soil-forming processes sols developed from mine wastes derived from polymetallic ore-bearing igneous and metamorphic
Soil micromorphology rocks (granite, gneiss), and (III) Technosols containing wastes from smelting activity (e.g. metal-
Mountain soils lurgical slags). Soil thin section analysis revealed the following microscale evidences of initial soil
Historical mining formation: (1) formation of Fe oxide pseudomorphs due to sulphide weathering; (2) formation of
Historical smelting pedogenic structure; (3) formation of pedogenic carbonate coatings in soils developed from mine

wastes composed of carbonate rocks; (4) formation of pedogenic Fe and Mn oxide coatings in acidic
soils developed from mine wastes composed of crystalline rocks (granite, gneiss); (5) formation of
pedogenic sulphate coatings in soils containing metallurgical wastes, and (6) bioturbations (e.g.
root channels and biogenic channels filled with a material reworked by soil animals). Micromor-
phological observations also showed that metallurgical slags in Technosols can serve as a habitat
for soil fauna (most likely nematodes or enchytraeids). Selective extractions of pedogenic Fe, Al,
Mn, and Si showed (1) the release of oxalate-extractable Mn in soils developed from Mn-bearing
ore mine wastes, (2) a slight mobilisation of oxalate-extractable Fe and Al in acidic Technosols de-
veloped from aluminosilicate parent material, and (3) the release of oxalate-extractable Aland Si in
Technosols containing metallurgical slags. These results indicate that technogenic parent materials
undergo weathering, which will most likely consequently transform the mineral composition of the
studied Technosols in the future. This study contributes to expanding knowledge of Technosols and
their potential ecological functions in mountain regions. It also provides insights into soil develop-
ment in areas of historical mining and metallurgical activities in an alpine environment of the Tatra
Mountains.

1. Introduction for Soil Resources (IUSS Working Group WRB, 2022), are char-
acterised by the presence of artefacts that are human-made,

The study of soils in areas affected by historical human human-altered, and human-excavated materials (Charzynski
activities provides valuable insights into pedogenic processes et al., 2013; Uzarowicz et al., 2020a). Important soils among
and the long-term environmental effects of anthropogenic dis- them are Spolic Technosols, which develop, for example, at dis-
turbances. Technosols, recognised by the World Reference Base posal sites containing mine and industrial wastes (Néel et al.,

© 2025 by the authors. Licensee Soil Science Society of Poland. This article is an open
access article distributed under the terms and conditions of the Creative Commons
Attribution (CC BY NC ND 4.0) license (https://creativecommons.org/licenses/by-nc-nd/4.0/). 1
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2003; Kabala et al., 2020; Swed et al., 2022). These soils are com-
monly found in contemporary industrial areas (Griinewald et
al.,, 2007; Uzarowicz et al., 2017; Allory et al.,, 2022). However,
they also occur in places of historical industrial activity, which
nowadays are often covered with vegetation due to natural
plant succession (Wo$ et al.,, 2023; Castillo Corzo et al., 2025;
Uzarowicz et al., 2025). Sometimes, these areas can comprise
ecologically sensitive environments and protected areas. An
example of such a site is the Tatra Mountains, currently pro-
tected as the Tatra National Park.

The Tatra Mountains, part of the Western Carpathians, are
a high mountain area in southern Poland and northern Slo-
vakia with a long history of mining and metallurgical activity
(Jost, 2004; Raczkowska, 2019). Mining and metallurgy in the
Tatra Mountains lasted from the 15" century until the end of
the 19% century (Radwanska-Paryska and Paryski, 1995), with
the greatest environmental impact in the 18" and early 19%"
centuries (Zwolinski, 1984). Mining and metallurgy activities
have left a legacy of altered landscapes as well as mine wastes
and metallurgical slags deposited on the land surface, affect-
ing biodiversity and soil quality (Mirek, 1996). These anthro-
pogenic materials are unique soil substrates from which Spolic
Technosols develop after covering a post-industrial area with
vegetation. Although the properties and geochemical features
of Technosols in historical metal mining and smelting areas in
the Tatra Mountains were recently identified and described
(Tarnawczyk et al., 2024, 2025), the advancement of soil-form-
ing processes in these soils is still poorly recognised. Therefore,
there is a need to extend our knowledge about soil develop-
ment in abandoned mining and smelting areas. This combined
micromorphological and chemical approach provides novel
insights into soil-forming processes in high-mountain Techno-
sols, which have not been studied in detail in the Tatra Moun-
tains before.

Micromorphological analysis, which aims to recognise soil
characteristics at the micro-scale, in addition to chemical anal-
yses on pedogenic forms of Fe, Al, Mn, and Si, offers a valuable
tool for studying the effects of early soil-forming processes in
Technosols. In the last two decades, soil micromorphology has
become more and more frequently used to study the genesis of
Technosols (Zikeli et al., 2002; Zanuzzi et al., 2009; Séré et al.,
2010; Uzarowicz and Skiba, 2011; Jangorzo et al., 2013; Huot et
al., 2015; Uzarowicz et al., 2017, 2018b; Watteau et al., 2017; Or-
tega et al., 2022). Recent micromorphological studies (e.g., Huot
et al., 2014b; Watteau et al., 2018, 2025; Colombini et al., 2020;
Ruiz et al., 2022; Diaz-Ortega et al., 2024) have focused on the
investigation of pedogenic processes in human-affected soils of
industrial regions in lowland and upland areas. However, com-
parable data from high mountain environments are scarce.
Identifying micromorphological features of the groundmass,
soil organic matter, and pedofeatures reveals the interplay be-
tween anthropogenic influences and natural soil-forming proc-
esses (Zaiets and Poch, 2016; Stoops et al., 2018; Verrecchia and
Trombino, 2021). Previous studies on soil micromorphology in
the Tatra Mountains, such as those by Zasoniski and Niemys-
ka-Eukaszuk (1977), Miechéwka and Ciarkowska (1998), and
Drewnik (2008), have primarily focused on the determination
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of properties of natural (non-anthropogenic) soils; however,
soils in the areas affected by historical mining and smelting
activities have not been investigated.

Selective extractions of Fe, Al, Si, and Mn from soils are
frequently used to differentiate mineralogical and chemical
forms of Fe, Al, Si, and Mn in soils, as well as to assess pedo-
genic transformations and mineral weathering, which is help-
ful in identifying the degree of advancement of soil-forming
processes and in distinguishing between different soil types
(McKeague and Day, 1966; Cornell and Schwertmann, 2003).
Selective extractions of Fe, Al, Si, and Mn for Technosols devel-
oped from different anthropogenic parent materials (thermal
power station ash, mine wastes containing Fe and Cu sulphides;
mine wastes from sedimentary Fe ore mines) indicate the re-
lease of these elements in soil environment and proves that the
results of the extractions can be a good indicator of initial soil-
forming processes in Technosols (Uzarowicz and Skiba, 2011;
Uzarowicz et al., 2017, 2024, 2025). It seems that the selective
extractions of Fe, Al, Si, and Mn should also be used for Tech-
nosols developed from other anthropogenic parent materials,
including technogenic soils of the Tatra Mountains.

The purpose of this study was to determine the degree of
advancement of soil-forming processes in Spolic Technosols
developed at historical mining and metallurgical sites in the
Tatra Mountains (southern Poland), based on micromorpho-
logical, submicromorphological, and chemical indicators of
pedogenesis. We hypothesised that (1) micromorphological
and submicromorphological features, together with pedogenic
forms of Fe, Al, Si, and Mn, can be used to trace the intensity
and direction of soil-forming processes over several centuries
of Technosol development, and (2) these features provide in-
sights into the genesis of high-mountain Technosols and their
ecological implications in human-influenced mountain eco-
systems.

2. Materials and methods
2.1. Study area

The study was conducted in the Tatra Mountains, the high-
est range of the Carpathians, located in southern Poland along
the border with Slovakia. This region is characterised by an al-
pine environment, with elevations ranging from approximately
900 to 2500 meters above sea level. The climatic conditions are
harsh, with the mean annual air temperatures ranging from 6°C
in the valleys to —-4°C near the peaks, and the mean annual pre-
cipitation from 1000 mm in the lowest part up to 1800 mm in the
highest part of the mountains (Hess, 1996).

The Tatra Mountains are part of the Western Carpathians
and consist predominantly of granitoids in the High Tatras and
metamorphic rocks in the Western Tatras, as well as sedimen-
tary rocks in the lower part of the Western Tatras (Kotanski,
1971; Passendorfer, 1996; Gradzinski et al., 2001). The relief of
the Tatra Mountains is shaped by glacial, fluvial, and slope proc-
esses, creating a complex landscape of valleys and ridges (Kli-
maszewski, 1996).
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The Tatra Mountains are a typical alpine environment with
distinct altitudinal vegetation zones. The lowest zone, up to
about 1250 m a.s.l, is dominated by beech (Fagus sylvatica L.)
and fir (Abies alba Mill.), while spruce (Picea abies (L.) H. Karst)
is also widespread due to past forest management. Between 1250
and 1550 m a.s.L, the upper forest belt develops, dominated by
spruce and silver birch (Betula pendula Roth). Above, in the sub-
alpine zone (1550-1800 m a.s.l.), the main component of the veg-
etation is dwarf pine (Pinus mugo Turra) scrub. At an altitude of
1800-2300 m a.s.L, alpine grasslands predominate, with species
such as Juncus trifidus and Festuca varia, while above 2300 m
a.s.l, the subnival zone is characterised by lichens, mosses, and
low grasses in harsh climatic conditions (Pieko$-Mirkowa and
Mirek, 1996).

The mosaic pattern is very characteristic of the soil cover
in the Tatra Mountains (Komornicki and Skiba, 1996). The soils
have diverse properties depending mostly on parent rock (vari-
ous igneous, sedimentary, and metamorphic rocks), vegetation,
morphogenetic processes, and climatic conditions (Komornicki
and Skiba, 1996). The most common soils occurring in the Tat-
ra Mountains are Podzols, rendzina soils (Rendzic Leptosols),
brown soils (Cambisols), as well as initial soils (Leptosols and
Regosols) (Komornicki and Skiba, 1996; Drewnik et al., 2008).

Historical mining and metallurgical activities, conducted
particularly from the medieval period to the end of the 19" cen-
tury, have locally influenced the region’s soil substrates (Osika,
1987; Jost, 2004). The remnants of these activities are, for ex-
ample, mine waste heaps and slag disposal sites, which serve
as parent materials for Spolic Technosols investigated in the
present study.

2.2. Study object

The study focuses on Spolic Technosols developed in areas of
historical mining and metallurgy in the Tatra Mountains. These
soils were formed from anthropogenic substrates including mine
waste and metallurgical slags originating from the extraction
and processing of copper (Cu), iron (Fe), silver (Ag), manganese
(Mn), and antimony (Sb) ores (Watocki, 1950; Jost, 1962, 2004). In
the Polish part of the Tatra Mountains, mining activity developed
mainly in the Western Tatras (the Chocholowska and Ko$cieliska
Valley region, including the Ornak ridge), whereas the metallur-
gical centres were located in KuzZnice and the Ko$cieliska Valley
(Liberak, 1927).

Thirteen soil profiles from eight selected sites located on
small heaps at adit outlets, near collapsed adits and shafts, and
in historical smelting areas were examined. Detailed location
of the soil profiles, including a map and images of representative
profiles with surrounding vegetation, was presented elsewhere
(Tarnawczyk et al., 2024). The profiles were located at the follow-
ing sites: (a) the Hucianskie Banie (profiles 1 and 2); (b) mouth
of the Koscieliska Valley (profile 3); (c) the Ko$cieliska Valley
near the Ornak tourist shelter (profile 4); (d) the Pysznianska
Valley (profiles 5 and 6); (e) the Zleb pod Banie (Pod Banie Cou-
loir) at the Ornak ridge (profiles 7 and 8); (f) the Banisty Zleb
(Banisty Couloir) at the Ornak ridge (profiles 9 and 10); (g) the
Koscieliska Valley — old steelwork at Stare Koscieliska (profiles

Micromorphological and chemical indicators of pedogenesis in Spolic Technosols in the Tatra Mountains

11 and 12); and (h) KuZnice steelwork area (profile 13). The peri-
ods of activity of the studied mining and smelting sites are listed
in Tarnawczyk et al. (2024). These sites reflect the variability
in parent material petrology, mineral composition, soil proper-
ties, and differences in vegetation cover. Soil samples were tak-
en from each horizon distinguished in the soil profiles.

The studied soils were classified as different variants of
Spolic Technosols or Coarsic Spolic Technosols (Tarnawczyk et
al., 2024) (Table 1), following the guidelines of the World Refer-
ence Base for Soil Resources (IUSS Working Group WRB, 2022).
These soils were grouped based on their properties and the
character of parent materials (Tarnawczyk et al., 2024). Group I
includes Technosols formed from mine wastes comprising
Fe- and Mn-ore-bearing carbonate rocks (limestones and do-
lomites), represented by profiles 1-3. Group II comprises Tech-
nosols developed from mine wastes derived from polymetallic
ore-bearing igneous and metamorphic rocks (granite, gneiss),
represented by profiles 5-10. Group III includes Technosols
containing metallurgical wastes (e.g., slags), represented by
profiles 11-13. Profile 4 combines the properties of group I and
II. The age of soils was estimated based on information about
the time of the operation of a mine or smelter at each study
site (Jost, 2004) (Table 1). We suppose that the soils began to
develop after the deposition of mine or metallurgical wastes
on the land surface.

2.3. Laboratory analyses

2.3.1. Soil properties

The basic physicochemical properties of the studied Tech-
nosols were determined in accordance with standard pedologi-
cal procedures (Van Reeuwijk, 2002; Pansu and Gautheyrou,
2006; Soil Science Division Staff, 2017). Soil samples from each
horizon were air-dried, sieved to a size of <2 mm, and analysed
for particle size distribution (Bouyoucos—-Casagrande method,
modified by Prészynski) (Warzynski et al., 2018), pH (poten-
tiometric, H,0, 1:2.5), carbonate content (Scheibler volumetric
method), total organic carbon (TOC), total nitrogen (TN), and
total sulphur (TS) using a CHNS elemental analyser (vario MAC-
RO cube, Elementar). In carbonate-containing samples, inor-
ganic C was subtracted from TOC. The mass-specific magnetic
susceptibility (x) was measured with a multifunction MFK1-FA
Kappabridge, following Thompson and Oldfield (1986). A full
description of the methodology and results is provided in
Tarnawczyk et al. (2024). These parameters provide an essen-
tial background for the micromorphological study.

2.3.2. Micromorphological analyses

The undisturbed samples were collected from the selected
soil horizons. The samples were then air-dried and impregnat-
ed with Araldite 2020 epoxy resin. Polished thin sections with
a thickness of 30 um were prepared from the impregnated
soil materials at the Faculty of Geology, University of Warsaw,
Poland. They were examined in transmitted light using petro-
graphic microscopes (Olympus SZX Z10, Olympus BX41). The
micromorphological description and terminology given by
Stoops (2021) were applied.
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Table 1
Selected physical and chemical properties of the studied soils based on Tarnawczyk et al. (2024)

Horizon Depth  Munsell Rock Percentage of fractions (mm) Soil Magnetic pPH,,, eq. TOC TN TS
(cm) colour fragments textural  susceptibility CaCo, (%) (%) (%)
(moist)* (%)* 2.0-0.05 0.05-0.002 <0.002 class 00 (%)
(USDA) (x10-*m*kg™)
Profile 1 - Spolic Technosol (Loamic, Eutric, Calcaric, Humic, Hyperartefactic, Skeletic, Toxic)
Approximate time of soil origin: late 18" c. — mid-19™ c.
0i 0-1 10YR 2/2 - - - - - - - - 4240 146 0.10
AC1 1-5 10YR 3/1 15 76 17 7 SL 83.5 7.4 20.5 819 0.56 0.08
AC2 5-15 10YR 3/2 60 76 15 9 SL 91.4 7.9 31.2 218 012 0.04
C 15-35  2.5YR3/3 70 75 15 10 SL 36.8 8.0 30.4 1.85 0.07 0.04
2C 35-60  10YR 2/2 80 54 30 16 SL 12.5 8.1 21.5 1.06 011 0.02
Profile 2 - Spolic Technosol (Loamic, Eutric, Calcaric, Humic, Hyperartefactic, Skeletic, Toxic)
Approximate time of soil origin: late 18" c. — mid-19™ c.
0i 0-1 - - - - - - - - - 4397 098 0.07
AC1 1-25 10YR 2/2 40 75 19 6 SL 32.2 7.5 22.1 6.62 044 0.06
AC2 25-45 10YR 3/1 60 70 21 9 SL 33.7 7.9 21.2 2.63 017 0.03
AC3 45-65 10YR 3/2 70 65 23 12 SL 32.6 7.9 20.8 242 015 0.04
2C 65-90  2.5YR 3/2 80 46 40 14 L 22.4 7.8 9.6 270 024 0.04

Profile 3 - Spolic Technosol (Epiarenic, Endoloamic, Eutric, Dolomitic, Mollic, Hyperartefactic, Skeletic)
Approximate time of soil origin: late 18" c. - 19™ c.

Oe 0-6 7.5YR 3/3 - - - - - - 5.7 - 41.22 165 0.13
o/C 6-25 10YR 2/1 70 87 9 4 LS 32.3 6.8 111 23.57 111 0.12
AC 25-40 10YR 2/2 70 81 15 4 LS 15.1 7.2 17.0 10.69 0.53 0.07
BC 40-60 10YR 3/4 40 70 24 6 SL 6.5 7.6 26.5 514 026 0.04

Profile 4 - Spolic Technosol (Epiarenic, Endoloamic, Eutric, Humic, Hyperartefactic)
Approximate time of soil origin: late 18" c. — early 19™ c.

Oi 0-1 - - - - - - - - - - - -

A 1-13 10YR 2/2 50 85 11 4 LS 22.3 6.1 n 841 054 0.06
C1 13-35 7.5YR 5/4 30 58 25 17 SL 8.0 6.8 n 049 0.07 0.02
C2 35-60 10YR 5/4 30 57 25 18 SL 7.9 6.9 n 0.29 0.06 0.01

Profile 5 - Spolic Technosol (Arenic, Epidystric, Endoeutric, Protocambic, Humic, Hyperartefactic, Skeletic, Toxic)
Approximate time of soil origin: 15" c. - late 19" c.

Oe 0-3 10YR 2/2 - - - - - - 41 - 4495 2.06 0.15
Oa 3-10 10YR 2/1 - - - - - - 3.7 - 23.09 1.20 0.2
A 10-15 10YR 2/1 50 86 11 3 LS 15.6 4.0 n 462 029 0.10
Bw 15-20 10YR 3/3 70 78 18 4 LS 13.4 4.4 n 1.79 014 0.09
C 20-45 10YR 4/2 90 77 19 4 LS 14.0 6.0 n 1.01 0.09 0.08

Profile 6 — Spolic Technosol (Epiloamic, Endoarenic, Dystric, Protocambic, Humic, Hyperartefactic, Skeletic, Toxic)
Approximate time of soil origin: 15" c. - late 19" c.

Oe 0-2 10YR 2/2 - 0 0 0 - - 4.0 - 37.86 1.67 0.14
Oa 2-10 10YR 2/1 - 0 0 0 - - 3.6 - 27.23 123 011
ABw 10-20 10YR 3/3,4/3 50 76 16 8 SL 10.2 3.9 n 1.16 0.10 0.06
C 20-65 5YR5/1 90 79 14 7 LS 10.8 5.5 n 0.63 0.07 0.16
4
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Table 1 - continue

Horizon Depth  Munsell Rock Percentage of fractions (mm) Soil Magnetic PH,,, eq. TOC TN TS
(cm) colour fragments textural  susceptibility CaCo, (%) (%) (%)
(moist)* (%)* 2.0-0.05 0.05-0.002 <0.002 class 0 (%)

(USDA) (x10*m3*kg™)

Profile 7 - Spolic Technosol (Epiarenic, Endoloamic, Dystric, Humic, Hyperartefactic, Skeletic)
Approximate time of soil origin: 15" c. - late 19™ c.

Oe 0-2 - - - - - - - 3.7 - 40.47 154 0.13
AC 2-15 10YR 2/1 50 86 13 1 S 32.5 3.8 n 10.93 0.65 0.08
C 15-50 10YR 3/4 70 65 32 3 SL 15.3 4.6 n 196 015 0.02

Profile 8 — Spolic Technosol (Arenic, Dystric, Humic, Hyperartefactic, Skeletic, Toxic)
Approximate time of soil origin: 15" c. - late 19™ c.

Oe 0-4 - - - - - - - 4.0 - 4696 158 0.12
AC 4-15 10YR 2/2 40 81 18 1 LS 15.5 3.8 n 3.02 016 0.57
C1 15-35 10YR 2/2 70 81 16 3 LS 11.8 4.5 n 1.26 010 0.15
C2 35-55 10YR 3/4 80 79 18 3 LS 10.5 4.3 n 144 011 0.12

Profile 9 - Coarsic Spolic Technosol (Arenic, Amphiloamic, Dystric, Ochric, Hyperartefactic, Skeletic, Toxic)
Approximate time of soil origin: 16™ c. - 19™ c.

0i 0-2 - - - - - - - - - 45.82 091 0.08
AC 2-10 10YR 3/2 80 79 15 6 LS 144 44 n 1.05 010 0.40
C1 10-40 10YR 4/2 90 76 16 8 SL 14.4 4.5 n 0.88 0.09 0.37
C2 40-80 10YR 4/2 90 79 15 6 LS 13.3 4.5 n 0.86 0.09 0.53

Profile 10 - Coarsic Spolic Technosol (Loamic, Dystric, Humic, Hyperartefactic, Skeletic, Toxic)
Approximate time of soil origin: 16™ c. - 19™ c.

0i 0-1 - - - - - - - - - 47.90 090 0.07
AC 1-10 10YR 3/2 70 76 17 7 SL 39.0 44 n 148 010 0.07
C1 10-50 10YR 4/2 90 77 16 7 SL 14.8 4.4 n 1.16 0.09 0.07
C2 50-70 10YR 4/4 70 76 18 6 SL 15.2 4.5 n 142 012 0.06

Profile 11 - Spolic Technosol (Epiarenic, Endoloamic, Eutric, Carbonic, Humic, Hyperartefactic, Pyric, Toxic)
Approximate time of soil origin: 18" c. — early 19* c.

Oi 0-1 - - - - - - - - - 40.20 1.22 0.09
A 1-15 10YR 2/1 5 79 14 7 LS 3313.6 5.6 n 9.13 055 0.06
C1 15-30 10YR 2/2,4/3 10 65 26 9 SL 3342.2 6.0 n 524 029 0.04
c2 30-45 10YR 2/1 15 67 27 6 SL 7064.4 6.2 n 8.84 0.28 0.04
C3 45-60 10YR 2/1 20 69 26 5 SL 10485.6 6.5 n 10.60 0.22 0.04

Profile 12 - Spolic Technosol (Epiarenic, Endoloamic, Eutric, Carbonic, Humic, Hyperartefactic, Pyric, Toxic)
Approximate time of soil origin: 18" c. — early 19™ c.

0i 0-1 - - - - - - - - - - - -

A 1-20 10YR 2/1 20 76 19 5 LS 4683.8 5.8 n 8.04 042 0.05
C1 20-28 10YR 5/4 20 67 24 9 SL 489.4 6.1 n 255 021 0.10
2C 28-50 10YR 2/1 50 65 29 6 SL 9480.3 6.1 n 14.69 0.16 0.03
3C 50-60 5YR 4/4 40 70 23 7 SL 161.2 6.6 1.7 1.44 0.08 0.75
4C 60-75 10YR 4/3 30 61 29 10 SL 36.6 6.4 n 1.87 0.18 0.05

Profile 13 - Spolic Technosol (Arenic, Eutric, Humic, Hyperartefactic, Relocatic, Skeletic)
Approximate time of soil origin: late 18" c. — late 19 c.

Oi 0-1 - - - - - - - - - 45.07 1.18 0.07
AC 1-15 10YR 2/1 80 80 18 2 LS 128.0 7.0 1.3 6.03 038 0.10
2C 15-25 10YR 5/3 50 84 11 5 LS 28.3 8.6 5.8 5.63 038 0.10

Explanations: — not analysed; n — not detected; * measured during field works; L —loam; LS —loamy sand; S - sand; SL — sandy loam; TOC - total organic
carbon; TN - total nitrogen; TS — total sulphur.
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2.3.3. SEM-EDS analyses

The selected soil thin sections were studied using a scan-
ning electron microscope equipped with an energy dispersive
X-ray spectrometer (SEM-EDS). The samples were carbon-coated
before the analyses in SEM-EDS. The SIGMA (Zeiss) field emis-
sion SEM was used. The microscope was equipped with the back-
scattered electron (BSE) detector. The studies were performed
in a high vacuum mode using an accelerating voltage of 20 kV.
The analyses were performed at the Laboratory of Electron
Microscopy, Microanalysis, and X-Ray Diffraction, Faculty of Ge-
ology, University of Warsaw, Poland.

2.3.4. Pedogenic forms of Fe, Al, Si, and Mn

The selective extractions of pedogenic Fe, Al, Si, and Mn
forms were performed on soil fine earth (<2 mm). The analyses
included the following extractions:

- dithionite-citrate-bicarbonate (DCB) Fe extraction; it was
used to extract free iron oxides (denoted hereafter as Fe)),
following the procedure by Mehra and Jackson (1958),

- ammonium oxalate extraction using a solution of 0.175 M
ammonium oxalate and 0.1 M oxalic acid (at pH 3.0) in the
darkness; it was applied to extract amorphous and poorly
crystalline forms of Fe, Al, Si, and Mn (denoted hereafter

as Fe , Al , Si, and Mn_), according to the method by

Schwertmann (1964).

The Fe, Al, Si, and Mn concentrations in the soil extracts
were measured using inductively coupled plasma - optical
emission spectrometry (ICP-OES, Perkin Elmer Avio 200). The
total iron content (Fe) was determined on powdered soil fine
earth by total microwave mineralisation (Milestone Ethos UP) in
a mixture of concentrated acids (2 ml HNO, + 5 ml HF + 2 ml HCI
+1 ml HCIO,) and analysis of extracts using ICP-OES. All analyses
were performed in duplicates.

Based on the measured forms (Fe, Fe,, Fe
ing parameters were calculated:

- Fe - iron content in forms other than free oxides, calcu-
lated as Fe = Fe - Fe,

- Fe, - crystalline pedogenic iron oxides, calculated as Fe_ =
Fe,—Fe

-  Fe,/Fe - Fe oxide mobility index

-  Fe,/Fe,~Fe oxide activity index

- Al + %Fe  (expressed in %), which is used as one of the
indicators of the spodic horizon according to the WRB soil
classification system (IUSS Working Group WRB, 2022).

Al ), the follow-

ox’?

3. Results

3.1. Morphology, properties, and mineral composition
of the studied Technosols

Detailed information about properties, mineral and chemi-
cal composition, as well as photographs of soil profiles and the
surrounding vegetation, was presented elsewhere (Tarnawczyk
et al.,, 2024, 2025). Selected physical and chemical properties are
presented in Table 1. Profiles 1-10 represented soils developed
from mine waste dumps containing diverse parent materials in-
cluding limestone and dolomite debris, granite and gneiss frag-
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ments. Most profiles showed a simple soil morphology consist-
ing of O, A (or AC) and C horizons, except for profiles 5 and 6,
which had Bw horizons suggesting more advanced soil-forming
processes. A high content of rock fragments was a common fea-
ture of most of the studied profiles. Profiles 11-13 represented
Technosols formed in areas of old metallurgical activity. Profiles
11 and 12, near the Stare Koscieliska steelworks, contained slag,
ferruginous rocks, charcoals, and building debris. Profile 12 dis-
played clear layering and contained layers rich in both metallur-
gical wastes (A and 2C horizons) and mine wastes (3C horizon).
Profile 13, at an artificial slag disposal site in KuZnice, was com-
posed of carbonate-bearing sandy material covered with slag
fragments, forming a thin, bipartite soil profile.

Technosols developed from carbonate-rich mine wastes
(group I) were characterised by neutral to alkaline reaction (pH
from 7.2 to 8.1, except for horizon Oe and O/C in P3 with pH 5.7
and 6.8, respectively), resulting from the high carbonate content
(9.6-31.2% CaCO, eq.) (Table 1) (Tarnawczyk et al., 2024). They ex-
hibited moderate to high concentrations of total organic carbon
(TOQ) in organic horizons (43% on average; 24% in horizon O/C,
P3), with lower values in the mineral horizons (4% on average).
These soils contained a high proportion of rock fragments (up to
80%), and the soil texture of the fine earth was sandy loam, loamy
sand, or loam. Magnetic susceptibility values varied from 7 to
91 x108m3kg. Mineral composition, as previously determined
by X-ray diffraction (XRD) (Tarnawczyk et al., 2024) included cal-
cite, quartz, dolomite, feldspars, hematite, and clay minerals.

Technosols developed from non-carbonate aluminosilicate
mine wastes (group II) were acidic (pH 3.8-6.0 in mineral hori-
zons; pH 3.9 in organic horizons, on average) (Table 1) due to
the absence of carbonates and the weathering of igneous and
metamorphic rocks such as granite and gneiss under a conifer-
ous forest vegetation (Tarnawczyk et al., 2024). The TOC contents
were generally lower than in group I (2% on average), with high-
er values obtained in organic (O) horizons (39% on average).
The content of rock fragments often exceeded 70% and the soil
texture of the fine earth was dominantly loamy sand. Magnetic
susceptibility values were from 10 to 39 x10-%m3-kg'. Common
minerals included quartz, feldspars, and micas, with occasional
presence of jarosite and pyrite.

Technosols containing metallurgical wastes (group III)
showed variable reaction from slightly acidic to strongly alka-
line (pH from 5.6 to 8.6) (Table 1) (Tarnawczyk et al., 2024). The
TOC concentrations were notably higher than in the mining
non-carbonate waste soils (7% on average in mineral horizons,
43% on average in organic horizons), with high TOC concentra-
tions in horizons enriched in charcoal (up to 15% horizon 2C in
P12). Magnetic susceptibility was exceptionally high (up to 10486
x10-%m3kg?) reflecting the presence of magnetic minerals such
as magnetite and wiistite. These soils also contained fayalite,
goethite, as well as alumino-silicate and ferrous slag residues.

3.2. Soil micromorphological features

3.2.1. Technosols developed from mine wastes
containing carbonate-bearing rocks (group I)
Technosols of group I (profiles 1-3) were composed of car-
bonate sedimentary rock (limestones, dolomites) fragments with
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admixture of siliceous sedimentary rocks and fine soil material
occurring between rock fragments (Fig. 1A-F, Table 2). Soil mate-
rial was characterised by a highly separated complex (intergrain
micro-aggregate) microstructure with complex, compound, and
simple packing voids, as it was found, e.g., in profile 2, AC1 ho-
rizon and profile 1, the transition between C and 2C horizons
(Fig. 1 C-F).

The groundmass occurred as crumbs or subangular blocky
aggregates with porphyric c/f related distribution (Fig. 1A and B;
Table 2). Fragments of carbonate, Fe-bearing, and siliceous
rocks, as well as separate carbonate, quartz, and feldspar grains,
represented coarse fragments in the aggregates. Iron oxide

Micromorphological and chemical indicators of pedogenesis in Spolic Technosols in the Tatra Mountains

pseudomorphs after sulphides were identified in the transition
between C and 2C horizons in profile 1 (Fig. 1E and F; Fig. 2A).
Micromass of topsoil horizons was a dark brown or dark grey
material with an undifferentiated b-fabric. Micromass of subsoil
horizons was a red or red-brown material with an undifferenti-
ated b-fabric. Roots were occasionally found throughout the soil
thin sections.

Few pedofeatures were observed under the optical micro-
scope. Occasional carbonate coatings on ped faces and void walls
were found, e.g. in the transition between C and 2C horizons in
profile 1 (Fig. 1G and H). These coatings exhibited low birefrin-
gence and appeared limpid under crossed polarisers.

Fig.1. Micromorphological features of Techno-
sols developed from mine wastes comprising
carbonate rocks (group I). A and B - profile 1,
AC2 horizon. A channel between a limestone
(li) and a siliceous rock (sc) filled with rock
and mineral fragments. Dark brown soil mi-
cromass (sm) rich in humus occurs on a lime-
stone fragment. Root channel (rc) occurs in the
micromass. C and D - profile 2, AC1 horizon.
Limestones (li) and soil aggregates (ag) com-
posed of humic substances and coarse compo-
nents, including carbonate grains and ferrugi-
nous rocks. E and F - profile 1, the transition
between C and 2C horizons. A groundmass
composed of Fe-bearing rocks (Fer), limestone
fragments, Fe oxide (Feox) fragments, and
amicromass containing clay minerals and
dispersed Fe oxides (most likely hematite).
A fragment in the framework is shown in de-
tail in Fig. 2A. G and H - profile 1, the transi-
tion between C and 2C horizons. A carbonate
coating (cc) along the pore surrounded by soil
aggregates (ag) and a complex sedimentary
rock fragment (r) composed, among others,
of carbonates and Fe- and Mn-bearing ore
minerals. Explanations: PPL — plane-polarized
light, XPL - crossed polarizers

211370



swistueSo 1108 — QS ‘syuswiSey

[eJauTW pue s201 paiaieam A[fuons — INYM ‘@Indnns arefaidse — Sy ‘1anew oTue310 [10S — NS ‘soprydns Jeije sydiouropnasd aprxo 8 — Sd ‘S9IIPUIP dPIXO U — (I ‘(SO0 UT) SUTAA 9PIXO UIN — AN :S2IN1eaJ 110
s8uneod apIxo U — JU ‘Suneod sajeuoqied ) A1epuodas — JIS ‘sSuneod aprxo aj — JII (S[RULYD) suoneqiniopad anoIq — dd :$9Inyeajopad

sanpisad yuerd — Y (SHI0I uT) surewra oTuesIo aleuoqaed — YOI TeodIeyd — YD :Ia)ewr ouesiQ

UMOIG-YSTPPaT YSIMO[RA — ITJA ‘UMOIq

YSIMOT[RA — I X OLIqRJ-( PRIBTIUISIIIpUN — UN ‘SYD0[( Je[nSue-qns — gys ‘UMOIq-USIppal — I1gy ‘Pal — Y OLIqe]-q pajernsouels — si8 £ais — o ‘saje8aidfe qunad — ) ‘umolq — Ig “oe[q — [d :([e1191eW aUl) SSBWOIITA
z)xenb — z¢§) “edTur — RO ‘SOPTX0 asaueZUBW — XOUJA ‘SIPIXO UO0JT — X097 ‘Xedspraj — dsq DIIOYD — [YD ‘S9reuoqied — ) ‘9)aeq — i :[elIalew [eIdUTW 3sIeo)

Jrhydaod — g Oruour — | O1[neus — 7 :UonnqLusIp pajerad J/2 aylL

sSers — IS ‘S001 SUTIea-9] — Yo ‘SHI0J ATRIUSWITPAS SNOJIIIS —

WIS ‘(S9UO0ISPNUI ‘SAU0ISPUES) SHIOX ATLIUSWITPIS 91LUOGIRI-UOU — YSN (SS1ous) syo0a orydrourelaut — YN ‘(9ITUeIS) $H201 SnoausSt — JI ‘(S9ITUIOTOP ‘SIUO0ISIUIT[) SHIO0X AIRIUSWIIPIS 91BUOIRD — ¥S) syuawrdery Yooy
sproa unoed srdwis — AdS ‘sproa Jeued — Ad ‘sproa Supfaed xardurod — AXD ‘sproa Sunydoed punoduiod - AdD :SPIOA

2INIONISOIITUWL UTeld A[SUTS — HS DINIINIISOIITW AYI0[q Te[nSueqns — § ‘9INIINISOIITW 918 Fa135e-0I0TUI UTRISIDIUT — VIAT ‘©INIINIISOIITU Je[nuets — H 9InIdNHSOIITW Xa[dUI0d — J :2In3dNISOIITN

paururLIalap Jou -

:suoneuerdxq
- - - un ‘1g zQ - S AXD o) ST-1 oV €1d
[e02IRYD
— punole )JI u un ‘g ‘vd eI ‘dsg X031 ‘20 - USN “IS AXD R) 05-8¢ Y4 Z1d
- 201 s} un g ‘vd eI ‘dsq X091 ‘20 - SN “IS AXD o) 0Z-1 v Z1d
- 201 L) un g ‘vd eI ‘dsq X034 ‘20 - SN “IS AXD o) SH-0€ 20 11d
0S 201 0 un ‘g ‘vd eI ‘dsg X094 ‘20 - SN “TS AXD o) 0T~ 1D PUB V U9am}aq uonisues) 11d
- - - un ‘9 Igx eI ‘dsg X094 ‘20 - MIN I AXD o) 0.-0S 20 01d
- - - un ‘9 1gx eI ‘dsg X034 ‘20 - AN I AXD o) 0T~ 1D pue Qv otd
SV ‘sd 201 qd un ‘IgIx 19y eI ‘dsg X094 ‘20 - VN I AdS oS 0T-¢ oV 6d
INIM ‘SV ‘49 - - un Igx ‘9 TUD ‘@O “dsg X034 ‘20 - VN I AXD ) ST~  IDPue DV U3am)dq uonisuesy 8d
- JUN - un Igx ‘9 Mg TUD ‘@O ‘dsg X0ad ‘20 - VN I AXD o) ST~ 1D PUE DV UddMI3] UOnIsueI) 8d
sd 201 qd SI8 ‘un “IgYX 19 eI ‘dsg X034 ‘20 IN 9s1e02 MIN I AdS oS 0Z2-0T mgy 9d
sd 201 - un IgYx 19y TUD ‘o ‘dsg X034 ‘z0 N 9s1€02 MIN I AdS oS ST~ Mg Ppue Y Usamidq uonisues; Sd
- - ad un ‘D IgIX eI ‘dsg ‘z0 - MIN I Ad AXD S Ge-€1 10 ¥d
Sd ‘AN ‘SV - ) Ad un ‘D IgY ‘gvSs VO eI ‘dsg “XOUN X031 ‘20 d ¥dJ gIS “4SI AXD VINI SZ-1 10V 2d
INOS ‘Sd 2008 ¥00 9D un ‘D 19y ¥ ‘4vS eI ‘ds “XOUN K091 ‘20 J d Y1 YISWSD  ADDADS  (VNID)D Se~ JZ Pue ) UsamIaq uonisues 1d
@ ‘sd - ¥d 90D un ‘0 Igy dsq ‘XOul X033 ‘20 3 d ¥aJ gIS “4SI AdS o) ST-§ 20V 1d
JLIqRJ-( ‘IN0[0d uonnqrusip
‘adeys :([errarewr [erIa1eWw parerax
saJanjeaJ saanj Jaljewx wzﬂv SSRTHOLIA TEI3MIU 951800 .H\u UL muﬁwgmmb 21nj} (wo)
I_/YI0 -eajopad J1uesiQ SSEWPUNOID o0y SPIOA  -ONIISOIITN ndag U0ZII0H a[yoad

SUOZLIOY [I0S P31I9[9$ UIOIJ SUOTIIAS UIY} U0 PIseq S[OSOUYISL JO saanieay [ed18010ydIowoIdTN
ZolqeL

211370



o 12 M |-
rmagy ]

w
ey fua]

Fig. 2. Soil groundmass features in back-scattered electron (BSE) images and the EDS spectra for selected points or microareas. A - profile 1, the transi-
tion between C and 2C horizons. The groundmass containing limestone fragments, micromass consisting of aluminosilicate clays (asc) and Fe oxides,
Mn oxides (Mnox), and pseudomorphs of Fe oxides (Feox) after sulphides. Voids are black. B - profile 6, ABw horizon. Groundmass consisting of quartz
(Qz), aluminosilicates (e.g. feldspars), and pseudomorphs of Fe oxides (Feox) after sulphides. Voids are black. C - profile 11, the transition between A
and C1 horizons. Charcoal (ch) and the groundmass containing slag (sl), quartz (Qz), spherical grains of Fe oxides (Feox) (most likely magnetite), and the
micromass rich in clays and humic substances. Voids are black. D - profile 4, C1 horizon. Groundmass consisting of quartz (Qz), feldspars (Fsp), micas
(Mc), and the micromass with a considerable share of clay minerals. Voids are black
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3.2.2. Technosols developed from mine wastes
containing granite and gneiss (group II)

Technosols of group II (profiles 5-10) originated from mine
wastes comprising igneous (granite) and metamorphic (gneiss)
rock fragments. A complex microstructure was dominant in the
soils, interspersed with granular aggregates (Fig. 3 A-]) (Table 2).
Complex packing voids and simple packing voids occurred be-
tween coarse fragments and soil aggregates.

The groundmass had coarse monic c/f related distribution
(Table 2). It was composed of soil microaggregates and poorly
weathered rock and mineral fragments (Fig. 3G and H). The pre-
dominant mineral grains were quartz, muscovite, biotite, fine-
grain mica (sericite), chlorite, and Fe oxides (Fig. 3] and ]) (Table
2). Fe sulphides were rarely found (Fig. 2B). The micromass was
composed most likely of clay minerals and Fe oxides, and it had
a yellowish brown colour, as well as undifferentiated and gran-
ostriated b-fabric as it was found in ABw horizon in profile 6
(Fig. 3C and D). Well-developed crumb-like aggregates predomi-
nated (Fig. 3E and F). Occasional Fe oxide-bearing coatings on
rock fragments were observed as it was identified in the tran-
sition between A and Bw horizons in profile 5 (Fig. 3A and B).
Moreover, bioturbations in the form of channels filled with soil
material that was most likely reworked by soil fauna were also
found, e.g., in the transition between AC and C1 horizons in pro-
file 8 (Fig. 3G and H).

3.2.3. Technosols containing metallurgical wastes
(group III)

Technosols of group III (profiles 11-13) contained metal-
lurgical wastes including slags, as the major soil substrate. The
microstructure of these soils was complex with weak granular
microaggregates (Fig. 4 A-]) (Table 2). Complex packing voids
were present between coarse fragments and soil aggregates.

The groundmass was composed mainly of metallurgical
slag fragments with hollows often inhabited by soil organ-
isms (most likely some nematode or enchytraeid) and filled
with a soil micromass reworked by these animals, well vis-
ible in the transition between A and C1 horizons in profile 11
(Fig. 4A and B). Slags were composed of pyroxene and magnet-
ite (Fig. 4G and H), but some of them were amorphous materi-
als (Fig. 41 and ]) (Table 2). Common coarse components in the
groundmass were spherical iron oxides, most likely magnetite
(Fig. 2C). Micromass was dark brown and black as it contained
an admixture of organic carbon. Dark soil colour was related
to the abundance of charcoal fragments, noted e.g. in profile
11, the transition between A and C1 horizon (Fig. 2C), and or-
ganic matter of anthropogenic origin dispersed in the micro-
mass. Transformed plant residues were occasionally found
in the soils. Brownish aggregates composed of allochthonous
clay mineral-bearing soil material were found in profile 11, C2
horizon, and in profile 12, A horizon (Fig. 4C-F). These aggre-
gates most likely originated from mixing local native soil with
anthropogenic material formed during smelting activity.
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3.2.4. Technosols developed from mine wastes having

the features of group I and II soils

Parent material of profile 4 was a mixture of carbonate
sedimentary rocks, igneous, and metamorphic rocks. The soil
substrate was characterised by subangular blocky microstruc-
ture (Fig. 5 A-D) (Table 2). Complex packing voids and smooth
planar voids were the most common void types.

The groundmass showed two types of soil micromass: yel-
lowish brown and reddish brown. Groundmass had porphyric ¢/
frelated distribution and undifferentiated b-fabric (Fig. 5 A-D).
It consisted of aluminosilicate clays with an admixture of Fe ox-
ides (Fig. 2D). Coarse material was represented by fragments of
quartz, feldspars, carbonates, micas (Fig. 5A and B; Table 2), and
Fe oxides (Fig. 2D). Organic matter consisted of dark brown or-
ganic residues dispersed in micromass and channels. Channels
were often filled with roots (Fig. 5C and D).

3.3. SEM-EDS analyses

Detailed examination of soil material in group I revealed
the presence of a pseudomorph of Fe oxides after sulphides in
the transition between C and 2C horizons in profile 1 (Fig. 6).
This pseudomorph was composed entirely of Fe oxides. Based
on the crystal habit, it can be supposed that this pseudomorph
was formed due to the weathering of primary Fe sulphides. The
pseudomorph was surrounded by rock fragments composed
of aluminosilicates (feldspars, micas). Fragments of carbonate
minerals were dispersed in the soil micromass composed of alu-
minosilicate clays and Fe oxides. Moreover, a coating of second-
ary Ca carbonates was found on the surface of a feldspar grain
(Fig. 6).

SEM-EDS analyses of a groundmass in profile 8 (the transi-
tion between AC and C1 horizons), representing group II Tech-
nosols, showed that rock fragments were composed of alumi-
nosilicates, quartz, and Fe oxides (Fig. 7). The groundmass con-
tained coarse components: aluminosilicates (feldspars, micas,
chlorite), quartz, and barite. The peaks of Ti-Ka (4.51 keV) and
Ba-La (4.47 keV) in the EDS spectra partially overlapped; how-
ever, careful comparison of EDS maps for Ti and Ba enabled
a clear distinction between Ba-bearing and Ti-bearing phases
(Ti-bearing minerals in the soil groundmass are indicated by the
red colour in the EDS map for Ti) (Fig. 7). Soil micromass was
composed of aluminosilicate clays. The map for Mn revealed the
occurrence of coatings composed of Mn-bearing phases (most
likely Mn oxides). The coatings occurred on both rock fragments
and seem to be pedogenic in origin.

The soil material in profile 11 (the transition between A and
C1 horizons) representing group III is presented in Fig. 8. It was
composed of slag and quartz fragments and the groundmass be-
tween these fragments. The slag consisted mainly of Fe, Al, K,
and Ca, and contained acicular Fe-bearing phases (most likely
Fe oxides). The groundmass contained quartz, aluminosilicates
(most likely feldspars and micas), and Fe oxide spherules as
coarse components. The micromass was likely composed of alu-
minosilicate clays, but also contained a remarkable contribution
of S and P, suggesting the occurrence of organic compounds. The
elemental map for S (Fig. 8) revealed the presence of a coating
containing S-bearing compounds, most likely some sulphates.
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Fig. 3. Micromorphological features of Tech-
nosols developed from mine wastes compris-
ing igneous and metamorphic rocks (granite
and gneiss) (group II). A and B - profile 5,
transition between A and Bw horizons. Rock
fragments composed of quartz (Qz), musco-
vite (Ms), biotite (Bt), fine-grain mica (seric-
ite) (ser), and Fe oxides (Feox), accompanied
by soil material. Note the occurrence of a Fe
oxide-bearing coating (Fec) on a rock frag-
ment. C and D - profile 6, ABw horizon. The
granite (gr) fragment, quartz grains (Qz), and
the soil micromass (sm) composed of clay
minerals and Fe oxides exhibiting granostri-
ated b-fabric and surrounding rock fragments
and mineral grains. E and F - profile 6, ABw
horizon. Brown soil aggregate (ag) composed
of micromass containing clay minerals and
Fe oxides, as well as granite fragments (gr)
and quartz (Qz) grains. G and H - profile 8,
the transition between AC and C1 horizons.
Groundmass composed of soil microaggre-
gates and poorly weathered rock and mineral
fragments (quartz — Qz, Fe oxides — Feox). Note
the occurrence of a channel (bottom left) filled
with soil material that is most likely reworked
by soil fauna. I and J - profile 9, AC horizon.
A groundmass consisting of feldspars (Fsp),
quartz (Qz), muscovite (Ms), biotite (Bt), Fe
oxides (Feox) as well as brown soil micromass
characterized by undifferentiated b-fabric
and composed of clay minerals and Fe oxides.
Explanations: PPL - plane-polarized light, XPL
- crossed polarizers
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Fig. 4. Micromorphological features of Tech-
nosols developed in historical smelting areas
(group III). A and B - profile 11, the transi-
tion between A and C1 horizons. A black
metallurgical slag (sl) fragment with hollows
partly inhabited by elongated tubular soil
organisms (most likely some Nematoda or
Enchytraeidae) (org); hollows are filled with
a soil micromass (sm) reworked by these
animals. C and D - profile 11, C2 horizon.
Brownish aggregate (ag) composed of soil
material surrounded by a dark material con-
taining charcoals (ch) and the organic matter
of anthropogenic origin. Brownish aggregate
most likely originated from mixing local soil
with anthropogenic material formed during
smelting activity. E and F - profile 12, A ho-
rizon. Brownish aggregate (ag) composed of
soil material and rounded mudstone (mu)
fragment surrounded by a dark material con-
taining organic matter of anthropogenic ori-
gin. Brownish aggregate most likely originat-
ed from mixing local soil with anthropogenic
material formed during smelting activity.
G and H - profile 12, 2C horizon. A slag (sl)
fragment composed of pyroxene and magnet-
ite, charcoals (ch), and a dark material rich in
organic matter of anthropogenic origin. I and
J - profile 13, AC horizon. Slag (sl) fragments
and the groundmass (gm) being a mixture
of dark organic matter, rock fragments, and
mineral grains. Explanations: PPL - plane-po-
larized light, XPL — crossed polarizers
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Fig. 5. Micromorphological features of Tech-
nosol having features of group I and II (pro-
file 4). A and B - C1 horizon. Two types of soil
micromass with Fe oxides surrounding differ-
ent rock (r) fragments and mineral grains, e.g.
quartz (Qz), biotite (Bt), and fine-grain mica
(sericite) (ser). C and D - C1 horizon. Soil mi-
cromass consisting of clay minerals and Fe ox-
ides having root channels (rc) filled with plant
tissues. Explanations: PPL — plane-polarized
light, XPL - crossed polarizers

Fig. 6. Pseudomorphs of Fe oxides (Feox) after
sulphides within a soil material surrounded by
rock fragments. There is a coating of secondary
Ca carbonates (cc) below the potassium feldspar
(Kfs) grain. Profile 1, the transition between C
and 2C horizons
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Fig. 7. A space between two rock fragments filled with fine grains of aluminosilicates and barite (Brt). Surfaces of rock fragments are covered with coat-
ings composed of Mn oxides (Mnox). Profile 8, the transition between AC and C1 horizons

3.4. Pedogenic forms of Fe, Al, Si, and Mn

The Fe, contents ranged from 7484 to 344307 mg-kg™, Fe,
from 1273 to 50639 mg-kg™ and Fe  from 499 to 93449 mg-kg™
across all profiles (Table 3). The analysis of pedogenic forms
revealed distinct differences in the Fe /Fe and Fe /Fe, ratios
across the studied profiles. In profiles 1 to 3 representing soils
derived from carbonate rock mine wastes (group I), the Fe /Fe,
and the Fe /Fe, ratios averaged 0.38 and 0.22, respectively. Pro-
file 3 showed clearly higher Fe_ /Fe, values (0.53 on average),
indicating distinct chemical characteristics or more advanced
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effects of the soil-forming process in profile 3. In profiles 5 to
10 representing soils derived from aluminosilicate igneous and
metamorphic rock mine waste (group II), the Fe/Fe and Fe_/
Fe, ratios averaged 0.32 (Table 3). The content of Fe__averaged
3531 mg-kg™ and the content of Fe, averaged 13519 mgkg™ in
these profiles. In profile 4 having characteristics of groups I and
II, the Fe /Fe, ratio and the Fe /Fe, ratio averaged 0.41 and 0.18,
respectively. Profiles 11 and 12 representing soils containing
metallurgical wastes (group III), showed exceptionally high Fe,
content (192591 mg-kg™ on average) (Table 3). The Fe /Fe, ratio
averaged 0.25 in profiles 11 and 12. Moreover, the content of Fe _
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Fig. 8. A slag (s]) fragment composed mainly of Fe, K, Al, Ca, Mn, Ti, and the quartz (Qz) grain surrounded by the groundmass containing mainly Al, K,
Mg, Na, S, and P. Note the occurrence of a coating containing S around the quartz grain. Profile 11, the transition between the A and C1 horizons

(57452 mg-kg?' on average) was higher than the concentrations
of Fe, (39388 mg-kg™ on average) in these profiles. Consequently,
the Fe_/Fe, ratio was high in profiles 11 and 12 (1.40 on aver-
age). Profile 13, also representing group III, exhibited a lower
Fe,/Fe, ratio, averaging 0.16, with Fe_/Fe, ratio averaging 0.64
(Table 3).

The Al ,, Si , and Mn__ concentrations varied across the pro-
files (Table 3). In group I (profiles 1-3), Al _ values averaged 1578
mgkg?, Si_ 225 mg-kg?, and Mn_ 17699 mg-kg™. In group I, Al ,
Si ., and Mn__contents averaged 1747, 156, and 2136 mg-kg™, re-
spectively. Profile 4 exhibited the following mean values for Al

(1018 mg-kg™* on average), Si (147 mg-kg™* on average), and Mn__
(563 mg-kg™ on average). In group III, Al _ content averaged 3298
mg-kg?, Si 3565 mg-kg™, and Mn_ 3758 mg-kg™ (Table 3).

The content and distribution of Al _ + %Fe_ _varied across
the profiles (Table 3). In group I (profiles 1-3), Al _ + Y2Fe__val-
ues were generally low, averaging 0.23%. In group II (profiles
5-10), Al _ + Y2Fe _values averaged 0.35%, while among profiles
5 and 6, the highest values occurred in Bw and ABw horizons.
In group III (profiles 11-13), Al _ + %Fe__exhibited the highest
values, averaging 2.70%. Profile 4 demonstrated a relatively low
Al +%Fe_, averaging 0.20% (Table 3).
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Table 3
Forms of Fe, Al, Si, and Mn in the studied Technosols

Profile Horizon  Depth Fe, Fe, Fe Al Si, Mn_ Fe —Fe, Fe,-Fe  Fe/Fe,  Fe [Fe, Al +%Fe
mgkg! (%)
Profile 1 0i 0-1 - - - - - - - - - - -
AC1 1-5 32168 11840 1076 1182 241 30043 20328 10764 0.37 0.09 0.17
AC2 5-15 32290 10957 758 928 188 31838 21333 10199 0.34 0.07 0.13
C 15-35 32933 19117 632 761 236 28362 13817 18484 0.58 0.03 0.11
2C 35-60 43989 12140 804 783 255 4510 31849 11336 0.28 0.07 0.12
Profile 2 Oi 0-1 - - - - - - - - - - -
AC1 1-25 32543 13169 884 1109 273 26917 19374 12285 0.40 0.07 0.16
AC2 25-45 51424 14065 764 1031 300 28831 37360 13301 0.27 0.05 0.14
AC3 45-65 47192 14539 877 1105 301 29762 32653 13662 0.31 0.06 0.15
2C 65-90 48343 12201 4963 3289 447 13915 36142 7238 0.25 0.41 0.58
Profile 3 Oe 0-6 - - - - - - - - - - -
o/C 6-25 7484 3265 1865 1888 70 141 4219 1400 0.44 0.57 0.28
AC 25-40 10352 5191 2789 2565 83 184 5160 2402 0.50 0.54 0.40
BC 40-60 12100 5502 2650 2719 80 189 6598 2852 0.45 0.48 0.40
Profile 4 0i 0-1 - - - - - - - - - - -
A 1-13 19396 8545 2490 1371 147 344 10851 6055 0.44 0.29 0.26
C1 13-35 31553 12213 1446 836 148 623 19340 10767 0.39 0.12 0.16
C2 35-60 33188 13115 1780 848 146 723 20073 11334 0.40 0.14 0.17
Profile 5 Oe 0-3 - - - - - - - - - - -
Oa 3-10 - - - - - - - - - - -
A 10-15 35965 11425 4766 1152 63 449 24539 6659 0.32 0.42 0.35
Bw 15-20 47532 10233 5522 1116 106 1267 37298 4711 0.22 0.54 0.39
C 20-45 43194 7461 4460 542 156 1115 35733 3001 0.17 0.60 0.28
Profile 6 Oe 0-2 - - - - - - - - - - -
Oa 2-10 - - - - - - - - - - -
ABw 10-20 37929 8986 4928 1438 128 1542 28943 4058 0.24 0.55 0.39
C 20-65 37223 7758 3974 340 130 990 29464 3785 0.21 0.51 0.23
Profile 7 Oe 0-2 - - - - - - - - - - -
AC 2-15 30094 10122 7170 4478 138 226 19972 2952 0.34 0.71 0.81
C 15-50 38044 9407 2962 4006 469 910 28637 6445 0.25 0.31 0.55
Profile 8 Oe 0-4 - - - - - - - - - - -
AC 4-15 45015 19289 2035 613 37 2125 25726 17254 0.43 0.11 0.16
C1 15-35 46457 17182 1781 625 54 4521 29275 15400 0.37 0.10 0.15
C2 35-55 45016 19709 1298 723 45 3867 25307 18410 0.44 0.07 0.14
Profile 9 0i 0-1 - - - - - - - - - - -
AC 2-10 42267 17032 2056 1265 95 2986 25235 14976 0.40 0.12 0.23
C1 10-40 45117 15404 2462 2639 321 3549 29714 12942 0.34 0.16 0.39
C2 40-80 44167 16350 1950 2119 250 3487 27817 14400 0.37 0.12 0.31
16

211370



SOIL SCIENCE ANNUAL

Table 3 - continue

Micromorphological and chemical indicators of pedogenesis in Spolic Technosols in the Tatra Mountains

Profile Horizon Depth Fe, Fe, Fe Al Si, Mn_ Fe,—Fe, Fe,—Fe  Fe,/Fe Fe /Fe, Al +%Y:Fe
mg-kg! (%)
Profile 10  Oi 0-1 - - - - - - - - - - -
AC 1-10 46208 16665 2273 1358 103 2209 29543 14392 0.36 0.14 0.25
C1 10-50 43335 14692 3588 2190 161 2473 28642 11104 0.34 0.24 0.40
Cc2 50-70 41660 14588 5273 3346 244 2458 27073 9314 0.35 0.36 0.60
Profile 11 Oi 0-1 - - - - - - - - - - -
A 1-15 150180 44380 55275 3131 2933 3298 105801 -10895 0.30 1.25 3.08
C1 15-30 166565 50639 71156 3474 3694 5656 115926 -20517 0.30 1.41 3.91
Cc2 30-45 286041 48733 86147 4359 6149 5716 237308 -37414 0.17 1.77 4,74
C3 45-60 311685 41840 90804 4369 5648 3500 269845 -48964 0.13 2.17 4.98
Profile 12  Oi 0-1 - - - - - - - - - - -
A 1-20 189182 47390 74844 3680 2845 2876 141792 —27454 0.25 1.58 411
C1 20-28 39962 12751 16693 1703 510 880 27211 -3942 0.32 1.31 1.00
2C 28-50 344307 49050 93449 3810 4405 2142 295257 -44400 0.14 1.91 5.05
3C 50-60 217413 49395 20469 500 1346 2649 168018 28926 0.23 0.41 1.07
4C 60-75 27981 10311 8232 1407 324 500 17670 2079 0.37 0.80 0.55
Profile 13  Oi 0-1 - - - - - - - - - - -
AC 1-15 16008 3690 3256 9615 11146 13961 12318 434 0.23 0.88 1.12
2C 15-25 13457 1273 499 232 217 156 12184 774 0.09 0.39 0.05

Explanations: — not determined; Al _ - oxalate-extractable Al; Fe, - dithionite-extractable Fe; Fe /Fe - Fe oxide mobility index; Fe - oxalate-extractable
Fe; Fe_/Fe, - Fe oxide activity index; Fe - total content of Fe; Mn__— oxalate-extractable Mn; Si - oxalate-extractable Si.

4. Discussion

4.1. Micromorphological and submicromorphological
indicators of pedogenesis

The Technosols studied were soils representing an initial
stage of advancement of soil-forming processes, which is cor-
roborated by a poor development of soil profiles. However,
microscale effects of pedogenic transformation and reorganisa-
tion of soil substrate can be distinguished in these soils, which
can be treated as micromorphological indicators of pedogen-
esis. These indicators show that despite the young age of soils
(approximately 200-500 years) and poor soil profile develop-
ment, the weathering, soil-forming, and biological processes
transform technogenic mineral substrate into a functioning soil.
The following micromorphological effects of pedogenesis were
identified in the investigated Technosols: (1) sulphide weather-
ing and formation of Fe oxide pseudomorphs after sulphides;
(2) formation of pedogenic structure; (3) formation of pedogenic
carbonate coatings in soils developed from mine wastes com-
posed of carbonate rocks; (4) formation of pedogenic Fe and
Mn oxide coatings in acidic soils developed from mine wastes
composed of crystalline rocks (granite, gneiss); (5) formation of

pedogenic sulphate coatings in soils containing metallurgical
wastes, and (6) bioturbations and the formation of a soil mate-
rial reworked by soil animals within biogenic channels.

The occurrence of Fe oxide pseudomorphs after sulphides
(Fig. 2A and B; Fig. 6), particularly in profiles containing pri-
mary sulphides (i.e. in profiles 1-10), is clear evidence of ac-
tive chemical weathering, which is the most important process
involved in the transformation of Fe sulphides in the studied
soils. This process was previously identified in Technosols (e.g.
Néel et al., 2003; Uzarowicz and Skiba, 2011; Uzarowicz et al.,
2024), and is expressed by the development of pseudomorphs
due to the gradual in situ transformation of sulphides into Fe
oxides through the oxidation of sulphides, accompanied by the
release of sulphate ions to the soil solution. It was found in pre-
vious studies of Technosol chronosequence that the degree of
sulphide transformation and the crystallinity of iron oxides in-
crease with soil age (Uzarowicz, 2013). Both Fe sulphides and Fe
oxide pseudomorphs after sulphides were rare components of
the studied Technosols in the Tatra Mountains. The majority of
pseudomorphs found in these soils were totally composed of Fe
oxides, which suggests that Technosols containing primary sul-
phides (i.e., in profiles 1-10) were well aerated soils. It is due to
a considerable content of rock fragments in these soils (Table 1),
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which enables the air exchange in the studied soils and the oxi-
dation of sulphides (Hayes et al., 2014).

Micromorphological analysis showed the initial develop-
ment of soil structure, particularly the aggregation of primary
particles into soil aggregates (Figs 1-4). The presence of inter-
grain microaggregate microstructure between rock fragments
in the soil indicates the beginning of pedogenic aggregation
in the studied Technosols in the Tatra Mountains. Previous
studies show that Technosols originate from technogenic sub-
strates such as coal/lignite combustion ashes or mine wastes,
which initially have a firm consistency with little aggregation
(Uzarowicz et al. 2018a, 2025; Watteau et al., 2019). Soil struc-
ture formation begins in the first few years of soil development
(Badin et al., 2009; Séré et al., 2010), primarily in the topsoil,
as vegetation emerges on a disposal site and the organic mat-
ter accumulates in superficial soil horizons. The accumulation
of soil organic matter (SOM) is crucial for the development of
stable soil aggregates that improve soil structure (Jangorzo et
al., 2013, 2014; Watteau et al., 2019). Ortega et al. (2022) found
that between 15 and 40 years, the Technosols exhibit advanced
structural development and nutrient content comparable to
those of natural soils. Biological processes including plant root
growth and fauna activity, promote the formation of soil aggre-
gates and increase soil porosity (Hedde et al., 2019). Moreover,
the abundance of Ca and carbonates in Technosols also plays
a huge role in the development of soil structure (Uzarowicz
et al,, 2018b). Calcium is most likely an important structure-
forming factor in carbonate-rich Technosols in the Tatra Moun-
tains.

Another indicator of pedogenesis in the investigated Tech-
nosols is the formation of pedogenic carbonates. Secondary
carbonate coatings were identified both micromorphologically
(Fig. 1G and H) and by SEM-EDS in Technosols rich in carbon-
ates occurring originally in mine wastes (Fig. 6). Pedogenic car-
bonates result from the precipitation of CaCO, from percolating
soil solutions, often following the dissolution of primary carbon-
ates (Zamanian et al., 2016; Kowalska et al., 2020). Pedogenic Ca
carbonates were previously found, for example, in Technosols
developed from thermal power station ash (Uzarowicz et al.,
2017; Uzarowicz et al., 2018a; Konstantinov et al., 2020) and in
Technosols developing from iron industry deposits (Huot et al.,
2014b). Moreover, pedogenic Cu carbonates were identified in
Technosols developed from mine wastes from historical copper
mines (Uzarowicz et al., 2024). The occurrence of pedogenic car-
bonates in technogenic soils is evidence of the weathering of Ca-
rich technogenic materials and the crystallisation of secondary
carbonates from soil solution.

Distinct Fe oxide coatings on mineral grains and rock frag-
ments were observed in acidic Technosols (Fig. 3A and B). The
coatings were frequently found in profiles 5 and 6 in A, Bw, and
ABw horizons. Such coatings indicate podzolisation and chemi-
cal weathering (Van Ranst et al., 2018) involving mobilisation
and subsequent precipitation of Fe oxides and oxyhydroxides.
Pedogenic Fe oxide coatings in acidic soils arise through the re-
lease of Fe from primary Fe-bearing minerals, Fe oxidation, and
the precipitation of Fe oxides and oxyhydroxides (Cornell and
Schwertmann, 2003). This process is influenced by biological
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activity, redox conditions, and soil chemical properties. As a re-
sult, Fe oxides accumulate as coatings on soil particles. Fe oxide
coatings occurring in Technosols containing Bw horizons indi-
cate that pedogenesis in these soils is so advanced that there are
conditions for Fe mobilization and Fe oxide coating formation.
Technosols with Bw horizons are located in the Pysznianska
Valley, where mining was carried out most likely in the 15" cen-
tury (Table 1). Therefore, the formation of Bw horizons contain-
ing Fe oxide coatings may be related to a relatively long pedo-
genesis period (Tarnawczyk et al., 2024).

The Mn oxide coatings, which seem to be pedogenicin origin,
although less common, were also identified in acidic Technosols
(Fig. 7). The explanation of the formation of Mn oxide coatings in
the studied Technosols is difficult. Although Mn oxide/hydroxide
minerals (e.g., birnessite) are ubiquitous in soils and sediments
(McKenzie, 1989), studies on the formation/synthesis of the man-
ganese minerals as coatings in soils are limited (e.g., Eswaran
and Raghu Mohan, 1973; Sullivan and Koppi, 1992; Eren et al.,
2014). The interplay of soil pH, redox conditions, and biological
activity controls Mn oxide precipitation dynamics in soils (Ma-
yanna et al.,, 2015). Higher pH generally enhances abiotic Mn ox-
ide precipitation, as it was found in Technosols developing from
iron industry deposits (Huot et al., 2014b), whereas at lower soil
PH, microbial oxidation often drives Mn oxide formation (Ma-
yanna et al., 2015). Therefore, we hypothesize that the formation
of Mn oxide coatings in acidic Technosols in the Tatra Mountains
can be related to microbial activity in the soils.

In Technosols containing metallurgical wastes, coatings
composed of sulphates were identified on mineral grains (Fig.
8), likely resulting from the release of sulphur during the weath-
ering of metallurgical wastes. This is consistent with a number
of studies focused on the effects of weathering of metallurgical
slags in environmental conditions (Kierczak et al., 2021). Techno-
sols containing metallurgical wastes were rich in anthropogenic
organic matter occurring as charcoals. They are the remnants
of past industrial activities related to smelting. Similar findings
were presented by Huot et al. (2014a). Although slags are anthro-
pogenic materials (Warchulski et al., 2020), they undergo natu-
ral weathering processes similar to weathering of minerals and
rocks (Kierczak et al., 2021). Weathering transforms primary
crystalline phases and glassy (amorphous) components, alter-
ing their mineral and chemical composition over time. Second-
ary minerals such as carbonates, hydroxides, or sulfate-bearing
phases may precipitate as coatings or fill voids in slag particles.
Sulphate formation during slag weathering arises from the oxi-
dation of sulphide minerals originally occurring in slags, leading
to the generation of sulphate ions that precipitate as secondary
sulphate minerals (e.g., gypsum). These sulphates are common
weathering products indicative of advanced alteration of met-
allurgical slags (Kierczak et al., 2021). Moreover, weathering of
metallurgical slags leads to the mobilisation of metals such as
Zn, Pb, Cu, and As, which can be hazardous to the local environ-
ment (Kierczak et al., 2013; Potysz et al., 2018; Tarnawczyk et
al,, 2025).

Evidence of biological activity, including faunal channels,
presence of soil fauna (nematodes or enchytraeids) and roots,
was identified in several Technosols under study (Fig. 1A, 3G,
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4A, and 50), in particular those with higher organic matter con-
tent or plant residues, which is consistent with previous stud-
ies (Arocena et al.,, 2010). As it was mentioned above, biological
factors such as root penetration and bioturbation contribute
to the formation of soil structure. Biological colonisation of
post-industrial areas including industrial waste disposal sites,
accelerates aggregate formation and soil structure differen-
tiation (Santini and Fey, 2016; Dominguez-Haydar et al. 2018;
Uzarowicz et al., 2020b). The presence of soil fauna (nematodes
or enchytraeids) found in voids in slag particles in Technosols
containing metallurgical wastes (Fig. 4A and B) indicates that
the slags, which are strongly contaminated with trace elements
(e.g. Cu, As and Sb) (Tarnawczyk et al., 2025) and seem to be an
unfavourable place for living organisms, can be colonised by
fauna and serve as a habitat for soil animals. This is in contrast
to previous studies (e.g. Acosta et al.,, 2011) in which the au-
thors found that the soil fauna is vulnerable to high concentra-
tions of trace elements.

4.2. Selective extractions of Fe, Al, Si, and Mn as chemical
indicators of pedogenesis

Analysis of Fe, Al, Si, and Mn forms in the studied Techno-
sols from the Tatra Mountains revealed a great diversity of the
forms, depending most likely on the nature of anthropogenic
parent material. A similar feature was identified in other Tech-
nosols developed from diverse industrial wastes (Uzarowicz and
Skiba, 2011; Uzarowicz et al., 2017, 2024, 2025).

Pedogenic forms of Fe and Al in the Spolic Technosols stud-
ied indicate that in acidic soils, especially those developed from
silicate-derived mining wastes, pedogenic processes lead to the
mobilisation of Fe and Al. In acidic soils, increased concentra-
tions of oxalate-extracted forms of Fe and Al were identified,
which is characteristic of the initial stages of podzolisation and
chemical weathering (McKeague and Day, 1966; Krettek and
Rennert, 2021). Such a phenomenon has been documented in
studies conducted on technogenic acidic soils, where weath-
ering of primary minerals (e.g., biotite, muscovite, plagiocla-
se) leads to the release of Fe and Al into the soil solution, and
subsequent precipitation as amorphous or poorly crystalline
oxides and hydroxides (Kalita et al., 2019). Similar results were
obtained in studies of Technosols in Poland on historical cop-
per mine dumps in Miedziana Géra and Miedzianka (Uzarowicz
et al,, 2024) as well as on iron ore mine dumps at Osicowa Géra
(Uzarowicz et al., 2025) confirming the beginning of Fe and Al
mobilisation at the early stages of pedogenesis.

Very high concentrations of oxalate-extractable Mn were
detected in profiles 1 and 2, which is most likely related to
a high content of Mn in the parent material. Elevated Mn__con-
tent in the investigated soils may indicate active redox cycles
and microbial involvement in the oxidation of Mn (Mayanna
et al., 2015). In turn, the mobilisation of silicon (Si,,) is associ-
ated with the weathering of primary silicate minerals and the
formation of secondary amorphous Si forms, which seem to be
typical for the early stages of technogenic soils (Uzarowicz et
al., 2024, 2025). Concentrations of oxalate-extractable Aland Si
were higher in Technosols containing metallurgical slags than

Micromorphological and chemical indicators of pedogenesis in Spolic Technosols in the Tatra Mountains

in other soils studied (Table 3). This feature is most likely re-
lated to the weathering of slags accompanied by a release of
Al and Si from slags. Oxalate-extractable Al and Si release was
documented during pedogenesis in Technosols developed from
thermal power station ash and slag (Uzarowicz et al., 2017),
which reflects mineral transformations of ash and slag in the
soil environment.

Very high concentrations of oxalate-extractable Fe (Fe )
are recorded in Technosols containing metallurgical wastes,
especially those containing magnetite-rich slags (profiles 11
and 12). Concentrations of Fe _in these soils are higher than Fe,
(Table 3), which is an unusual situation in the soil environment.
A similar phenomenon was identified in Technosols developed
from thermal power station ash (Uzarowicz et al., 2017), where
it was shown that high Fe _ content does not always reflect only
the presence of pedogenic, amorphous forms of Fe, but may
also originate from amorphous Fe present in the parent mate-
rial or be an artefact of the extraction method in the presence
of magnetite. This is a mineral that is partially dissolved dur-
ing dithionite and oxalate extractions (Walker, 1983; Fine and
Singer, 1989; Van Oorschot and Dekkers, 1999). Therefore, once
magnetite is present in soil, it is difficult to draw reliable conclu-
sions from selective extractions of Fe.

5. Conclusions

1. Micromorphological observations and selective Fe, Al, Si
and Mn extractions confirm the initial effects of pedogen-
esis in Spolic Technosols in areas of historical mining and
smelting in the Tatra Mountains. This shows that soils in
human-altered high-mountain environments undergo soil-
forming processes and may acquire functional properties
and ecological significance within a few centuries of pedo-
genesis.

2. The occurrence of occasional Fe oxide pseudomorphs after
sulphides shows that there are good conditions for sulphide
weathering in the studied Technosols due to good soil aera-
tion.

3. Soil structure development in the studied Technosols is
influenced by weathering of rocks and mineral transforma-
tions, chemical properties (e.g. presence or lack of carbon-
ates), organic matter accumulation in the topsoil, as well as
root penetration and bioturbation of fauna.

4. Pedogenic coatings reflect the geochemical properties of
the parent materials. In soils developed from carbonate-
bearing mine wastes, pedogenic carbonate coatings formed
due to partial dissolution of primary carbonates and sub-
sequent recrystallisation. In acidic soils derived from crys-
talline rocks (granite, gneiss), iron oxide coatings were
common in Bw horizons, indicating Fe mobilisation and
precipitation as Fe oxyhydroxides, whereas Mn oxide coat-
ings occurred only sporadically and formed most likely due
to microbial activity. In soils containing metallurgical slags,
sulphate coatings were observed, most likely resulting from
slag weathering, sulphur release into the soil solution, and
crystallisation of sulphates on mineral grains.
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5. Bioturbations were observed in the majority of the studied
Technosols. These pedofeatures were represented by root
channels and biogenic channels filled with a material re-
worked by soil animals. Soil animals (most likely nematodes
or enchytraeids) were found in voids of metallurgical slag,
which indicates favourable conditions for the development
of fauna communities in Technosols containing wastes from
smelting activities.

6. Selective extraction methods showed the release of oxalate-
extractable Mn in soils developed from Mn-bearing ore mine
wastes, a slight mobilisation of oxalate-extractable Fe and Al
in acidic Technosols developed from aluminosilicate parent
material (granite, gneiss), and the release of oxalate-extract-
able Al and Si in Technosols containing metallurgical slags.
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Mikromorfologiczne, submikromorfologiczne i chemiczne wskazniki
pedogenezy gleb technogenicznych w rejonach historycznego gérnictwa
i hutnictwa w Tatrach

Slowa kluczowe: Streszczenie

Gleby technogeniczne Gleby technogeniczne (Technosols) powstale z odpadéw gorniczych i hutniczych na obszarach
Procesy glebotworcze historycznej dzialalnosci gérniczej i hutniczej podlegaja naturalnym procesom wietrzeniowym,
Mikromorfologia gleb glebotwoérczym i biologicznym. W niniejszym artykule przedstawiono (1) wyniki badan mikro-
Gleby gorskie morfologicznych i submikromorfologicznych uzyskanych z uzyciem mikroskopii optycznej i ska-
Historyczne gérnictwo ningowej mikroskopii elektronowej, a takze (2) charakterystyke chemiczng oparta na wynikach
Historyczne hutnictwo selektywnych ekstrakeji pedogenicznych form Fe, Al, Mn i Si w glebach technogenicznych w Ta-

trach. Celem badan byla identyfikacja proceséw glebotwérczych zachodzacych w tych glebach.
Takie podejscie pozwala na wglad w zlozona pedogeneze gleb technogenicznych w §rodowisku
alpejskim w obszarach, na ktére wplyw miata dawna dziatalno$¢ przemystowa. Przeanalizowano
trzynascie profili glebowych, podzielonych je na trzy grupy: (I) gleby technogeniczne utworzone
z odpaddéw gérniczych zawierajacych skaly weglanowe (wapienie i dolomity) zawierajace rudy
zelaza i manganu, (II) gleby technogeniczne wytworzone z odpadéw goérniczych stanowigcych
skaly magmowe i metamorficzne (granit, gnejs) z pozostato$ciami rud polimetalicznych, a takze
(II1) gleby technogeniczne zawierajace odpady z dzialalnos$ci hutniczej (np. Zuzle hutnicze). Ana-
liza cienkich plytek (szliféw) z gleb ujawnila nastepujace mikroskopowe przejawy proceséw gle-
botwoérczych: (1) powstawanie pseudomorfoz tlenku zelaza w wyniku wietrzenia siarczkowego;
(2) powstawanie pedogenicznej struktury; (3) tworzenie sie¢ pedogenicznych otoczek weglanowych
w glebach utworzonych z odpadéw goérniczych zawierajacych skaly weglanowe; (4) tworzenie sie
pedogenicznych otoczek zawierajacych tlenki zZelaza i manganu w kwasnych glebach utworzonych
z odpaddow gorniczych skladajacych sie ze skal krystalicznych (granit, gnejs); (5) powstawanie pe-
dogenicznych otoczek siarczanowych w glebach zawierajacych odpady metalurgiczne oraz (6) bio-
turbacje (np. kanaty korzeniowe i kanaly biogeniczne wypelnione materialem przetworzonym
przez faune glebowa). Obserwacje mikromorfologiczne wykazaly réwniez, ze zuzle metalurgiczne
w glebach technogenicznych moga stanowic siedlisko dla fauny glebowej (najprawdopodobniej
nicieni lub wazonkowcéw). Selektywne ekstrakcje pedogenicznych form Fe, Al, Mn i Si wykazaty
(1) uwalnianie Mn ekstrahowanego szczawianem amonu w glebach wytworzonych z odpadéw ko-
palnianych zawierajacych pozostatosci rud Mn, (2) niewielka mobilizacje Fe i Al ekstrahowanego
szczawianem amonu w kwasnych glebach technogenicznych wytworzonych z glinokrzemiano-
wego materiatu macierzystego oraz (3) uwalnianie Al i Si ekstrahowanych szczawianem amonu
w glebach technogenicznych zawierajacych zuzle hutnicze. Wyniki te wskazuja, ze technogenicz-
ne materialy macierzyste podlegaja procesom wietrzenia, ktére przeksztalcaja sktad mineralny
badanych gleb technogenicznych. Niniejsza praca przyczynia si¢ do poszerzenia wiedzy na temat
gleb technogenicznych i ich potencjalnych funkcji ekologicznych w regionach gérskich. Badania
poszerzaja réwniez wiedze na temat rozwoju gleb na obszarach historycznej dziatalnosci gérni-
czej i hutniczej w srodowisku alpejskim Tatr.
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Abstract

Ore mining and smelting are often related to environmental pollution. This study pro-
vides information about the geochemical features of Technosols at historical mining and
metallurgical sites in the Tatra Mountains, southern Poland, evaluating the contents of
potentially toxic trace elements (PTTE) and their behaviours in soils, as well as the influence
of soil properties on PTTE mobility. Thirteen soil profiles were studied in eight abandoned
mining and smelting sites. PTTE concentrations, including rare earth elements (REE), were
measured using ICP-MS and ICP-OES. Selected elements (Cu, Zn, Pb, Cd, As, Sb, Ba, Sr,
Co, Ni, Mn and Cr) were fractionated using the modified European Community Bureau of
Reference (BCR) four-step sequential extraction. Contamination of soils with PTTE was
compared against Polish regulatory limits, which were exceeded for Cu, Zn, Pb, Mo, Hg,
As, Co, Ni and Ba, with concentrations exceeding limits by 16, 18, 34 and 160 times for Cu,
Hg, As and Ba, respectively, in some profiles. Based on geochemical features depending
on parent material properties, the soils examined were divided into three groups. Group I
Technosols (near-neutral soils developed from Fe/Mn-ore and carbonate-bearing mining
waste) were particularly enriched in Co, Ni, Mn and REE. Group II Technosols (acidic
soils developed from polymetallic ore-bearing aluminosilicate mining waste) contained
elevated concentrations of Cu, Zn, Hg, As, Sb, Bi, Co, Ag, Ba, Sr, U and Th; they contained
lower contents of REE than Group I Technosols. Group III Technosols (soils developed in
smelting-affected areas and containing metallurgical waste) were rich in Cu, As, Sb, Ba, Hg,
Co and Ag and contained the lowest REE contents among the studied soils. Sequential
BCR extraction revealed that PTTE mobility varied strongly according to soil group, with
higher mobility of Mn, Cu and Zn in acidic polymetallic ore-derived soils (Group II), while
carbonate-rich soils (Group I) showed mainly immobile forms. Metallurgical slag-derived
soils (Group III) exhibited complex PTTE behaviour controlled by organic matter and
Fe/Mn oxides. Soil properties (pH, carbonates and TOC) seem to control PTTE mobility.

Keywords: technogenic soils; soil contamination; trace elements; rare earth elements;
sequential extraction
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1. Introduction

The Tatra Mountains nowadays are known for their rich biodiversity and unique
geological and geomorphological features [1]. The area of the Tatra Mountains is now
under strict environmental protection as part of Tatra National Park (TNP), which aims
to preserve the natural ecosystem. However, the area contains sites affected by historical
mining and smelting operations [2,3]. Metals such as Cu, Ag, Fe and Mn were mined
and processed at these sites from the 15th century until the end of the 19th century [4-6].
Although nowadays the Tatra Mountains are mainly associated with tourism and natural
protection, the area was an important mining region where mines and smelters were
developed for centuries. In the 19th century, industrial activities in the Tatra Mountains
declined due to the depletion of easily accessible ore deposits, competition from cheaper
mines in other regions and rising production costs [2]. Historical mining and smelting in the
Tatra Mountains, particularly in Koécieliska Valley, Chochotowska Valley (for example, in
the area known as Huciariskie Banie), Pyszniariska Valley, Ornak ridge (including Banisty
Zleb and Zleb pod Banie) and Kuznice, have left a legacy in the form of mining and
metallurgical waste deposited on the land surface. Technogenic soils (Technosols) have
developed in the superficial parts of waste disposal sites.

Technosols are soils containing artefacts, i.e., materials made, modified or exposed due
to human activity that would not otherwise be present on the Earth’s surface [7,8]. Mining
and metallurgical wastes are common parent materials for Spolic Technosols, which com-
prise a subgroup of technogenic soils particularly rich in artefacts [9-14]. Vegetation growth
on anthropogenic materials can promote their weathering and stimulate the progress of
pedogenic processes in post-industrial areas [15,16]. In recent years, the first information
about Technosols in the Tatra Mountains was published [17-19]. These studies focused
on the determination of soil properties as well as their mineral and chemical composition
to classify the soils and identify the first effects of soil-forming processes contributing to
their development.

Mining and metallurgical wastes, as well as Technosols developing from these wastes,
often contain high concentrations of potentially toxic trace elements (PTTE) (e.g., Cu, Zn, Pb,
Cd and As), which can be harmful to plants, animals and humans [20-26]. Contamination
of Technosols developed from these wastes is a significant environmental problem due to
the possible release of PTTE into the environment [27]. The mobility of PTTE in post-mining
soils is affected by various factors, including soil pH, redox conditions, quantity and quality
of soil organic matter (SOM), mineral composition of waste and the specific nature of the
PTTE [28-30].

Studies on the determination of PTTE in soils in various areas of the Tatra Moun-
tains have been conducted by numerous researchers. Differences in the contents of trace
elements in soils around Morskie Oko and Kasprowy Wierch in the TNP with increas-
ing altitude were studied [31]. Research on trace element pollution in Polish national
parks, including the TNP, investigated the presence of trace elements in spruce (Picea abies
(L.) H. Karst) stands, accumulation on the surface and inside the needles, as well as the
concentration of bioavailable trace elements in the soil [32]. The influence of spruce and
other tree species’ habitat types on the nature and occurrence of selected elements was
also studied [33]. Moreover, the bioavailability of elements in TNP soils in Chochotowska,
Koscieliska, Strazyska and Mata Laka Valleys was examined [34]. Besides determining
the activity of selected radionuclides, the contents of trace elements in the topsoil from
Chochotowska, Koscieliska, Bystra, Suchej Wody and Rybiego Potoku Valleys were also
investigated [35,36]. The trace element contents in podzols was the subject of further stud-
ies [37,38]. Furthermore, trace elements in TNP’s initial soils (regosols and leptosols) were
analysed [39-41]. Trace element contents were also examined in peat-bog and fen soils [42]
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and in soils from grazed mountain glades in the TNP [43]. Recently, forms of elements in
soil were determined by comparing the co-occurrence of special forms of metals in forest
areas of the TNP [44]. Trace elements were also investigated in selected non-forest soils
of the TNP [45,46]. Metal contamination in dustfall, nettle and soils in Chochotowska and
Strazyska Valleys and near Morskie Oko, reflecting the impact of long-term trace element
emissions, was also assessed [47]. In recent studies, concentrations of trace metals (Zn,
Pb and Cd) were analysed in the uppermost layers of non-forest soils from the TNP, with
soil surface horizon samples and bedrock samples collected from the bottom of excavation
pits [48]. According to research conducted in Slovakia, the most serious soil contaminants
in the TNP were Cd and Fe, with transport and tourism identified as the main pollution
sources. Although the contents of some PTTE decreased with increasing altitude, this trend
could not be unequivocally confirmed [49].

Although the knowledge about the contents of PTTE in soils of the Tatra Mountains
is extensive, until now there have not been many studies focusing on PTTE in soils of
historical mining and smelting areas, including sites where post-industrial waste was
deposited. This study fills this gap by presenting detailed analyses of total PTTE content
and their geochemical forms using sequential BCR extraction in Technosols developed
from various post-industrial parent materials, thereby extending the knowledge of trace
element contamination, mobility and environmental risks in the unique environment of
the Tatra Mountains. A study on Technosols developed on mining dumps near abandoned
iron ore mines in Jaworzynka Valley in the Tatra Mountains stated that these soils did not
contain high contents of As, Cd, Co, Cr, Cu, Ni, Pb and Zn [19]. However, results about
the contents and geochemical forms of selected PTTE in other Technosols representing
several important abandoned mining and smelting sites in the Tatra Mountains have not
yet been presented.

The purpose of the present study was (1) to recognise the total contents of selected
PTTE (Cu, Zn, Pb, Cd, Mo, Hg, As, Sb, Bi, Co, Ni, Ba, Sr, Ag, Au and Sn), radioactive
elements (U and Th) and rare earth elements (REE) (Sc, Y, La, Ce, Pr, Nd, Sm, Eu, Gd,
Tb, Dy, Ho, Er, Tm, Yb and Lu), as well as (2) to determine the geochemical forms of
selected PTTE (Cu, Zn, Pb, Cd, As, Sb, Ba, Sr, Co, Ni, Mn and Cr) in soils from the Tatra
Mountains using the BCR sequential extraction procedure. In addition to recognising
total contents and determining the geochemical forms of selected PTTE, this study aims
(3) to identify levels above limits (permissible contents) to evaluate the contamination
status of Technosols by comparing measured PTTE concentrations against current Polish
regulatory limits. This allowed for an assessment of the extent and potential environmental
risks of trace element pollution in soils developed on historical mining and metallurgical
wastes in the Tatra Mountains. The results allowed for a discussion on the degree of soil
contamination, the origin of PTTE in soils and the potential mobility of PTTE in soils.
Moreover, the results contribute to a more detailed recognition of the geochemical features
of Technosols developed in the Tatra Mountains from different technogenic parent materials,
Supplementary Data presented in previous studies [17-19].

2. Materials and Methods
2.1. Study Area and Object

The field research was conducted in 2020 in the Tatra Mountains, southern Poland, in
historical mining and smelting areas. The study sites differed in the types of anthropogenic
parent materials, including mining waste and metallurgical slags. These materials differed
in the mineral composition of artefacts present in the soils, influencing soil properties [17].
Research was carried out in the following eight selected areas:
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L Hucianiskie Banie (Mn and Fe ore mine)—Profiles 1 and 2.

IL. Mouth of Koscieliska Valley (Fe ore mine)—Profile 3.

I Koscieliska Valley near the Ornak tourist shelter (Cu and Ag ore prospection
adit)—Profile 4.

Iv. Pyszniariska Valley (Cu, Ag and Fe ore mine)—Profiles 5 and 6.

V. Zleb pod Banie (Pod Banie Couloir) at the Ornak ridge (Cu, Fe and Ag ore mine)—
Profiles 7 and 8.

VL Banisty Zleb (Banisty Couloir) at the Ornak ridge (Cu, Ag, Sb and Fe ore mine)—
Profiles 9 and 10.

VII.  Koscieliska Valley—an old steelwork (a former iron and non-ferrous metal smelting

area at Stare Koscieliska)—Profiles 11 and 12.
VII.  The KuzZnice steelworks area (metal smelter)—Profile 13.

Soil profiles were located on surfaces of small heaps at adit outlets, as well as near
collapsed shafts and historic smelters. The exact location was provided elsewhere [17].

Soil samples taken from each soil horizon distinguished in the field were analysed
in the laboratory. Soil samples were first cleared of roots and organic debris, followed by
air-drying at room temperature. The dried material was then passed through a 2 mm mesh
sieve to separate the fine earth fraction (<2 mm). Standard pedological techniques, as de-
scribed in established soil analysis references [50-52], were used to assess the physical and
chemical properties of the fine earth. All studied soils were classified as Spolic Technosols
or Coarsic Spolic Technosols [17] according to the WRB soil system [8].

2.2. Laboratory Analyses
2.2.1. Total Contents of PTTE

In the laboratory, living roots were removed from soil samples, and then the samples
were dried at room temperature and sieved through a 2 mm sieve to obtain the fine earth
fraction (<2 mm). Fine earth was used for all subsequent laboratory analyses. To determine
the contents of PTTE (Cu, Zn, Pb, Cd, Mo, Hg, As, Sb, Bi, Co, Ni, Ba, Sr, Ag, Au and
Sn), radioactive elements (U and Th) and rare earth elements (REE) (Sc, Y, La, Ce, Pr, Nd,
Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb and Lu), the fine earth soil samples were ground and
mixed with LiBO, /Li,B4O7 flux. Crucibles were fused in a furnace. The cooled beads were
dissolved in American Chemical Society (ACS)-grade nitric acid. Contents of elements
were analysed using the inductively coupled plasma-mass spectroscopy (ICP-MS) method.
Analyses were conducted at the Bureau Veritas Minerals Laboratories (BVML), Canada.
The contents of Cu, Hg, Sb and Ag in Profiles 9 and 12 were higher than the maximum
limit of detection of the method used. Therefore, these results were described adequately
(e.g., >100) (Table S1).

2.2.2. BCR Sequential Extraction Analysis

Operationally defined chemical forms of selected PTTE (Cu, Zn, Pb, Cd, As, Sb, Ba,
Sr, Co, Ni, Mn and Cr) were determined in soil samples using the BCR procedure [53-55].
This is a four-step sequential extraction protocol described in more detail in Table 1. In
the laboratory, fine earth fractions (<2 mm) were used for BCR extraction. Samples were
prepared by removing any remaining roots or organic debris and homogenised prior
to fractionation.

Contents of elements in soil extracts gained during fractionation studies were deter-
mined using inductively coupled plasma-optical emission spectrometry (ICP-OES). Soil
extracts were analysed in duplicate. Blanks were run in duplicate with each set of fractions.
Analytical-grade reagents were used in the analyses. Analyses were performed at the
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Department of Soil Science and Agricultural Chemistry, Facultad de Ciencias, Universidad
de Granada, Spain.

Table 1. Fractions and reagents used in BCR sequential extraction [54,55].

Extraction Conditions

Fraction Reagent -
Time Temperature
dm=3
Fl—exchangeable forms of an element 0.11 M-dm = CHsCOOH 16 h 22£5°C
(pH=7.0)
F2—forms of an element susceptible to _3
reduction, including metal forms 05 M-dr(nH _Ni_l 52)0 H-HCI 16 h 22 +5°C
bound to Fe and Mn oxides =2
: :C ?;?ﬁ‘d;ia:t’;f ffgrr::: ;’stirc‘lizgﬂtth 30% HyO,, next 1.0 M-dm 3 1h22+5°C,1h85+2°C,
5 CH3COONH;y (pH =2.0) 1h85+5°C,16h22+5°C

organic matter and sulphides

Appropriate mineralisation program

F4—residual forms of an element Aqua regia (HNO3 + HC1 3:1) Ethos UP apparatus

2.3. Statistical Analysis

The distribution of the results was checked for normality using the Shapiro-Wilk
test. Since the assumption of normality was not consistently met, the non-parametric
Spearman’s rank correlation was applied to evaluate the strength and direction of the
relationships between the PTTE concentrations bound in operationally defined fractions
and soil properties (pH, carbonate content and total organic carbon (TOC)). The correlation
coefficients (p) and corresponding p-values were calculated, with the statistical significance
level at p < 0.05. Statistical analysis was performed in Statistica™ 13.3 (Tibco Software Inc.,
Palo Alto, CA, USA).

3. Results
3.1. Soil Properties

The studied Technosols were divided into three distinct groups differing in the nature
of the anthropogenic parent material and soil properties [17]. A summary of the results
showing the soil characteristics is presented below and in Table S2.

Group I Technosols (Profiles 1-3) were carbonate-rich mining waste soils. They dis-
played neutral to alkaline pHpppo (7.2-8.1; with the exception of P3, horizons Oe—5.7,
O/C—6.8) due to high carbonate content (9.6%-31.2% CaCOj eq.) (Table S2). These soils,
derived from Fe- and Mn-ore and carbonate-bearing mining waste, were strongly buffered
by carbonates. The total organic carbon (TOC) content was very high in organic horizons
(43% on average; with the exception of P3, horizons O/C—24%) and lower in mineral
horizons (4% on average) (Table S2), following typical soil depth-dependent trends [17].

Group II Technosols (Profiles 5-10) were soils derived from aluminosilicate mining
waste near abandoned polymetallic ores. They were acidic soils (pHpp0 3.6-6.0) (Table S2),
reflecting their origin from non-carbonate igneous (granite) and metamorphic (gneiss)
rocks. Surface layers under coniferous vegetation (e.g., Pysznianiska Valley, Banisty Couloir
and Pod Banie Couloir) exhibited the lowest pH (pHppo 4.0 on average). The TOC content
averaged 2% (in mineral horizons), with the highest accumulation in organic horizons (39%
on average) (Table S2) [17].

Group III Technosols (Profiles 11-13) were soils containing metallurgical waste. They
exhibited variable pHyypo (5.6-8.6) and low carbonate content (on average 3% CaCOs3 eq.)
(Table S2). Profiles 11 and 12 had lower pH levels than Profile 13. The TOC contents
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throughout the soil profiles were notably higher (7% on average in mineral horizons; 43%
on average in organic horizons) than in other soils, peaking at 15% in Profile 12 (2C horizon)
(Table S2) due to the occurrence of charcoal-rich anthropogenic materials [17].

Profile 4 exhibited intermediate properties between Group I and Group II, with pH
(Table S2) influenced by mixed carbonate and aluminosilicate parent materials [17].

3.2. Total Contents of PTTE in the Studied Soils

In Group I Technosols (Profiles 1-3), derived from carbonate-bearing mining waste
near abandoned Fe and Mn ore mines, the most notable feature was elevated contents
of Co (up to 205 mg-kg ') and Ni (up to 431 mg-kg ') (Figure 1; Table S1). This feature
was typical for Profiles 1 and 2. These values far exceeded those found in Groups II and
III, where the Ni and Co contents reached up to 74 mg-kg~! and 79 mg-kg~! (Figure 1;
Table S1), respectively. These soils contained relatively low contents of other PTTE (e.g.,
Cu, Hg, Sb, Cr, Bi and Ag), although Zn, Mo and Sr showed elevated contents compared to
soils in other studied locations.

Co mg-kg™! | i mg-kg™
0 20 a0 60 80 100 120 140 160 0 50 100 150 200 250 3
Pl w52 | PL - a3Lg
F2 1541 P2 w=—272.0
P3 R42 L] 1200
P4 =137 Pa 320
P5 - 16.7 P5 1200
e *125 P6 120.0
P7 =166 P7 i 30.0
8 ] PE = 450
Fa =700 P 55,0
Pl =498 Pl0 =500
Pl1 4 164 Fil " 36.0
P12 736 P12 —_— <79.0
Pl BT P13 120.0
Ba mEkE Y | oo kg
o 5000 10000 15000 20,000 ] 50 100 150 200 250 00 as0 400 450 500
F1 3168.0 Pl 14245
P2 =1597.0 P 1300.2
P3 1830 P3 5.7
P4 w6570 P4 672
5 #1109.0 Ps 1 98.1
] = 145560 P& " - 4 409.7
P7 " B86.0 L) = EBE
23 322770 | P& 5805
= —— 27 8284 | P9 503.7
P10 W 2200.0 P10 Wos2
P11 e 7110 P11 E=—i 1174
P12 —_— 4318.0 iz —_— 1 2106
P13 suEs=— 23850 P13 5057 |
mg-kg™’ mg-kg™
u 0 2 4 6 8 10 12 88 Th 0 5 10 15 20 25 ® S“
Fl —— 44 Pl — 1131
F2 54 P2 — “15.4
=) ——i32 m _— 5.0
P4 B9 P4 132
PS5 " 58 Ps —_—17.7
3 o 192 P& b 1254
F7 L — 58 P7 138
23 151 P8 w111
=] = 106 P —— 103
P10 m—— 101 P10 151
P11 =16 P11 04
P12 112 P12 L - 120
[JE] e ‘36 P13 100
Ag ; mERE | Au ; ueke |
o 10 24 0 a0 S0 ] ] B0 90 o 50 100 150 200 250 300 350 a0 as0
PL 103 Pl W50
PZ 103 P2 =127
F3 102 P3 57
P4 103 P4 a4
PS b 36 PS =108
PE =93 Pe Wil
P7 w43 P7 me132
3 183 Pa #1232
= — 21000 | P2 =218
Pi0 —_— 629 P10 Ww 120
P11 me—50 PIL 113
P12 >100.0 | P12 21724
P13 D2 P13 116

Average total trace element contents

Min and max total trace element contents

Figure 1. Average (marked as orange bars), minimal and maximal (marked as black lines; numbers
near the bar show maximum concentration of the element) total concentrations of Co, Ni, Ba, Sr, U,
Th, Ag and Au in the studied soil profiles (P1-P13). Total concentrations of elements in individual
soil horizons are shown in Table S1 (Supplementary Materials).

Group II Technosols (Profiles 5-10), derived from aluminosilicate mining waste near
abandoned polymetallic ores, showed very high variability in PTTE contents. Profile 8
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from Pod Banie Couloir contained particularly high amounts of Mo (up to 20 mg-kg 1),
Ba (up to 32,277 mg-kg 1), Sr (up to 581 mg-kg~!), U (up to 15 mg-kg~!) and Au (up to
23 ug‘kg’l) (Figures 1 and 2; Table S1). Profile 9 from Banisty Couloir showed significant
enrichment in many PTTE, including Cu (up to 1666 mg-kg 1), Zn (up to 159 mg-kg 1),
Hg (up to 37 mg-kg™'), As (up to 347 mg-kg™!), Sb (up to 1263 mg-kg™!), Bi (up to
21 mg-kg~1), Co (up to 70 mg-kg '), Ba (up to 27,828 mg-kg '), Sr (up to 504 mg-kg~1), U
(up to 11 mg-kg '), Th (up to 10 mg-kg~'), Ag (>100 mg-kg~!) and Au (up to 22 ug-kg™1)
(Figures 1 and 2, Table S1). Profile 6 from Pysznianiska Valley contained the highest Th
content (up to 25 mg-kg~!) in this group, while Profile 10, located at the same site as
Profile 9, contained the same elements but in lower concentrations than Profile 9 (with the
exception of Th—15 mg-kg ') (Figure 1; Table S1).

| mg-hg ! mg-hg
g 500 1000 1500 2000 2500 00 € n [ 50 100 150 200 s e
PL 713 Pl 1240
P2 el ] —_— 1 154.0
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31 e —— R L] E—— 0.9
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g s
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Figure 2. Average (marked as orange bars), minimal and maximal (marked as black lines; numbers
near the bar show maximum concentration of the element) total concentrations of Cu, Zn, Pb, Cd,
Mo, Hg, As, Sb, Cr and Bi in the studied soil profiles (P1-P13). Total concentrations of elements in
individual soil horizons are shown in Table S1 (Supplementary Materials).
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The most complex contamination patterns appeared in Group III Technosols (Pro-
files 11-13), representing soils in old smelting areas. The concentrations of all studied
elements in Profile 11 were typically low in comparison with the other soils; however,
Cr reached its maximum concentration in this profile, up to 230 mg-kg~!. Profile 12
showed particularly significant PTTE variation between horizons, with high total contents
of As, Cu, Sb and Ba throughout the soil profile. The 3C horizon in Profile 12 contained
extreme concentrations of Cu (>10,000 mg-kg—!), Zn (434 mg-kg~!), Hg (>50 mg-kg 1),
As (901 mg-kg™!), Sb (>2000 mg-kg~!), Bi (44 mg-kg™!), Ag (>100 mg-kg~!) and Au
(2172 ug~kg_1) (Figures 1 and 2; Table S1). However, the 3C horizon in Profile 12 con-
stituted a layer of ore-bearing rocks (not metallurgical waste) preserved within the soil
profile. Profile 13 showed lower contents of the aforementioned PTTE except for Sr (up
to 506 mg-kg~!), which showed one of the highest contents of that element among the
studied soils (Figure 1; Table S1).

Profile 4 showed moderate concentrations of PTTE. Zinc reached up to 114 mg-kg~!, Cr
up to 100 mg-kg !, Pb up to 76 mg-kg !, As up to 24 mg-kg !, Co up to about 14 mg-kg !
and Ni up to 32 mg-kg~!. Barium (Ba) showed higher levels, up to 657 mg-kg~!, while
Sr reached about 67 mg-kg~!. Uranium and Th were present up to about 9 mg-kg ! and
13 mg-kg !, respectively. Profile 4 contained relatively low contents of other PTTE (e.g.,
Cu, Cd, Mo, Hg, Sb, Bi, Ag and Au) (Figures 1 and 2; Table S1).

3.3. Total Contents of Rare Earth Elements (REE) in the Studied Soils

The studied soils showed distinct REE (Sc, Y, La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er,
Tm, Yb and Lu) distribution patterns across the three Technosol groups (Table 2), reflecting
differences in parent material composition.

Group I Technosols (Profiles 1-3), in general, contained the highest contents of REE
in comparison with the other soils (from 61-786 mg-kg ') (Table 2). This was particularly
true for Profiles 1 and 2, where the most common REE were Ce (107-293 mg-kg™1), La
(50-116 mg-kg 1), Nd (45-120 mg-kg 1), Y (33-113 mg-kg '), Sm (8.5-23 mg-kg~!), Gd
(7.6-25 mg-kg 1) and Dy (6-19 mg-kg~1). Profile 3 contained the lowest total REE concen-
trations (61-126 mg-kg~!), as it was developed in a mining area other than the site where
Profiles 1 and 2 were located.

Total REE contents (61-346 mg-kg~!) in Group II Technosols (Profiles 5-10) were
lower than in Group I, with the highest values in Profile 6 (C horizon) (Table 2). Soils of
that group showed relative enrichment in Ce (61-127 mg-kg~!), La (31-61 mg-kg~!), Nd
(28-59 mg-kg 1) and Y (20-45 mg-kg ).

Group III Technosols in historical smelting areas (Profiles 11-13) displayed the lowest
total REE contents (59-237 mg-kg’l). Profile 13 (AC horizon: 237 mg~kg’1) contained the
highest contents of REE in that group. Cerium (19-89 mg-kg ') and La (11-36 mg-kg 1)
were predominant REE, but their contents were significantly lower than in Groups I and II
Technosols. Profile 12 showed irregular REE distribution, with an abrupt decrease in total
contents of REE in the 2C and 3C horizons (Table 2).

The total REE contents (159-214 mg-kg’l) (Table 2) in Profile 4 were relatively low in
comparison with the other soils studied.
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Table 2. Concentrations of rare earth elements (REE) in the studied Technosols.

Soil . Depth Sc Y La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu Sum of REE
. Horizon
Profile (cm) mg-kg1 o
Oi 0-1 - - - - - - - - - - - - - - - - - -
AC1 1-5 9 62.1 704 2137 1725 71.3 14.12 3.18 15.12 2.09 11.72 2.23 5.95 0.78 437  0.65 504 0.05
P1 AC2 5-15 12 61.2 853 2867  21.16 87.5 16.56 3.48 16.29 2.25 12.05 2.28 5.98 074  4.29 0.62 618 0.06
C 15-35 15 65.1 83.4 2558  21.80 90.2 16.95 3.70 16.98 2.34 12.40 2.30 5.95 077  4.30 0.62 598 0.06
2C 35-60 17 333 496 106.6  11.65 45.4 8.51 1.76 7.58 1.08 6.11 1.17 3.28 044 282 0.44 297 0.03
Oi 0-1 - - - - - - - - - - - - - - - - - -
AC1 1-25 16 877 938 2411 2376 98.2 19.14 413 20.03 2.76 15.23 2.88 7.46 0.92 527  0.78 639 0.06
P2 AC2 25-45 17 1132 1158 2925 28.7 1201 2318 519 24.94 3.47 19.02 3.75 9.77 121 6.71 0.99 786 0.08
AC3 45-65 17 101.7 1089 2739 26.16 109.5 21.28 4.71 22.73 3.12 17.91 3.37 8.82 1.09 6.27 0.89 727 0.07
2C 65-90 20 69.6 825  148.7  19.64 81.0 15.13 3.24 14.23 1.94 11.12 211 5.87 077  4.64 0.73 481 0.05
Oe 0-6 - - - - - - - - - - - - - - - - - -
P3 o/C 6-25 3 8.4 104 20.0 2.36 9.5 1.68 0.33 1.63 0.23 1.34 0.26 0.78 0.10 0.64 0.09 61 0.01
AC 25-40 4 13.2 l6.4 29.7 3.50 13.6 2.60 0.49 2.39 0.37 2.09 0.45 1.31 0.18 1.10 0.18 92 0.01
BC 40-60 4 28.8 17.5 36.0 427 15.9 3.33 0.64 3.74 0.67 4.34 0.98 2.64 0.38 237  0.36 126 0.01
Oi 0-1 - - - - - - - - - - - - - - - - - -
A 1-13 9 20.5 27.3 53.7 6.27 234 4.30 0.75 4.01 0.63 3.90 0.76 2.14 0.32 1.99 0.30 159 0.02
P4 C1 13-35 13 27.3 35.4 72.8 8.30 31.0 6.04 1.35 6.14 0.89 497 0.97 2.73 0.36 2.34 0.36 214 0.02
C2 35-60 13 27.0 35.4 73.2 8.25 30.7 6.25 1.36 6.01 0.89 5.06 0.96 2.73 0.40 247 037 214 0.02
Oe 0-3 - - - - - - - - - - - - - - - - - -
Oa 3-10 - - - - - - - - - - - - - - - - - -
P5 A 10-15 11 437 403 82.2 9.97 38.0 7.52 1.24 6.96 1.17 7.14 1.47 4.46 0.61 3.73 0.54 260 0.03
Bw 15-20 13 36.7 395 83.8 10.09 38.4 8.26 1.48 7.96 1.19 6.85 1.30 3.68 0.50 3.07 045 256 0.03
C 20-45 14 457  36.1 75.5 9.43 36.3 8.37 1.49 8.34 1.38 8.12 1.68 4.78 0.63 397  0.56 256 0.03
Oe 0-2 - - - - - - - - - - - - - - - - - -
Oa 2-10 - - - - - - - - - - - - - - - - - -
Po ABw 10-20 10 324 554 1156 1412 52.8 9.74 1.44 8.09 1.16 6.38 1.13 3.16 0.42 2.62 0.37 315 0.03
C 20-65 10 35.0 614 1273 1552 58.9 10.99 1.74 9.03 1.21 6.51 1.27 3.39 044 283 0.43 346 0.04
Oe 0-2 - - - - - - - - - - - - - - - - - -
P7 AC 2-15 10 20.2 32.1 63.8 7.68 28.3 5.42 0.90 451 0.63 3.74 0.69 1.99 027 1.82 0.27 182 0.02

C 15-50 13 27.1 39.5 83.8 9.96 38.4 7.69 1.58 6.74 0.94 5.30 0.96 2.73 0.40 2.45 0.36 241 0.02
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Table 2. Cont.
Soil Depth Sc Y La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu Sum of REE
. Horizon
Profile (cm) mg-kg1 o
Oe 04 - - - - - - - - - - - - - - - - - -
s AC 4-15 13 25.0 329 63.0 7.48 28.0 5.40 1.24 5.09 0.74 4.79 0.85 2.52 0.34 2.14 0.32 193 0.02
C1 15-35 13 30.2 32.6 64.8 7.54 29.5 6.51 1.67 6.68 1.02 5.81 1.13 3.14 0.43 2.64 0.40 207 0.02
C2 35-55 16 29.2 32.2 64.4 7.72 29.8 6.59 1.76 6.43 0.96 5.65 1.01 2.90 0.39 2.40 0.38 208 0.02
Oi 0-2 - - - - - - - - - - - - - - - - - -
P9 AC 2-10 10 21.6 31.3 61.2 7.18 27.9 5.57 1.15 455 0.64 3.99 0.77 2.28 0.31 2.01 0.32 181 0.02
C1 10-40 12 28.8 35.6 70.8 8.41 33.0 6.66 1.50 5.96 0.88 5.34 1.00 2.81 0.40 2.61 0.39 216 0.02
C2 40-80 12 29.6 35.1 69.8 8.28 33.0 6.50 1.53 6.33 0.88 5.35 1.02 2.95 0.44 2.69 0.40 216 0.02
Oi 0-1 - - - - - - - - - - - - - - - - - -
P10 AC 1-10 16 411 39.9 81.9 10.06 39.3 8.37 1.80 7.67 1.17 7.08 1.41 3.93 0.56 3.51 0.53 264 0.03
C1 10-50 15 33.4 38.5 78.2 9.70 38.0 7.65 1.66 6.96 1.01 592 1.15 3.33 047 295 0.45 244 0.02
C2 50-70 13 29.8 36.8 74.6 9.08 34.7 6.99 1.37 6.18 0.90 5.33 1.03 2.96 0.41 2.73 0.41 226 0.02
Oi 0-1 - - - - - - - - - - - - - - - - - -
A 1-15 8 187 266 50.9 5.97 22.5 4.15 0.81 3.60 0.55 3.33 0.67 1.96 0.27 1.84 0.28 150 0.02
P11 C1 15-30 9 21.5 31.7 61.9 7.45 28.0 5.21 1.03 4.65 0.67 4.08 0.77 2.16 0.29 2.00 0.31 181 0.02
C2 30-45 6 13.1 19.5 36.7 4.44 17.0 3.13 0.60 2.75 0.38 2.54 0.47 1.37 0.17 1.30 0.19 110 0.01
C3 45-60 5 9.8 13.6 26.8 3.25 124 221 0.47 2.03 0.28 1.59 0.35 0.97 0.13 0.84 0.14 80 0.01
Oi 0-1 - - - - - - - - - - - - - - - - - -
A 1-20 7 14.8 23.6 45.8 5.54 20.5 3.70 0.68 3.23 0.45 2.60 0.50 1.48 0.20 1.33 0.20 132 0.01
P12 C1 20-28 9 20.1 29.2 59.2 6.92 252 4.45 0.81 3.76 0.57 3.36 0.69 1.90 0.28 1.89 0.28 168 0.02
2C 28-50 3 7.9 10.8 19.2 231 9.0 1.78 0.24 1.57 0.22 1.30 0.24 0.66 0.10 0.67 0.09 59 0.01
3C 50-60 5 114 13.6 26.7 3.11 124 2.60 0.96 2.75 0.38 2.09 0.35 0.99 0.14 0.98 0.13 84 0.01
4C 60-75 9 24.6 34 67.7 8.10 29.4 5.52 0.86 473 0.71 422 0.86 2.63 0.36 2.33 0.36 195 0.02
Oi 0-1 - - - - - - - - - - - - - - - - - -
P13 AC 1-15 15 28.5 35.9 89.0 8.90 33.2 6.55 1.54 5.82 0.86 5.05 0.95 2.82 0.39 2.38 0.36 237 0.02
2C 15-25 5 11.1 24.7 48.3 5.76 22.0 3.67 0.84 2.99 0.38 2.02 0.36 0.95 0.13 0.84 0.12 129 0.01

Explanation: — not analysed.
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3.4. Geochemical Forms of Selected PTTE in the Studied Soils Based on BCR Sequential Extraction

Geochemical forms of Cu, Zn, Pb, Cd, As, Sb, Ba, Sr, Co, Ni, Mn and Cr in the
investigated Technosols varied between soil profiles as well as between soil horizons within

each soil profile, showing high heterogeneity of soil substrates (Figures 3-5).
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Figure 3. Chemical forms of Cu, Zn, Pb and Cd in the studied soils based on BCR sequential extraction.

Operational definitions of fractions: Fl—exchangeable, soluble in acidic medium; F2—susceptible to

reduction, including element forms bound to Fe and Mn oxides; F3—oxidisable, including element

forms associated with organic matter and sulphides; F4—residual. Detailed descriptions of fractions

(from F1 to F4) are presented in Table 1.
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Figure 4. Chemical forms of As, Sb, Ba and Sr in the studied soils based on BCR sequential extraction.
Operational definitions of fractions: Fl—exchangeable, soluble in acidic medium; F2—susceptible to
reduction, including element forms bound to Fe and Mn oxides; F3-oxidisable, including element
forms associated with organic matter and sulphides; F4—residual. Detailed descriptions of fractions

(from F1 to F4) are presented in Table 1.
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Figure 5. Chemical forms of Co, Ni, Mn and Cr in the studied soils based on BCR sequential extraction.
Operational definitions of fractions: Fl—exchangeable, soluble in acidic medium; F2—susceptible to
reduction, including element forms bound to Fe and Mn oxides; F3—oxidisable, including element
forms associated with organic matter and sulphides; F4—residual. Detailed descriptions of fractions
(from F1 to F4) are presented in Table 1.

In Group I Technosols (Profiles 1-3), Cu dominated the residual fraction (F4,
67%-100%), except for Profile 3 (P3) topsoil (F3—oxidisable forms, 80%) (Figure 3). Zinc
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prevailed in F4 (50%—84%) in Profile 1 (P1) and Profile 2 (P2). Profile 3 contained Zn in F3
(59%) in the topsoil and F2 (reducible forms) (up to 69%) in the subsoil. Lead dominated F4
(up to 75%), except for P3 (F3, 80%) and P1 (F3, 75%). Profile 3 subsoil had Pb in F2 (up to
91%). Cadmium occurred mainly in F2 (45%-100%), except for the deepest horizon of P1
(F4, 78%). Arsenic dominated F4 (67%-86%), with exceptions (F3) in the deepest horizons
of P1-P2 and (F2) the AC horizon of P3 (Figure 4). A significant share of As in P3 topsoil
was present in F1. Antimony showed high diversity of forms and occurred in F4 (up to
97% in P3), F3 (up to 89% in P2), F2 (up to 98% in P2) and F1 (exchangeable forms) (up to
53% in P1). Barium prevailed in F2, except for P3 topsoil (F4, 46%). Strontium dominated
F2, with a slightly higher share in F1 in P3 topsoil (40%). Cobalt dominated F4 (43%-73%)
in P1 and P2 (Figure 5). Profile 3 contained Co in F3 (100%) in topsoil and F2 (69%—76%)
in subsoil. Nickel dominated F4 (53%-77%) in P1-P2. Profile 3 subsoil showed Ni in F3
(46%—61%). Cobalt and Ni exhibited similar behaviours in P1 and P2 throughout the soil
profiles. Manganese dominated F2 (73%-94%); however, a high share of F1 (46%) was
typical of P3 topsoil. Chromium prevailed in F4 (47%-79%), except for P3 subsoil (F3, up to
44%) (Figure 5).

In Group II Technosols (Profiles 5-10), the residual fraction (F4) was dominated by Zn
(up to 69%), Cd (up to 100%), As (up to 74%) and Sb (up to 85%), though reducible forms
(F2) were significant for Cu (up to 83%), Pb (up to 99%), Co (up to 100%), Mn (up to 93) and
Ba (up to 76%) (Figures 3-5). Nickel was present in F2 (up to 47%), F3 (up to 72%) and F4
(up to 66%). Antimony occurred in F2 (up to 57%) and in F4 (up to 74%). Chromium was
bound mostly in F2 (up to 92%) and in F4 (up to 86%) (Figures 3-5). Exceptions included
Cu in F3 (46%) in topsoil of P5; Zn in F2 (46%—-66%) in the horizons AC and C of P7 and
horizons AC and C1 of P8; Pb in F4 (97%) in the ABw horizon of P6; Cd in F2 (50%) in
the Bw horizon of P5; As in F2 (56%) in the Bw horizon of P5, (71%) in the C horizon of
P6 and (46%) in the C1 horizon of P9; Ba in F4 (52%) in the ABw horizon of P6, (45%) in
the AC horizon of P8 and (up to 61%) in P9; and Cr in F3 (83%) in the C1 horizon of P10
(Figures 3-5).

Group III Technosols (Profiles 11-13) showed complex element distributions. Profile
11 showed Cu in F3 (up to 79%) (Figure 3). In P12, Cu occurred in F2 (81%-87%) in the C1,
3C and 4C horizons and in F3 in the A (48%) and 2C (71%) horizons. Zinc dominated F2
(up to 83%), except for F4 (up to 78%) in AC and C1 of P11 and in 2C of P13 (78%). Lead
occurred mostly in F2 (up to 94% in P12) and F3 (up to 92% in P13). Cadmium dominated
F2 (up to 100% in P11 and in the subsoil horizons of P12) and F4 (up to 100% in P13 and
deeper horizons of P12). Arsenic dominated F4, except for the C1 and 4C horizons of P12
(F2, 67% and 50%) (Figure 4). Antimony dominated F4 (42%-88%). Barium occurred mostly
in F2, except for the subsoil of P13 (F1, 38%). Strontium prevailed in F2, except for the
subsoil of P13 (F1, 58%), as well as for the A and C1 horizons of P11 and the C1 horizon of
P12 (F4). Barium and Sr showed similar trends in P11-P13. Cobalt, Mn and Ni dominated
F2, except for a few soil horizons (Figure 5). Chromium in P11 and P12 occurred mostly in
F4, and in P13 mostly in F2, except for the C2 horizon of P11 (F3) and the 3C (F3) and 4C
(F2) horizons of P12.

Profile 4 showed varied geochemical forms of PTTE. Copper and Zn were mainly
present in F2 (up to 68%) and F4 (up to 51%) (Figure 3). Lead, Co and Mn were found
largely in F2 (up to 97%) (Figures 3 and 5). Cadmium and As occurred significantly in F2
(up to 90%) in the topsoil and F4 (up to 95%) in the subsoil. Antimony was mainly present
in F4 (88%-96%). Barium and Sr primarily occurred in F2 (up to 77%) and up to 22% in
F1 (Figures 3 and 4). Nickel and Cr were mostly in F2 (up to 43%) and F4 (up to 76%)
(Figure 5).
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4. Discussion

4.1. Contamination of Technosols Based on the Total Contents of PTTE Against Polish Regulations
and by Comparison with Other Soils in the Tatra Mountains

The PTTE contents in the analysed soils were evaluated against Poland’s regulatory
standards, which serve as the benchmark for assessing land surface contamination [56].
In the case of Poland, national soil regulations are influenced by European Union direc-
tives [57]. These regulations establish permissible contents of selected metal(loid)s (i.e., As,
Ba, Cr, Sn, Zn, Cd, Co, Cu, Mo, Ni, Pb and Hg) in the soil for various land use categories,
differentiating permissible contents for two depths (0-25 cm and below 25 cm). Polish law
classifies land into four groups (I-IV): (1) land group I includes urban and developed areas
inhabited by human; (2) land group II includes agricultural lands (arable fields, orchards,
meadows), but also national parks and natural reserves; (3) land group III includes forested
and shrub-covered regions; and (4) land group IV includes industrial zones, transportation
corridors, production facilities, storage areas, technical infrastructure sites and mining
districts. Additionally, land group Il is further divided into three subgroups (II-1, II-2 and
II-3) based on specific soil characteristics such as texture, pH and organic carbon content.
For soils below 25 cm, permissible trace element levels are dependent on water permeability,
with a threshold value of 1 x 10~7 m-s~! [56].

The results obtained in this study were compared with the permissible contents
of metal(loid) standards in soil for proper subgroups in land group II (Table S1) [56].
Permissible levels of elements were exceeded for the following metal(loid)s: Cu (Profiles
P5, P6, P8-P12), Zn (P12—3C horizon), Pb (P10, P12), Mo (P8), Hg (P5, P6, P8-P10, P12),
As (P1, P2, P4-P12), Co (P1, P2, P8-P10, P12—3C horizon), Ni (P1, P2) and Ba (P1, P2,
P4-P13) (Table S1). The copper content in Technosols exceeded permissible limits by more
than 16 times (in Profile P9), and Pb and Mo by 1.2 and 2 times, respectively. Permissible
values for Hg were exceeded by 18 times and for As by 34 times in these soils. Cobalt
and Ni reached values 6 and 4 times higher, respectively, than those specified in Polish
regulations. Barium reached values 160 times higher than the threshold values. The 3C
horizon of Profile 12, which is most likely a layer containing remnants of ore material
containing high concentrations of all studied elements, exceeded permissible contents of
Cu (66 times), Zn (1.4 times), Pb (1.7 times), Hg (16 times), As (45 times), Co (2.5 times) and
Ba (7.5 times). By contrast, the concentrations of Cr, Cd and Sn in all studied soils did not
exceed permissible limits.

The elevated contents of PTTE such as Cu, Zn, Pb, Mo, Hg, As, Co, Ni and Ba in
the studied Technosols derived from mining waste and old smelting areas often exceeded
concentrations reported for native soils in the Tatra Mountains. For instance, Cu, Zn, Pb and Ni
contents in Group II Technosols (up to 1666 mg-kg ! of Cu, 159 mg-kg ! of Zn, 123 mg-kg !
of Pb and 55 mg-kg ™! of Ni) were significantly higher than those detected in a study of
natural mountain podzols of the Tatra Mountains [38], where authors reported much lower
trace element contents (up to 36 mg-kg ! of Cu, 89 mg-kg ! of Zn, 50 mg-kg~! of Pb and
27 mg-kg ! of Ni) attributed to natural lithology and podzolisation processes. Lower average
contents of Cu (up to 13 mg-kg 1), Zn (up to 92 mg-kg 1), Pb (up to 67 mg-kg 1) and Ni (up
to 16 mg-kg 1), in comparison to the studied Technosols, were also recorded in soils presented
in another study [47]. Similarly, lower average contents of heavy metals such as Cu (up to
15 mg-kg™1), Zn (up to 125 mg-kg~!) and Ni (up to 16 mg-kg~!) were recorded in soils near
Lake Morskie Oko and Kasprowy Wierch, with pollution indices generally suggesting low
to moderate contamination mostly influenced by long-range atmospheric deposition rather
than local mineralisation or metallurgical activities [31]. Although higher concentrations of
Zn, Pb and Cd in non-forest soils of Tatra National Park than in the analysed Technosols were
reported [48], their spatial distribution was strongly controlled by natural factors like parent
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rock composition, with less influence from anthropogenic contamination. It can be concluded
that the PTTE levels in the studied Technosols markedly exceed concentrations reported in the
aforementioned studies, reflecting local anthropogenic pollution from mining and smelting
activities, whereas the trace metal contents in undisturbed mountain soils of the Tatra region
generally remain within natural or slightly elevated ranges associated with geological and
atmospheric factors [31,48].

4.2. Origin of PTTE in the Studied Technosols

The analysed Technosols developed from three different types of mining and industrial
wastes. Therefore, the origin of the high contents of PTTE in the investigated Technosols is
complex and depends on the nature of anthropogenic parent material.

Group I Technosols (Profiles 1-3), in particular Profiles 1 and 2, contained high con-
centrations of Ni (up to 431 mg-kg ') and Co (up to 205 mg-kg!) (Table S1). Soils around
the world contain Ni over a very wide range, but the average levels reported for different
countries are in the relatively low range of 13-37 mg-kg ! [58]. Nickel content is the lowest
in sandy and organic soils and highest in heavy loamy and calcareous soils [58]. The world
average Co content in soils was estimated at 10 mg-kg ! [59]. High contents of Ni and Co in
Profiles 1 and 2 from the Tatra Mountains were most likely related to high concentrations in
the parent material, i.e., mining waste containing remnants of Fe and Mn ores. Nickel and
Co are frequently enriched in Fe-Mn ores due to adsorption and incorporation mechanisms
in Fe and Mn oxide minerals [60]. Moreover, there were also high contents of Ba (up to
3168 mg-kg 1) in Group I Technosols. Barium is typically found in low concentration in
soils. High levels of Ba in soils can come from industrial activities, such as mining [58].
Barium is commonly associated with carbonate rocks [61], as it is often incorporated into
carbonate minerals or is found adsorbed on carbonate phases in marine and sedimentary
environments [62]. Studies have shown that Ba concentrations can vary in carbonate rocks
due to their association with carbonate mineral phases such as calcite and aragonite [63].
Additionally, Ba can be present in barite (BaSO4), which can form in marine sedimentary
settings, often associated with carbonate deposits [64].

Group II Technosols (Profiles 5-10), developed from aluminosilicate igneous and
metamorphic rocks containing remnants of polymetallic ores, had very high Cu (up to
1666 mg-kg~! in Profile 9) and As (up to 347 mg-kg~! in Profile 9) contents. In the soils
of European Union countries, average Cu contents range from 5 to 50 mg-kg~! [59]. The
average As content in soils generally ranges from about 1 to 15 mg-kg~!, depending on the
region, with natural background levels typically below 10 mg-kg~! [59]. High Cu and As
contents are typical of polymetallic ore-related mining waste [28,65-67], where these elements
are primarily linked to the sulphide mineralisation in rocks [68,69]. Similar mineralogical
controls were documented on metal occurrence in sulphide-rich Technosols developed from
mining waste [9,67]. Metal(loid)-rich minerals in the area of Ornak ridge, where historical
Cu-Ag-5Sb-Fe ore mining was conducted, are, for example, chalcopyrite (CuFeS;)—a primary
copper-bearing sulphide, pyrite (FeS;) often associated with arsenic as an impurity—as well
as arsenopyrite (FeAsS) and enargite (CuzAsS,), which are arsenic-rich minerals [68]. High
contents of Hg (up to 37 mg-kg~!) were found in Profiles P8-P10, representing Group II
Technosols. The presence of Hg is linked to remnants of polymetallic ore minerals scattered in
aluminosilicate igneous and metamorphic rocks. Mercury in the rocks constituting the parent
materials of the studied soils was most likely accumulated due to hydrothermal mineralisation
processes occurring in rocks during ore formation [68]. Typically, Hg is present primarily in
sulphide minerals that form in hydrothermal veins [70]. Cinnabar (HgS) is the major mercury
mineral, but Hg is also found as a trace element in other sulphide minerals, including spha-
lerite (ZnS), chalcopyrite and tetrahedrite, within hydrothermal mineral deposits [71]. Group
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II Technosols contained the highest Ba content (up to 32,277 mg-kg~!) among the studied
Technosols. This was primarily due to the presence of barite (BaSO,), which is associated with
polymetallic ore mineralisation (Cu, Fe and Ag) in this area [68]. In the Ornak ridge mining
area, barite is found in veins with chalcopyrite, pyrite and galena (PbS). Barite frequently
occurs alongside sulphide minerals in ore deposits [72]. Barite was also identified in Group
II Technosols based on microscopic studies and SEM-EDS analyses of soil thin sections [18].
Contents of Pb and Zn were elevated in some profiles representing Group II Technosols (e.g.,
Profiles 9 and 10) (Figure 2). Lead and Zn are related to the remnants of polymetallic ores
occurring in mining waste deposited in dumps [68].

Group III Technosols (Profiles 11-13) were characterised by elevated contents of Cu,
Pb, As and Sb, likely originating from historical metallurgical activities. These PTTE
commonly occur in metallurgical slags where they are trapped during cooling, forming
metallic aggregates (e.g., native Cu, Pb and Fe) or mineral phases (e.g., sulphides and
oxides) [73]. Metal(loid)s are subsequently released into surrounding soils during slag
weathering, creating persistent geochemical anomalies [74-76]. The presence of Cu, As and
Sb reflected their association with polymetallic ores processed in smelters. High contents
of PTTE are typical of metallurgical waste [77]. The elevated contents of metal(loid)s
in metallurgical waste reflect the original ore composition, processing chemistry and
metallurgical partitioning behaviours, leading to enrichment of slags in various metal(loid)s,
as metallurgical processes are not fully effective in the extraction of metal(loid)s from
ore [13,78]. Extremely high contents of Cu (>10,000 mg-kg 1), As (up to 901 mg-kg~!) and
Hg (>50 mg-kg ') in the 3C horizon of P12 were most likely due to the fact that it was a
layer of crushed rocks rich in polymetallic ore. That horizon contained mining waste (not
metallurgical waste), which were preserved in the examined soil profile as a separate layer
buried subsequently by newer anthropogenic materials.

4.3. Assessment of Mobility of PTTE in the Studied Technosols Based on BCR Sequential Extraction

BCR sequential extraction revealed distinct chemical behaviours of PTTE across the
three Technosol groups, strongly influenced by their properties, which were controlled by
the mineral and chemical composition of the parent materials. These findings aligned with
the results of other authors [20,61], who emphasised that metal(loid)s fractionation in soils
is governed by geogenic and anthropogenic factors.

In Group I Technosols, the predominance of residual fractions (F4) for PTTE such as
Cu, Zn, Pb, As, Co, Ni and Cr reflected low mobility of these elements. Therefore, carbonate
minerals present in these soils likely play the most important role in immobilisation of
these elements by maintaining the soil pH at a high level (Table S2). The strong positive
correlation between CaCOj3 and pH (r = 0.81; p < 0.05; Table S3) confirmed the dominant
effect of calcium carbonates on soil pH. High pH of soil limits the solubility of many PTTE,
causing them to form weakly soluble mineral phases [20]. This favours the precipitation
of metals as insoluble carbonates or hydroxides, effectively reducing their solubility and
bioavailability [30,59,79]. Additionally, carbonate minerals like calcite and dolomite have
relatively high chemical stability, particularly in soils having high pH [80]. Under such
conditions, carbonates provide surfaces for adsorption, which further immobilises metals
by binding metal ions and preventing their release into the soil solution [81]. Together, these
processes decrease the bioavailability and leaching potential of metals, contributing to their
retention primarily within the residual soil fraction [30]. In Profile 3, representing Group I
Technosols, oxidisable Cu (F3, 80%) and reducible Zn and Pb (F2, up to 91%) (Figure 3)
forms occurred in the topsoil, which suggested that SOM and Fe/Mn oxides, respectively,
contributed to the binding of Cu, Zn and Pb [82]. Cadmium seemed to be a rather mobile
element in all Group I Technosols, as it occurred mostly in F2 (metals supposed to be
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related to Fe/Mn oxides). Cadmium tends to be more mobile in soils than many other
PTTE because it often occurs in easily soluble or exchangeable forms in soils [67,83]. The
high residual Cd (F4, 78%) in Profile 1 subsoil (Figure 3) contrasted with its typical high or
moderate mobility, likely due to carbonate co-precipitation.

In Group II Technosols (acidic soils developed from aluminosilicate mining waste),
the predominance of the reducible fraction (F2) of Co, Pb, Cu, Ag, Mn and Ba reflected
the important role of Fe and Mn oxides in controlling the mobility of these elements. The
low pH range (3.6-6.0) in soils enhances the solubility of such metals as Pb, Zn, Cu, Cd
and others, promoting desorption and leaching [84-86]. BCR analyses showed that the
most mobile elements in Group II Technosols were Mn, Cu and Zn (Figures 3 and 5), as
a considerable share of these metals occurred in F1 in these soils. Furthermore, a rather
small amount of investigated elements in F3 in Group II Technosols (except for Cu, Ni and
Cr in some studied soils) indicated that SOM has a limited metal stabilising effect, which
corresponded with the observations in other Technosols [66]. Moreover, Cd was a mobile
element in Profile 5. On the other hand, some elements typically mobile in acidic soils
(e.g., Zn, Cd and Ni) often occurred in the residual fraction (F4) in Group II Technosols.
Such a feature is most likely due to the physical blocking of metal-bearing minerals inside
quartz or aluminosilicate grains, which were the major minerals occurring in the studied
Technosols [17]. This makes it impossible for the reagents used during the first three steps of
sequential extraction to dissolve these minerals. Quartz and aluminosilicates are minerals
resistant to weathering [87]; therefore, they are not dissolved during the first three steps of
sequential extraction and constituted part of F4. Moreover, these metals can be present as
stable sulphides and oxides, such as chalcopyrite and hematite, which further limit their
mobility until they dissolve or weather [88,89].

Group III Technosols from historical smelting areas displayed the most complex
chemical behaviours of PTTE. BCR analysis showed that Co, Mn, Ni, Ba, Sr, Pb, Zn and Cu
were the most mobile elements in soils (Figures 1-3). On the other hand, As, Sb and Cd
seemed to be the least mobile in Group III Technosols. Reducible Pb (F2, up to 94%) and
oxidisable Cu (F3, up to 79%) (Figure 3) indicated slag-derived metals bound to Fe/Mn
oxides and SOM, respectively [11,90]. Construction materials in the 2C horizon of Profile
13 artificially elevated pH and Cr mobility [17].

Thanks to the four-step BCR analysis, it was possible to identify the contents of PTTE
present in the first fraction (F1), i.e., in the most mobile forms in soil (Table 3). In Group II
Technosols (Profiles 9 and 10), high contents of Cu reaching up to 174 mg-kg ! (horizon
C1 of P10) were found in F1. Relatively high contents of Cu and Sb (43 and 7 mg-kg ™!,
respectively) were recorded in the 3C horizon of Profile 12, which was a layer of ore-bearing
rocks (not metallurgical waste) preserved within the soil profile. The highest content of
Zn in F1 was measured at the old steelworks in Kuznice (P13), amounting to 50 mg-kg !
(horizon AC). In other locations, the contents of Zn reached a maximum at 9 mg-kg ™!
(P3, horizon O/C) or around 34 mg-kg~! (P6, horizons Bw and C, respectively). In F1,
Pb contents of up to 0.9 mg-kg~! (P11, horizon A), As up to 1.2 mg-kg~! (P3, horizon
0/C), Co up to 1.1 mg-kg~! (P9, horizon AC), Ni and Cd up to 0.3 mg-kg~!, Cr up to
0.9 mg-kg ™!, Sr up to 58 mg-kg !, Ba up to 213 mg-kg ! and Mn up to 2242 mg-kg~! (P13,
horizon AC) were recorded. These results indicated the potential mobility of several PTTE
in the studied Technosols, which could pose environmental risks through possible uptake
of PTTE by plants and leaching of PTTE into groundwater and surface water, including
mountain streams typically found in the vicinity of sampling points near waste disposal
sites, adits, shafts and historical smelting areas. Such findings were consistent with previous
studies emphasising the importance of the exchangeable fraction (F1) as a key indicator of
bioavailable and mobile metals in contaminated soils [29,30,44,67,69].
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Table 3. Contents of PTTE in the most mobile fraction (F1) based on BCR sequential extraction.
Soil Cu Zn Pb Cd As Sb Ba Sr Co Ni Mn Cr
. Horizon  Depth (cm)
Profile mg-kg~!
Oi 0-1 - - - - - - - - - - - -
AC1 1-5 0.00 0.56 0.00 0.00 0.70 0.40 2.88 17.14 0.00 0.00 9.14 0.00
P1 AC2 5-15 0.00 0.06 0.00 0.00 0.23 0.17 1.74 13.79 0.00 0.00 0.72 0.00
C 15-35 0.00 0.00 0.00 0.00 0.15 0.12 3.88 10.60 0.00 0.00 0.73 0.00
2C 35-60 0.00 0.00 0.00 0.02 0.10 0.20 5.58 7.59 0.00 0.01 47.04 0.00
Oi 0-1 - - - - - - - - - - - -
AC1 1-25 0.00 0.00 0.00 0.00 0.38 0.01 1.45 9.73 0.00 0.02 10.05 0.00
P2 AC2 25-45 0.00 0.00 0.00 0.00 0.54 0.12 1.11 10.22 0.00 0.00 0.47 0.00
AC3 45-65 0.00 0.00 0.00 0.02 0.15 0.02 0.92 9.29 0.00 0.00 0.44 0.00
2C 65-90 0.00 0.07 0.00 0.00 0.18 0.00 0.78 8.30 0.00 0.00 0.34 0.00
Oe 0-6 - - - - - - - - - - - -
P3 O/C 6-25 0.00 9.25 0.00 0.16 1.19 0.44 3.14 12.90 0.00 0.00 90.82 0.00
AC 25-40 0.00 0.23 0.00 0.00 0.18 0.00 0.64 2.05 0.00 0.00 3.58 0.00
BC 40-60 0.00 0.04 0.00 0.00 0.10 0.00 0.43 1.60 0.00 0.00 0.00 0.00
Oi 0-1 - - - - - - - - - - - -
P4 A 1-13 0.00 041 0.01 0.00 0.00 0.00 9.11 2.37 0.00 0.00 31.81 0.00
C1 13-35 0.00 0.03 0.00 0.00 0.00 0.00 45.03 1.36 0.00 0.00 55.72 0.00
C2 35-60 0.00 0.00 0.00 0.00 0.00 0.00 60.29 0.74 0.00 0.00 54.51 0.00
Oe 0-3 - - - - - - - - - - - -
Oa 3-10 - - - - - - - - - - - -
P5 A 10-15 3.36 0.64 0.21 0.02 0.02 0.42 15.01 3.47 0.02 0.05 71.59 0.00
Bw 15-20 6.41 0.32 0.05 0.04 0.11 0.31 26.35 4.53 0.05 0.01 115.61 0.00
C 2045 2.74 0.14 0.00 0.20 0.04 0.48 35.18 6.88 0.00 0.00 24.30 0.00
Oe 0-2 - - - - - - - - - - - -
P6 Oa 2-10 - - - - - - - - - - - -
ABw 10-20 9.80 3.12 0.00 0.00 0.00 0.22 65.92 1.91 0.44 0.13 296.36 0.00
C 20-65 99.48 3.98 0.02 0.00 1.06 1.36 147.88 12.41 0.00 0.19 120.97 0.00
Oe 0-2 - - - - - - - - - - - -
P7 AC 2-15 0.73 1.23 0.49 0.00 0.10 0.00 3.73 0.21 0.00 0.00 17.86 0.00
C 15-50 0.00 0.52 0.00 0.00 0.00 0.00 8.11 0.11 0.00 0.00 32.26 0.00
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Table 3. Cont.
Soil Cu Zn Pb Cd As Sb Ba Sr Co Ni Mn Cr
. Horizon  Depth (cm)
Profile mg-kg 1
Oe 04 - - - - - - - - - - - -
P8 AC 4-15 2.29 0.63 0.05 0.00 0.02 2.18 49.60 1.14 0.01 0.00 261.77 0.00
C1 15-35 4.04 0.27 0.05 0.00 0.00 0.99 55.54 0.79 0.00 0.00 321.57 0.00
Cc2 35-55 3.66 0.38 0.00 0.00 0.00 0.64 46.23 0.61 0.00 0.00 343.39 0.00
Oi 0-2 - - - - - - - - - - - -
P9 AC 2-10 56.93 1.26 0.16 0.00 0.18 2.40 141.50 0.98 1.14 0.02 230.44 0.00
C1 10-40 131.25 0.92 0.01 0.00 0.59 4.20 162.29 1.34 0.16 0.00 168.25 0.00
C2 40-80 105.88 0.71 0.03 0.00 0.60 3.89 173.58 1.64 0.10 0.00 163.39 0.00
Oi 0-1 - - - - - - - - - - - -
P10 AC 1-10 101.55 1.26 0.63 0.00 0.03 2.43 85.42 0.33 0.24 0.00 156.77 0.00
C1 10-50 174.07 1.36 0.05 0.00 0.09 3.30 101.12 0.37 0.00 0.00 9291 0.00
Cc2 50-70 154.26 1.04 0.03 0.00 0.02 2.88 87.79 0.47 0.00 0.00 66.63 0.00
Oi 0-1 - - - - - - - - - - - -
A 1-15 1.17 0.00 0.86 0.01 0.10 0.16 7.43 5.58 0.00 0.00 29.27 0.00
P11 C1 15-30 0.00 0.00 0.00 0.00 0.27 0.15 6.05 7.54 0.00 0.00 17.98 0.00
2 30-45 0.00 1.39 0.00 0.17 0.00 0.39 5.98 6.51 0.00 0.00 15.08 0.00
C3 45-60 0.00 0.00 0.00 0.00 0.14 0.03 6.21 8.26 0.00 0.00 5.97 0.00
Oi 0-1 - - - - - - - - - - - -
A 1-20 1.21 0.05 0.00 0.01 0.04 0.23 16.34 5.09 0.00 0.02 22.39 0.00
P12 C1 20-28 5.10 0.08 0.04 0.02 0.10 2.18 58.11 4.26 0.00 0.00 7.77 0.00
2C 28-50 0.00 0.28 0.00 0.00 0.06 1.38 18.39 16.43 0.00 0.03 10.09 0.00
3C 50-60 42.48 1.19 0.00 0.02 0.00 6.45 35.90 5.18 0.00 0.02 4.95 0.00
4C 60-75 2.14 0.62 0.00 0.00 0.03 4.20 29.22 6.78 0.00 0.00 4.06 0.00
Oi 0-1 - - - - - - - - - - - -
P13 AC 1-15 0.00 49.69 0.00 0.32 0.63 0.31 212.47 58.37 0.00 0.25 2241.64 0.87
2C 15-25 0.00 0.52 0.00 0.00 0.21 0.04 20.03 16.86 0.00 0.02 104.27 0.00

Explanation: — not analysed.
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4.4. Relationship Between Element Fractionation and Soil Properties

Table S3 presents the correlation coefficients between soil pH, carbonate content, TOC
and the concentrations of elements in different BCR fractions (F1-F4). Correlation of pH
with contents of elements in fractions (F1-F4) showed negative correlations between soil
pH and contents of Cu, Zn, Pb, Sb, Ba, Co and Mn in F1 (Table S3), which was considered
to be the most mobile fraction. This indicated that the lower the soil pH, the higher the
contents of the aforementioned elements in F1. Therefore, in acidic soils, one should expect
the highest mobility of Cu, Zn, Pb, Sb, Ba, Co and Mn. On the other hand, correlations
between soil pH and contents of As and Sr in F1 (Table S3) were positive, which indicated
that the higher the pH (within the ranges of pH found in the studied soils), the higher the
mobility of As and Sr in the studied soils.

Statistical analyses showed significant negative correlations between carbonate con-
tents and Cu, Zn, Pb, Sb, Ba, Co and Mn concentrations in F1 (Table S3). These results
showed that the occurrence of carbonates in soils reduced the mobility of the aforemen-
tioned elements. This result perfectly fit the aforementioned correlation between element
concentrations and pH.

Statistical analyses also showed significant positive correlations between TOC con-
tents and Zn, Pb and Cr concentrations in F3 (Table S3), which was considered to be a
fraction related to SOM. These results showed that the aforementioned elements had a
high affinity for SOM. On the other hand, As was an element not related to SOM in the
studied Technosols, which was corroborated by the negative correlation between TOC
contents and concentration of As in F3. These findings were in line with the results of other
authors [91-93].

4.5. Geochemical Features of Technosol Groups Based on the Total Contents of PTTE and REE

The total PTTE and REE contents revealed distinct geochemical signatures across the
three groups of Technosols, highlighting the critical role of the parent material in controlling
the chemical composition of the investigated soils, which was postulated in our previous
study [17].

Group I Technosols (in particular Profiles 1 and 2), developed from carbonate-rich
mining waste, were characterised by t elevated concentrations of siderophile elements
(Co and Ni) (Figure 1; Table S1), as well as Fe and Mn [17], which reflected the geogenic
origin of these elements from rocks containing dispersed Fe- and Mn-ore bearing minerals.
Group I Technosols were also characterised by relatively high total REE contents (up to
786 mg-kg~!) (in comparison with other soils), which was most likely due to the high
abundance of REE-bearing minerals and the strong affinity of REE for carbonate minerals
in rocks [94].

Group II Technosols (Profiles 5-10), developed from aluminosilicate mining waste
containing remnants of polymetallic ores, exhibited very high variability in PTTE contents,
with notable enrichments in chalcophile elements (Cu, Mo, Hg, As, Sb and Bi), but also Ba,
Sr, U and Th (Figure 1; Table S1). These patterns reflected the polymetallic nature of ores
scattered in the parent rocks. The lower total REE contents (up to 346 mg-kg 1) (Table 2)
compared to Group I suggested most likely a lower abundance of REE-bearing minerals in
the parent material.

Group III Technosols (Profiles 11-13), containing waste from smelting activities, dis-
played the most complex contamination patterns. Excluding the 3C horizon from Profile 12
(as it was most likely a layer of ore-bearing rocks preserved in the soil profile), it should
be stated that these soils were enriched in a number of metal(loids) (Cu, As, Sb, Ba, Hg,
Co and Ag) coming from the ores processed in smelters, which were mostly represented
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by polymetallic ores. The relatively low REE contents (<237 mg-kg’l) (Table 2) was also a
feature of Group III Technosols.

5. Conclusions

1. The studied Technosols in the Tatra Mountains exhibit significant contamination with
several PTTE exceeding Polish regulatory limits for Cu, Zn, Pb, Mo, Hg, As, Co, Ni
and Ba.

2. The three Technosol groups distinguished in the study are characterised by different
geochemical features. Group I Technosols (near-neutral soils developed from Fe/Mn-
ore and carbonate-bearing mining waste) are particularly enriched in Co, Ni and REE
and contain Cu, Zn, Pb, As, Co, Ni and Cr mostly in immobile forms.

3. Group II Technosols (acidic soils developed from polymetallic ore-bearing aluminosil-
icate mining waste) contained elevated concentrations of Cu, Zn, Hg, As, Sb, Bi, Co,
Ag, Ba, Sr, U and Th; the contents of REE were lower than in Group I Technosols.
PTTE (in particular Mn, Cu and Zn) exhibited the highest mobility among the studied
soils, and Fe and Mn oxides seem to control the mobility of Co, Pb, Cu, Ag, Mn and Ba.

4. Group III Technosols (soils developed in smelting-affected areas and containing
metallurgical waste) contained high total concentrations of Cu, As, Sb, Ba, Hg, Co
and Ag, the lowest REE contents among the studied soils and were characterised by
complex behaviours of PTTE, with Pb and Cu having high affinity to Fe/Mn oxides
and organic matter, respectively.

5. The study showed relationships between element fractionation and soil properties
such as pH, presence of carbonates and contents of SOM. Statistical analyses showed
increases in Cu, Zn, Pb, Sb, Ba, Co and Mn mobility along with decreases in soil pH
and carbonate contents. However, the behaviours of As and Sr exhibited the opposite
trend: the higher the pH, the higher the mobility of these elements. The results also
showed that Zn, Pb and Cr have a high affinity for SOM. On the other hand, As is an
element whose mobility is not related to SOM in the studied Technosols.

6.  The four-step BCR analysis allowed for the identification of PTTE in the most mobile
forms (fraction F1). High contents of Cu, Zn, Sb, Pb, As, Co, Ni, Cd, Cr, Sr, Ba and
Mn were found in F1 in specific horizons of several Technosols, indicating that these
elements may be readily mobilised. This highlights the potential environmental risks
of PTTE related to possible uptake of PTTE by plants and leaching of PTTE into
groundwater and surface water.

7. The findings highlight opportunities for further research to better understand the
mechanisms driving PTTE mobility in contaminated soils. Future studies could
explore the accumulation of PTTE in plants, as well as how pH variations and interac-
tions with groundwater and surface water influence the mobilisation of individual
elements. Such research may also support predictions of how PTTE could spread
from contaminated soils, which could improve environmental risk assessment in Tatra
National Park.
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The following abbreviations are used in this manuscript:

BCR The modified European Community Bureau of Reference
F Fraction

ICP-MS Inductively coupled plasma-mass spectroscopy

ICP-OES  Inductively coupled plasma-optical emission spectrometry

P Profile
PTTE Potentially toxic trace elements
REE Rare earth elements

SEM-EDS  Scanning electron microscope—energy dispersive X-ray spectroscopy

SOM Soil organic matter
TNP Tatra National Park
TOC Total organic carbon
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