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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.,
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access article distributed under the terms and conditions of the Creative Commons
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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

211370

SOIL SCIENCE ANNUAL

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 Chochotlowska 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
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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 0.11 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 - - - - - - - - - 43.97 098 0.07
AC1 1-25 10YR 2/2 40 75 19 6 SL 32.2 7.5 22.1 6.62 0.44 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 224 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 (60 (%)

(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 4.4 n 1.48 010 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 1.87 018 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 x108%m3kg. 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
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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.

10
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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 (s]) 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 (s)
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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o

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

14
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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 _



SOIL SCIENCE ANNUAL

BSE image

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

500 ym

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
mgkg?, 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
(o 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
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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 +%: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. 14, 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 gérniczych 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 sktadajacych 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 wypeklnione 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 pozostalosci 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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