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Does calcium carbonate influence clay mineral transformation in soils
developed from slope deposits in Southern Poland?
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Abstract
Purpose Literature reported that soils characterized by heterogeneity would reveal the different direction of clay minerals
transformation. Hence, in this study, four soils developed on menilite shales slope deposits were investigated to test if the clay
minerals transformations in soils with varied calcium carbonate distribution would show multidirectional paths of clay mineral
weathering, or if transformation of secondary phases in such stratified materials would reveal only one trajectory.
Methods The separated clay fractions were analysed using X-ray diffractometry and Fourier-transform infrared spectroscopy.
Geochemical analyses were performed using ICP-ES and ICP-MS after sample fusion with lithium borate and an alloy disso-
lution with nitric acid.
Results Calcium carbonate did not influence the composition and transformation of clay minerals. Despite the fact that soils were
characterized by different content and distribution of calcium carbonate within the solum and additionally indicated various
morphological features, the mineralogical composition of clay fraction was very uniform. Among the secondary phases, chlorite,
illite, vermiculite, kaolinite and mixed phases illite-smectite and vermiculite-chlorite were detected in all horizons.
Conclusions The uniform composition of the clay minerals in the studied soils suggested that mass movement, which controlled
the formation of slope covers, was probably of a similar character and intensity across the whole of the slope. Furthermore, it
seems that the pedogenesis in all soils proceeded on the same scale of advancement. This was indicated by a similar degree of
weathering of soil material and lack of depth-dependent weathering in the profiles, confirmed by values of weathering indices
(CIA and ICV) as well as by micromorphologically visible, highly weathered coarse fragments. Moreover, weak intensity of the
illuviation process within the homogeneous substrate could have resulted in the very uniform composition of clay minerals in the
studied soils.
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1 Introduction

Clay minerals are important constituents of soils because they
are very reactive and control many geochemical processes
taking place in soils, such as element cycling, nutrient release
and availability. Taking this into consideration, understanding
of clay minerals weathering in soils appears to be an important
issue. In general, four major processes controlling the clay
mineralogy of soils can be distinguished: inheritance from
pre-existing parent material, transformation of the inherited
clay minerals, neoformation of clays via crystallization from
soil solutions and aeolian deposition of allochthonous mate-
rials (Barton and Karathanasis 2002; Eberl et al. 1984; Velde
and Meunier 2011; Waroszewski et al. 2016; Wilson 1999;
Yousefifard et al. 2015).

Micas and most chlorites present in soils are inherited from
parent rocks. They are formed at elevated pressure and tem-
perature conditions during diagenetic, metamorphic and igne-
ous processes. Because of this, they are unstable in the soil
environment where they undergo weathering leading to for-
mation of more stable phases. Micas in general are believed to
transform into swelling phases—that is, vermiculite or smec-
tite. However, the exact mechanisms of these transformations
are not known in detail. Especially for dioctahedral mica, no
clear picture of the transformation can be derived from the
available literature. Most studies available (e.g. Churchman
and Lowe 2012; Righi et al. 1999; Skiba 2007) report forma-
tion of dioctahedral vermiculite at the expense of dioctahedral
mica and further transformation of the vermiculite into smec-
tite. However, direct formation of illite-smectite at the expense
of dioctahedral mica with omission of the vermiculitization
stage in soils was also reported (e.g. Righi et al. 1999).

Chlorites in soils generally undergo vermiculitization (e.g.
Adams and Kassim 1983; Argast 1991; Bain 1977; Murakami
et al. 1996). According to Banfield and Murakami (1998),
Churchman and Lowe (2012) and literature cited therein,
Proust et al. (1986), Środoń (1999) and Wilson (1999 and
literature cited therein, 2004), the vermiculitization of
trioctahedral chlorite proceeds via depletion of Fe and Mg
and by only a slight loss of Al and leads to the formation of
dioctahedral species. Further transformation of chlorite-
derived vermiculite into smectite was also reported, for exam-
ple by Carnicelli et al. (1997).

As far as is evident to the authors of the present paper, all
available studies concerning chlorite weathering have focused
on trioctahedral species, whereas no study into weathering of
dioctahedral species such as di- or tri-sudoite is available.
Weathering of micas and chlorites in soils appears not to be
understood in detail, clearly indicating a need for detailed
mineralogical studies into weathering of the clays in soils.

Some studies indicated that in homogeneous soils devel-
oped on acidic parent materials, the transformation of clay
minerals is very complex and may be differentiated (e.g.

Egli et al. 2001, 2002, 2007; Skiba 2007; Szymański et al.
2017; Uzarowicz and Skiba 2011; Vicente et al. 1977;
Waroszewski et al. 2016). According to these studies, it could
be supposed that in stratified soils formed on slope deposits
rich in sedimentary rocks, transformation of clay minerals
would also proceed in various directions. However, in such
an environment, usually, an additional element needs to be
taken into account: calcium carbonate, which may affect the
final modification of clay minerals composition. Soil carbon-
ates (i.e. carbonate minerals such as calcite and dolomite) are
regarded as the main constituents known to act as buffering
agents, which control soil pH and the rate of soil weathering
(Drewnik et al. 2014). Hence, one may expect that the pres-
ence of calcium carbonate, both lithogenic and pedogenic,
originated from carbonate-rich slope deposits, will influence
formation and transformation of clay minerals (Emadi et al.
2008; Khormali and Abtahi 2003; Küfmann 2008). Many
authors have described clay mineralogy in carbonate soils
(Table 1), yet a comprehensive study concerning a sequence
of soils, showing various calcium carbonate distributions and
developed on slope sediments of menilite shale, is not avail-
able. Therefore, we wanted to test if, in the soils developed on
slope deposits with a predominance of menilite shale, and
characterized by different content and distributions of calcium
carbonate, the clay mineral transformation would reveal mul-
tidirectional paths of secondary phase weathering, or if trans-
formation of clay minerals in such stratified materials would
reveal only one trajectory.

2 Study area and sampling sites

The study was carried out in the Kacwin Village, located in
the Western Carpathians in South Poland (Table 2) on the
middle and upper part of the slope (Fig. 1). The following
geologic series, formed from Upper Cretaceous to
Palaeogene, occur at the sampling area: shales and sandstone
with beds of conglomerate, shales with Fe-bearing dolomites,
and coarse-grained sandstone with conglomerate and shales
(Kulka et al. 1985). However, the parent material for the stud-
ied profile consisted of menilite shale (Table 2, Fig. 1).

The Western Carpathian soils are not uniformly carbonate-
derived; the spatial distribution of soils in the Carpathians is a
function of geology, relief, climate and vegetation, resulting in a
clear vertical and horizontal soil zonality (Skiba 1995).
According to the WRB (IUSS Working Group WRB 2015),
within the Western Carpathians, Dystric/Eutric Cambisols, de-
veloped from poorly permeable loamy-clayish flysch rocks, are
the dominant soil unit. On carbonate-rich parent materials, var-
ious types of Leptosols frequently occur. Moreover, on silty-
rich parent material within the Carpathian Foothills, Luvisols
and Stagnic Luvisols developed. Upper mountain zones are
often occupied by Regosols. A small part of the Western
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Carpathians is covered by Gleysols and Histosols, mostly char-
acterized by considerable fragmentation (Skiba 1995).

Mean annual air temperature for the Western Carpathians
ranges between 6 and 8 °C at 700 m.a.s.l., and between 4 and
6 °C at 1100 m.a.s.l. (Otrębska-Starklowa et al. 1995). Mean
annual precipitation varies between 400 and 900 mm. The
sum of evaporation that can be achieved in the period from
May to October is between 300 and 400 mm. The duration of

snow cover reaches about 120 days per year on the highest
peaks (Otrębska-Starklowa et al. 1995).

The vegetation at the sampling sites is dominated by semi-
deciduous forest and short grassland plant habitats characteristic
of lower montane zones (Towpasz and Zemanek 1995). The
semi-deciduous forest consists of the Dentario glandulosae-
Fagetum association, where mainly Fagus sylvatica, Abies alba
and Acer pseudoplantus occur. Within the lower mountain zone,

Fig. 1 Photographs and simplified drawings of studied soil profiles. CaCO3 (g kg
−1): < 10: +; 10–100: ++; > 100: +++

Table 2 Location sites and general information of soil profiles

Soil
profile

Profile No/GPS posi-
tion/
slope rating/exposure/
elevation a. s. l.

Landform
and
topography

Stratigraphy Parent
material

Vegetation WRB classification
(WRS, IUSS Working
Group 2015)

USDA Soil
Taxonomy (Soil
Survey Staff 2014)

K1 49° 22′ 10.7″ N 20° 17′
11.4″ E 15o

NE 551 m a. s. l.

S, UP Eocene,
Oligocene

Menilite shale,
red
sandstone

HS Haplic Luvisol (Episiltic,
Amphiloamic, Ochric, Ruptic)

Aquic Hapludalf

K2 49° 22′ 06.7″ N 20° 16′
51.3″ E 15o

NE 650 m a. s. l.

S, MS Eocene,
Oligocene

Menilite shale HS Calcaric Eutric Stagnosol
(Amphiloamic, Aric, Colluvic,
Ruptic, Endoskeletic)

Albaquic
Hapludalf

K3 49° 22′ 01.4″ N 20° 16′
38.0″ E 5o

E 723 m a. s. l.

S, MS Eocene,
Oligocene

Menilite shale,
sandstone

FS Endoskeltic Endocalcaric Luvisol
(Anosiltic, Endoloamic,
Colluvic,
Ochric, Ruptic)

Aquic Hapludalf

K4 49° 22′ 06.7″ N 20° 16′
51.3″ E 5o

E 720 m a. s. l.

S, MS Eocene,
Oligocene

Menilite shale FS Abruptic Stagnic, Skeletic Luvisol
(Ruptic)

Aquic Hapludalf

Landform and topography: S, sloping land; UP, upper slope; MS, middle slope

Vegetation: FS, semi-decidous forest; HS, short grassland
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theCaltho-Alnetum association, withAlnetum incanae andAlnus
incana, is relatively common (Towpasz and Zemanek 1995).

3 Materials and methods

3.1 Field procedures

Soil samples for the present study were collected from four
soil pits (24 genetic horizons in total) for further physico-
chemical, mineralogical, micromorphological and geochemi-
cal analyses. The complete raw dataset were made available in
public repository Zenodo (Kowalska et al. 2020, https://
zenodo.org/record/3972136#.XymDmIgzbIU). Field
description of soils was made in accordance with the FAO
(2006). The soils were classified according to the World
Reference Base for Soil Resources (IUSS Working Group
WRB 2015) and Soil Taxonomy (Soil Survey Staff 2014)
(Table 2). Furthermore, based on rules for lithic discontinuity
(LD) determination given by theWRB (IUSSWorking Group
2015), the present LDs have been described in the studied soil
profiles.

The chosen soils, located on slopes, were examined in the
sequence in which calcium carbonate played different roles:
(i) parent material is rich in calcium carbonate, and soil mate-
rial from every horizon evidently indicated enrichment in cal-
cium carbonate—profile K2; (ii) calcium carbonate occurred
in the middle (Bt) and lower (BC or C) part of soil profile—
profile K1; (iii) calcium carbonate occurred only within the
lowermost horizon (C)—profile K3; (iv) parent material is
enriched in calcium carbonate, but the soil mantle does not
evidence calcium carbonate enrichment—profile K4 (Fig. 1).

3.2 Texture and chemical properties

The soil texture was determined using the Bouyoucos
aerometric (Van Reeuwijk 2002). Potentiometric measure-
ments of pH were taken using a standard combination elec-
trode and a CPI-551 Elmetron pH meter in 1 mol dm−3 KCl
solution and in H2O at a ratio of 1:2.5 according to the method
given by Van Reeuwijk (2002). The content of total organic
carbon (TOC) was determined by applying the Tiurin method,
using potassium dichromate and Mohr’s salt. The content of
total nitrogen (Nt) was determined using the Kjeldahl method
on a FOSS Kjeltec TM 8100 apparatus. Total CaCO3 content
was determined using the Scheibler method with hydrochloric
acid (Van Reeuwijk 2002).

3.3 Bulk and claymineralogy (sample preparation and
X-ray diffractometry techniques)

Mineral composition was studied for the upper (A horizons),
middle (B horizons) and lower (BC/C horizons) parts of

sampled soil profiles K1–K4 (K1: Ap, Bt, 2C; K2: Ah,
2Btg2, 2C; K3: A, 2Bt1, 3C; K4: A, Bt2, 2C), and for four
samples from the parent material (menilite shale).

To prepare samples for the clay mineral analysis, bulk soil
materials (i.e. fractions < 2mm) and pre-ground (to pass through
a 0.4-mm sieve) parent rocks were first treated with acetic acid
buffer (pH ~ 5) in order to remove calcium carbonate and diva-
lent exchangeable cations. Organic matter was removed using
15% hydrogen peroxide buffered with an acetic acid buffer. The
free Fe-oxides were removed from each sample according to the
method of Mehra and Jackson (1960). After the treatment, both
bulk clay (< 2 μm) and fine clay (< 0.2 μm) fractions were
separated by centrifugation. The clay fractions were split into
two portions. One of them was K-saturated and the other was
Mg-saturated. Oriented mounts having the surface density of
10 mg cm−2 clay were resuspended using an ultrasonic probe
in deionized water on petrographic glass slides. Mg-saturated
bulk clays were also side-loaded to obtain random powder
mounts (Środoń et al. 2001).

X-ray diffraction analyses were registered using a Philips
X’Pert diffractometer with vertical goniometer PW3020,
equipped with a 1° divergence slit, 0.2 mm receiving slit,
incident- and diffracted-beam Soller slits, 1° anti scatter slit,
and a graphite diffracted-beam monochromator. Cu-K alpha
radiation was used with an applied voltage of 40 kV and
30 mA current. Oriented and random mounts were scanned
from 2° to 52° 2θ with a counting speed of 2 s per 0.02° 2θ
step (oriented mounts), and from 2° to 65° 2θ with a counting
speed of 5 s per 0.02° 2θ step, respectively. The analyses of
the oriented slides were performed in air-dried conditions,
after liquid glycerol solvation (for Mg-saturated samples)
and after 1 h heating at 330 °C and 550 °C sequentially (for
K-saturated samples). The XRD patterns were processed
using the ClayLab computer program (Mystkowski 1999).

Fourier-transform attenuated total reflectance infrared (FTIR-
ATR) spectra were collected for Mg-saturated < 2 μm fractions
separated from each of the studied samples. A total of 32 scans
were collected for each spectrum in the range from 400 to
4000 cm−1 with a resolution of 2 cm−1 with a Thermo
Nicolette Is50 spectrometer equipped with a Pike Technologies
MIRacle™ single reflection horizontal ATR accessory. The
spectra were processed using the OMNIC computer program.

3.4 Operational definitions used during the
identification of clay minerals

Mica (illite) was identified by the presence of peaks at 1.0,
0.33, 0.50, 0.25 and 0.20 nm, which did not change the posi-
tions and the intensities after any diagnostic treatments
(Moore and Reynolds 1997). Peaks at 0.72 nm and
0.358 nm were attributed to kaolinite (Brown and Brindley
1984; Moore and Reynolds 1997; Środoń 2006), and they
disappeared after heating to 550 °C.
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Vermiculite was identified in the air-dried Mg-exchanged
form the basal reflection near 1.40 nm. The reflection did not
change its position after solvation with liquid glycerol.
However, it moved to ~ 1.0 nm after heating at 330 °C for
1 h (Moore and Reynolds 1997; Środoń 2006).

Chlorite was identified by the reflection near 1.4 nm, present
in XRD patterns registered for Mg-saturated samples at air-dry
conditions and after liquid glycerol solvation. The reflection did
not change its position after heating at 330 °C and moved to
1.27 nm after heating at 550 °C. This behaviour allowed chlorite
to be distinguished from vermiculite (Moore and Reynolds
1997; Środoń 2006). Mixed-layered clay minerals were identi-
fied based on the Méring principle (Méring 1949).

3.5 Geochemistry

The 0.1 g of each sample has been mixed with 1.0 g of
Li2B407 flux. Such prepared mixture have been put into the
crucibles. Further, the crucibles have been transferred to a
furnace that was previously heated to 1100 °C. During at least
30 min, the samples were fused to ensure good homogeneity.
After the fusion, the crucibles have been left to cool. The fused
sample has been taken out and moved into a beaker that con-
taining about 40 ml deionized water and 4 ml of nitric acid in
order to dissolve. After the full dissolution, the obtained solu-
tion has been transferred to the flasks using deionized water
(Delijska et al. 1988; Yu et al. 2003). Such prepared samples
were analysed using inductively coupled plasma optical emis-
sion spectroscopy (ICP-ES) with a Spectro Ciros Vision and
inductively coupled plasma mass spectrometry (ICP-MS)
with a PerkinElmer ELAN 9000 in Acme Labs, Bureau
Veritas (Canada). The detection limit for SiO2, Al2O3, MgO,
CaO, Na2O and K2O was 0.01% and 0.04% for Fe2O3.
Whereas, detection limit of Hf and Zr was 0.01 ppm.

In order to assess the potential influence of weathering on
clay mineral composition, two indices of weathering have
been calculated: Chemical index of alternation (CIA) (1) and
compositional variability (ICV) (2) (Cox et al. 1995; Fiantis
et al. 2010; Goldberg and Humayun 2010; Nesbitt and Young
1982; Pasquini et al. 2017).

CIA ¼ 100� Al2O3

Al2O3 þ CaOþ Na2Oþ K2O
ð1Þ

The CIA quantitatively represents the degree of primary
feldspar transformation into secondary clay minerals. The typ-
ical fresh value for CIA is ≤ 50, and the typical weathered
value is 100 (Depetris et al. 2014; Fiantis et al. 2010;
Pasquini et al. 2017).

ICV ¼ Fe2O3 þ K2Oþ Na2Oþ CaOþMgOþ SiO2ð Þ
Al2O3

ð2Þ

The ICV measures the abundance of alumina relative to
other major constituents of the rock, except SiO2. The values
of ICV higher than 1.2 suggest that the soil material is imma-
ture, while values lower than 1.0 indicate maturity of soil
(Depetris et al. 2014; Pasquini et al. 2017).

3.6 Preparation and description of soil and rock thin
sections

Sampled soils and menilite shale (parent material) fragments
were embedded in a polyester Polimal® 108 resin using an
Epovac vacuum chamber (Struers®). Thin sections were pre-
pared using a CS30 saw for soil sample cutting (Struers®), a
CL50 apparatus for precision lapping of thin sections
(Logitech®) and a CL50 apparatus for thin section polishing
(Logitech®). Mineralogical description of polished thin sec-
tions was carried out using a Nikon Eclipse 400 microscope.
Each thin section description was elaborated in accordance
with the nomenclature proposed by Stoops (2003).

4 Results

4.1 Field characteristics and soil texture

The studied soils were classified as Luvisols (K1, K3 and K4)
and a Stagnosol (K2) with various principal and supplemen-
tary qualifiers according toWRB rules (Table 2). Considering
the assumptions given by Soil Taxonomy (Soil Survey Staff
2014), the soils were classified as Aquic Hapludalfs (K1, K3
and K4) and Albaquic Hapludalf (K2) (Table 2). The soils
represented various degrees of stratification. At least one lithic
discontinuity (LD) was recognized per soil profile based on
grain size distribution and changes in coarse fragment content;
hence, ruptic qualifier was applied within each soil profile
(Fig. 2, Table 3 and Table S1). The soil K1, located in the
lowest part of the slope, showed high homogeneity in terms of
coarse fragment content: about 5% of angular shaped coarse
fragments occurred in each soil horizon (Table 2). The silt
fraction prevailed, giving rise to the silty loam texture to a
depth of 50 cm, where LD was recognized. In the lower hori-
zons, silty clay loam texture was recognized (Fig. 2;
Table S1). In the soil K2, located in the middle slope section,
the content of coarse fragment suddenly increased at a depth
of 25 cm, pointed to LD presence and reached the value of
80% in horizon 2C (Table 3). Similarly, the silt fraction pre-
dominated in this soil; the loam (horizon A) and silt loam
textures (horizons Btg1, 2Btg2, 2BtCg, 2C) were recognized
(Fig. 2, Table S1) which also suggested heterogeneity in terms
of grain size distribution. The increase in coarse fragment
towards the bottom of the profile was seen also in soil K3;
however, in this soil, the A horizon indicated very low content

262 J Soils Sediments (2021) 21:257–280



of coarse fragment (5%) (Table 3). The soil K3 was charac-
terized by the highest content of silt compared to the other
profiles. However, very high heterogeneity was recognized
in terms of texture group in this profile (Fig. 2, Table S1).
The A horizon revealed the sandy loam texture. Below this,
the first LD was distinguished through the changes in texture
towards the silt loam and silt clay loam. Lower, at a depth of
46 cm, another LD was recognized based on the increase in
coarse fragments as well as changes in grain size distribution
towards more clayish texture. The soil K4 was characterized
by the high content of coarse fragment (40–90%, Table 3),
which increasing with the depth. The A and ABt horizons
represented the silt loam texture; below this, loam texture
was recognized (Fig. 2, Table S1). At a depth of 51 cm, the
LD was recognized and manifested itself by change in grain
size distribution as well as a sudden increase in coarse
fragments.

4.2 Chemical properties

The studied profiles represented different patterns of primary
CaCO3 distribution. Profile K1 was characterized by the pres-
ence of CaCO3 in the Bt, 2BtC1, 2BtC2 and the 2C horizons.
The content of CaCO3 ranged from 12.6 to 17.0 g kg−1. The
CaCO3 within profile K2 occurred in every horizon, and its
content ranged from 1.60 to 92.1 g kg−1, gradually increasing
downward through the soil profile. Within profile K3, the

CaCO3 content was present only in the 3C horizon
(9.87 g kg−1). No CaCO3 was noted in profile K4 (Table 4).
Soils K3 and K4 indicated the lowest pH values, in some
horizons pointing towards a slight acidic reaction, whereas
the soil horizons of K1 and K2 were characterized by neutral
and alkaline reactions. The content of TOC and Nt ranged
from 3.1 to 133 g kg−1 and from 0.83 to 8.1 g kg−1 respec-
tively (Table 4).

4.3 Clay mineralogy

4.3.1 Clay minerals composition of the studied soil horizons
and parent material

Clay fractions separated from all studied soils showed very
similar XRD patters. In all fine clays (fractions < 0.2 μm),
illite, vermiculite and kaolinite were identified (Fig. 3 ((a,
b)). Superstructure reflections and the higher order reflections
observed in XRD patterns of Mg-saturated samples at ~
2.4 nm and 1.2 nm, and at ~ 2.8 nm and ~ 1.4 nm, registered
at air-dry conditions and after glycerol solvation (Fig. 3 ((a))
respectively, indicated a presence of partly ordered illite-
smectite mixed-layered minerals (i.e. R1 I-S). Bulk clays
(i.e. fractions < 2 μm), except illite, vermiculite and R1 I-S,
also contained traces of chlorite (Fig. 4).Weak reflections at ~
0.8 nm, observed in XRD patterns of K-saturated bulk clays
registered after heating at 330 °C, most likely indicated a

Fig. 2 Depth plots of grain size distribution within soil profiles
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presence of ordered vermiculite-chlorite mixed-layered min-
erals (i.e. R1 V-Ch, Fig. 5).

Unlike clays separated from soil horizons, clay fractions
from the parent material samples showed some diversity.
Both fine and bulk clays from the parent material of the K1
profile contained chlorite, highly illitic I-S, vermiculite and
only traces of kaolinite (Fig. 3 ((a, b)).

Clays (both bulk and fine) separated from parent material
of the K2 and K3 profiles showed XRD patterns very similar
to clays from the soils and contained illite, R1 I-S, vermiculite,
traces of kaolinite and traces of chlorite and R1 V-Ch, the
latter two present in bulk clays (Fig. 4). Illite, R1 I-S, vermic-
ulite and traces of kaolinite and chlorite were identified in fine
and bulk clays separated from the parent material of the K4
profile (Fig. 3 ((a, b)).

All studied clays seemed to be dioctahedral, as indicated by
the positions of the 060 reflections at ~ 0.151 nm in XRD
patterns registered for random powder mounts (Fig. 6).

Despite the fact that most of the studied clays gave very
similar XRD patterns, some general trends of clay minerals
distribution within the profiles could be observed, namely a
decrease in the amount of chlorite relative to other phases
observed towards the top of profile (best seen in soil K1),
and an increase in the amount of R1 I-S relative to illite and
vermiculite observed towards the top of the profiles (Fig. 7).

4.3.2 FTIR-ATR measurements

FTIR-ATR spectra (Fig. 8 ((a, b)) of all the soil clays were
very similar and showed absorption bands characteristic of
aluminous (dioctahedral) 2:1 clays at ~ 3620 cm−1 (due to
stretching AlOHAl vibrations), ~ 912 cm−1 (due to bending
AlOHAl vibrations) and ~ 750 cm−1 (due to Al-O-Si vibra-
tions) (Russell and Fraser 1994). Absorption bands at
3700 cm−1 indicated the presence of kaolinite, whereas bands
at ~ 790 cm−1 and 780 cm−1 indicated small admixtures of

Table 4 Chemical properties of
the studied soils pH CaCO3 TOC Nt C:N

Soil profile Depth (cm) Soil horizon H2O KCl g kg−1

K1 3–0 O n.d. n.d. n.d. n.d. n.d. n.d.

0–20 Ap 5.9 4.4 n.d. 28.0 3.46 8.09

20–33 AB 6.6 4.3 n.d. 10.6 1.48 7.18

33–50 Bt 6.4 4.2 17.0 5.00 1.22 4.11

50–70 2BtC1 6.2 3.9 14.3 4.20 1.23 3.42

70–110 2BtC2 6.2 3.8 12.6 3.10 0.83 3.72

> 110 2C 6.2 3.8 16.7 4.20 1.15 3.64

K2 2–0 O n.d. n.d. n.d. n.d. n.d. n.d.

0–9 Ah 6.7 6.4 1.60 40.0 4.41 9.07

9–25 Btg1 8.0 7.7 27.3 8.21 1.23 6.67

25–52 2Btg2 8.0 7.9 57.1 6.95 1.02 6.81

52–76 2BtCg 8.3 7.8 92.1 4.98 n.d. n.d.

76–105 2C 8.4 7.9 92.1 5.17 n.d. n.d.

K3 2–0 O n.d. n.d. n.d. n.d. n.d. n.d.

0–8 A 5.3 3.3 n.d. 25.0 2.40 10.4

8–21 2AB 5.4 3.8 n.d. 10.9 2.60 4.30

21–31 2Bt1 5.8 4.1 n.d. 8.80 2.30 3.80

31–46 2Bt2 6.1 4.7 n.d. 29.0 0.90 30.7

46–58 3BtC1 5.9 4.7 n.d. 31.7 2.50 12.6

58–80 3BtC2 5.8 4.8 n.d. 36.8 1.00 38.7

80–113 3C 6.7 5.9 9.87 39.6 3.00 13.3

K4 2–0 O n.d. n.d. n.d. n.d. n.d. n.d.

0–7 A 5.6 3.6 n.d. 133 5.60 23.8

7–17 ABt 6.6 4.7 n.d. 35.3 8.10 4.40

17–36 Bt1 5.4 3.3 n.d. 34.3 4.10 8.40

36–51 Bt2 5.8 3.8 n.d. 34.4 2.20 15.5

51–70 2BtC 5.5 3.8 n.d. 31.1 2.50 12.7

70–90 2C 6.1 4.2 n.d. 29.6 4.10 7.30

n.d., not determined
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quartz. A weak band at 827 cm−1, assigned to bending
AlOHMg vibrations, indicated some Mg for Al substitutions
in the octahedral sheets of studied clays (Russell and Fraser
1994). A broad band due to Si-O vibrations typical for all
silicates was observed at ~ 1000 cm−1. Weak bands at ~
3300 cm−1 and ~ 1430 cm−1 may indicate a small amount of
NH4

+ fixed within 2:1 phyllosilicate interlayers (Ahlrichs
et al. 1972; Stone and Wild 1978; Šucha and Širáńová 1991;
Skiba et al. 2018), but the band might also be due to soil
organic matter (Russell and Fraser 1994; Skiba et al. 2011).

Bands at ~ 1650 cm−1 and 3400 cm−1 were likely due to
adsorbed water (Fig. 8 ((a)).

FTIR-ATR spectra of parent material showed essentially
the same pictures as the soil clays, except for spectra collected
for parent material of the K1 and K4 profiles (Fig. 8 ((b)). In
both these spectra, in the OH-stretching region, additional
absorption bands at ~ 3550 cm−1 were observed. Those bands
indicated the trioctahedral character of interlayer octahedral
sheet in aluminous chlorite and, together with a band at ~
3620 cm−1, were indicative of di-trioctahedral chlorite

Fig. 3 (a) XRD patterns of Mg-saturated fine clays (< 0.2 μm fractions)
from soil horizons and parent menilite shale of profile (K1) registered at
air-dried conditions and after saturation with glycerol. I illite, K kaolinite,
V vermiculite, Ch chlorite, R1 I-S R1 illite-smectite, (b) XRD patterns of

K-saturated fine clays (< 0.2 μm fractions) from soil horizons and parent
menilite shale of profile (K1) registered after heating at 330 °C. I illite, K
kaolinite, Ch chlorite, R1 I-S R1 illite-smectite
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(sudoite) (Russell and Fraser 1994). In the spectrum of parent
material of the K1 profile, no bands indicative of kaolinite
were observed at ~ 3700 and at 695 cm−1.

4.4 Geochemistry

All of the soil horizons were characterized by relatively high
content of SiO2 and Al2O3 (from 50.4 to 61.7% and from 16.0
to 19.6% respectively, Table 5). Additionally, the percentage

content of Fe2O3 exhibited high values (from 6.16 to 8.12%)
and demonstrated a more homogeneous arrangement of this
oxide within the soil profiles. The content of CaO, which is
connected with the distribution of CaCO3, was varied in these
profiles (Table 5). The content and distribution of the other
major oxides (K2O,MgO and Na2O) was rather homogeneous
(Table 5). Further, the low content of stable trace elements like
Zr (from 138 to 170 ppm) and Hf (from 3.90 to 5.60 ppm) was
noted.

Fig. 3 (continued)
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To prove the effect of weathering on clay mineral forma-
tion, two indices of weathering were calculated (Table 5). The
CIA ranged between 59.3 and 80.8, indicating an advanced
degree of the weathering process (Pasquini et al. 2017). The
ICV values, which ranged between 0.78 and 1.25 (Table 5),
suggest that the studied soils are mature. Calculated CIA and
ICV did not show large differences between soil horizons,
which suggests a similar degree of weathering.

4.5 Optical microscopy observations

4.5.1 Parent material mineralogy

The menilite shale rock fragments sampled from the studied
soils showed a high degree of similarity in terms of mineral-
ogy. Generally, quartz and plagioclase occurred asmajor com-
ponents, and a large fraction of micas was noted (Fig. 9).

Fig. 4 XRD patterns of K-
saturated bulk clays (< 2 μm
fractions) from soil horizons and
parent menilite shale of profile
(K1) registered after heating at
330 °C. I illite, K kaolinite, Ch
chlorite, R1 I-S R1 illite-smectite
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Further, the clay minerals were identified in each sample (Fig.
9). Locally, carbonate minerals were found, which simulta-
neously conditioned the carbonate character of the menilite
shale. Primary calcium carbonate occurred also in the form
of calcite veins within rock fragments (Fig. 9), which was
especially visible in the thin sections from K1 and K2. In
addition, single glauconite grains were noted (Fig. 9).

4.5.2 Soil micromorphological features

Thin sections from the soil samples were very similar in terms
of soil micromorphology features. Soils were characterized
mostly by subangular blocky and vughy microstructure
(Table S2) and vughs (Fig. 10 (a): IIIa, Va) and planar type
of voids (Fig. 10 (a): IIa, Iva, Va; Fig. 10 (b): IIIa, Va). The
single space porphyric and double space porphyric c:f–related
distribution pattern predominated (Table S2). The soil hori-
zons represented mainly speckled (Fig. 10 (a): IIb, IIIb, IVb),
granostriated (Fig. 10 (a): IIIb; Fig. 10 (b); Ib, Vb) and
porostriated (Fig. 10 (a): IIb, Vb; Fig. 10 (b): Ib, Vb) types
of b-fabric.

The majority of the upper and middle soil horizons were
characterized by the occurrence of organ and tissue residues as
well as amorphous organic fine material (Table S2). The min-
eralogical composition in the studied soil was very uniform.
Mainly, quartz, feldspar and clay minerals occurred in the
studied soil horizons (Table S2). Rock fragments represented
menilite shales (Fig. 10 (a): IIIb, IVb, Vb; Fig. 10 (b): Ib, Vb).

The occurrence of pedofeatures was mainly connected with
the clay illuviation process. Pedofeatures took the form of
crescent clay coatings (Fig. 10 (a): Ib, IIb, IVb; Fig. 10 (b):
Vb) and clay infillings (Fig. 10 (a): IIIb, Vb; Fig. 10 (b): Ib,
IIb, IIIb) and were seen in almost every horizon of studied
soil. Moreover, iron-manganese nodules (Fig. 10 (a): IIb,
IIIb; Fig. 9(b): IVb) and iron-manganese impregnations were
visible (Fig. 10 (b): IIb, IIIb, IVb).

5 Discussion

5.1 The origin of identified clay minerals in studied
soils

The studied soils contained a wide variety of phyllosilicates
(see Section 4.3). The fact that parent material (i.e. menilite
shales) of the studied soils contained illite suggested inheri-
tance from the parent material. Inheritance of illite in soils is a
well-known phenomenon and has been described by many
authors (e.g. Wilson 1999 and literature cited therein). It
may be argued that illite is also likely to be formed in soils,
and a mechanism of illite formation may involve potassium
fixation by dioctahedral high-charge swelling clays, as shown,
for example, by Środon and Eberl (1980), and more recently

Fig. 6 060 region of XRD patterns registered for randomly oriented
powder mounts of Mg air-dried bulk clays (< 2 μm fractions) from K1
profile

Fig. 5 XRD patterns of K-saturated bulk clays (< 2 μm fractions) from
soil horizon of profile (K1) registered after heating at 330 °C. R1 Ch-V
R1 chlorite-vermiculite
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by Skiba (2013) and Skiba et al. (2018). However, in the
studied soils, rather an opposite pathway could be
observed—that is, illite transformation towards smectite.
The transformation was indicated by the fact that an increase
in R1 I-S content relative to illite was observed upwards
through the soil profile (Fig. 7). This trend strongly suggested
that neoformation of illite in studied soils was unlikely.

Similar to the illite, di-trioctahedral chlorite (sudoite) pres-
ent in studied soils was most likely inherited from the parent
material (i.e. it was of lithogenic origin). This was indicated by
the fact that chlorite was abundant in both fine and bulk clays
separated from fresh (i.e. unweathered) parent menilite shales
from K1 and K4, while fine clays separated from soil mate-
rials did not contain chlorite, and the bulk clays contained only

traces of chlorite and chlorite-vermiculite mixed-layered min-
erals (Figs. 3 ((b), 4, and 5). Additionally, chlorite content
decreased upward through the soil profiles (Fig. 7) indicating
likely transformation and/or dissolution of the mineral in the
studied soils.

Dioctahedral vermiculite in the studied soils seems to be a
product of chlorite transformation. This is indicated by the fact
that the soils, except for discrete dioctahedral vermiculite,
contained traces of R1 chlorite-vermiculite mixed-layered
minerals. Of course, it could be argued that dioctahedral ver-
miculite may have been formed at the expense of dioctahedral
mica (illite), which is abundant in the parent material.
Vermiculitization of dioctahedral mica is a commonly occur-
ring transformation reaction taking place in soils leading to

Fig. 7 Origin of clay minerals and trends among the slope position. Ch
chlorite, I-S mixed phase illite-smectite, V vermikulite, I illite, Ch-V
mixed phase chlorite-vermiculite, K kaolinite. The clay minerals compo-
sition were uniform in each profile; however, two main trends were

observed: (i) a decrease in the amount of chlorite relative to other phases
observed towards the top of profile, (ii) increase in the amount of R1 I-S
relative to illite and vermiculite observed towards the top of profile.
Graphic arrangement of the Fig. 7 inspired by Waroszewski et al. (2016)
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dioctahedral vermiculite formation (e.g. Wilson 1999 and
literature cited therein; Churchman and Lowe 2012 and
literature cited therein). However, mica-derived dioctahedral
vermiculite in soils is always accompanied by different kinds
of mica-vermiculite mixed-layered minerals (Skiba 2007,
2013; Skiba et al. 2018). The studied soils did not contain
mica-vermiculite minerals, which indicated that dioctahedral
vermiculite formed rather at the expense of chlorite than mica.

Formation of vermiculite at the expense of chlorite is a
commonly reported process for trioctahedral species (e.g.,
Adams and Kassim 1983; Argast 1991; Bain 1977;
Murakami et al. 1996). In general (e.g., Wilson 1999 and
literature cited therein; Churchman and Lowe 2012 and

literature cited therein), it is accepted that the vermiculitization
of trioctahedral chlorite proceeds via depletion of Fe and Mg
and by a slight loss of Al in such a manner that the mineral
gradually loses the trioctahedral character and in the end the
newly formed vermiculite is partially dioctahedral (Banfield
and Murakami 1998; Proust et al. 1986; Środoń 1999; Wilson
2004). This study, however, describes vermiculitization of di-
trioctahedral chlorite (sudoite). As indicated by FTIR data
(Fig. 8 ((a, b)), vermiculitization of sudoite present in the
studied soils was rather straightforward and proceeded due
to dissolution and removal of the interlayer trioctahedral sheet.
Coexistence of dioctahedral vermiculite with R1 chlorite-
vermiculite strongly suggested that vermiculitization

Fig. 8 (a) FTIR-ATR measurements of selected soil horizons samples (K1) (< 2 μm), (b) FTIR-ATR measurements of selected menilite shale samples
(K1) (< 2 μm)
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proceeded via an intermediate stage of chlorite-vermiculite
mixed-layered minerals.

Kaolinite was identified in clay fractions from all soil ho-
rizons, but no clear depth-distribution trend for the mineral
was noted. The traces of kaolinite in the menilite shale K1
profile that appeared to be less-weathered material indicated
that kaolinite was not inherited from the menilite shales. Three
possible origins of this material have to be considered: (i)
transformation of primary clays, (ii) neoformation from soil
solutions and (iii) aeolian deposition (Bronger and Bruhn-
Lobin 1997; Mavris et al. 2011; Skiba 2007; Waroszewski
et al. 2019). According to Dudek et al. (2006), kaolinite may
be formed in weathering environments by transformation of
dioctahedral smectite due to dissolution of every second tet-
rahedral sheet. The process leads first to the formation of
kaolinite-smectite mixed-layered minerals and eventually to
discrete kaolinite. The studied soils did not contain smectite;
however, one can imagine the same mechanism of the incon-
gruent dissolution of dioctahedral vermiculite leading to the

formation of kaolinite. The fact that the studied soils did not
contain kaolinite-vermiculite mixed-layered minerals indi-
cates that transformation is an unlikely mechanism for kaolin-
ite formation in the soils. Neoformation (crystallization from
soil solution) of kaolinite in studied soils was likely process
responsible for kaolinite presence in the soils. This is indicated
by the fact that traces of kaolinite were present in the menilite
shale of the K4 profile, which seemed to be quite weathered
relative to the material of the K1 profile (Fig. 8 ((a, b). In other
words, the fact that kaolinite was present in rock fragments
from the K1 profile indicated that at least part of the kaolinite
present in the studied soils was definitively not of aeolian
origin. However, the aeolian origin of the kaolinite cannot
be completely ruled out in this study, as kaolinite was reported
from airborne dusts collected in nearby areas (Manecki et al.
1978; Šucha et al. 2001). The aeolian contribution could only
be speculated on the basis of the high content of silt fraction
from within the whole profiles, at 40 to 60% (fine and coarse
silt in total, Fig. 2, Table S1). However, considering the

Fig. 8 (continued)
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relatively low content of Zf and Hf, which are widely consid-
ered as the indices of silt admixture (Galović and Peh 2014;
Scheib and Lee 2010; Scheib et al. 2014; Waroszewski et al.
2018a, 2018b), it can only be stated that aeolian admixture
was absent or only present in small amounts in the studied
soils.

On the other hand, the uniform distribution of kaolinite in
the investigated soil horizons indicated that kaolinite might be
crystallized from percolating soil solutions, rich in Al and Si,
similarly to cases described in other studies (Dere et al. 2016;
Dixon 1989; Skiba 2007). It is worth noting that in the studied
soils, kaolinite appeared to be formed both in acidic and alka-
line conditions. This finding is in good agreement with data
from the literature, as kaolinite formation in soils of temperate
climates was described both for acidic (Skiba 2007) and alka-
line (Skoneczna et al. 2019) soil environments.

R1 illite-smectite identified in all studied soils is most like-
ly a product of transformation (smectitization) of inherited
illite. This was indicated by the fact that in all studied soil
profiles, an increase in the amount of R1 illite-smectite rela-
tive to the amount of illite was observed towards the top of the
profiles (Fig. 7). This finding is generally in good agreement
with literature data (e.g. Wilson 1999 and literature cited

therein; Churchman and Lowe 2012 and literature cited
therein), as formation of smectite at the expense of illite is
always considered as one of the major weathering process in
soils. However, in most of the studies, mica interlayers are
first transformed into vermiculite interlayers and then after-
wards into smectite. In the case of the studied soils, smectite
appeared to be formed directly from illite. However, it is
worth noting here that the smectitic character of expanding
interlayers in the mica-containing mixed-layered minerals
was recognized in the present study using a glycerol test,
which, according to Malla and Douglas (1987), overestimates
soil smectites and underestimates soil vermiculites. To recog-
nize the actual character of the expanding interlayers, one
would have to measure the layer charge. In the case of the
studied materials, this was not possible because the mixed-
layered minerals were accompanied by vermiculite.

5.2 Influence of calcium carbonate on clay mineral
transformations

The studied soils, developed from menilite shale slope de-
posits, showed stratification within each soil profile (Fig. 2),
yet some morphological features suggest that the soil profiles

Table 5 Major oxides, Hf and Zr content and weathering indices of studied soils

Soil Depth Soil horizon SiO2 Al2O3 Fe2O3 MgO CaO Na2O K2O Hf Zr CIA ICV
% ppm

K1 0–20 Ap 55.8 16.0 6.78 1.64 0.46 0.93 2.87 4.6 135 79.0 0.85

20–33 AB 58.8 17.1 7.15 1.65 0.41 0.93 3.00 4.8 148 79.8 0.83

33–50 Bt 61.7 16.4 7.09 1.71 0.27 0.99 2.94 5.2 136 79.7 0.85

50–70 2BtC1 58.6 18.2 7.55 1.93 0.26 0.89 3.38 4.7 150 80.1 0.82

70–110 2BtC2 60.0 17.5 7.43 1.87 0.23 0.94 3.25 5.1 144 79.9 0.84

> 110 2C 57.9 18.6 7.69 2.00 0.26 0.87 3.46 4.5 157 80.3 0.82

K2 0–9 Ah 51.1 16.8 6.64 1.84 0.90 0.87 3.42 4.0 152 76.5 0.86

9–25 Btg1 54.0 18.5 7.27 2.07 2.50 0.86 3.73 4.2 167 72.3 0.94

25–52 2Btg2 52.6 17.4 6.93 1.92 4.61 0.90 3.55 4.1 159 65.8 1.08

52–76 2BtCg 50.4 16.5 6.16 2.06 7.12 0.82 3.39 3.9 156 59.4 1.23

76–105 2C 50.5 16.4 6.56 2.18 6.75 0.86 3.32 3.9 148 60.0 1.25

K3 0–8 A 57.8 16.4 6.92 1.80 0.28 0.89 3.05 5.1 140 79.6 0.85

8–21 2AB 57.0 18.2 7.33 2.01 0.49 0.86 3.41 4.5 156 79.3 0.83

21–31 2Bt1 55.4 19.0 7.31 2.10 0.58 0.97 3.63 4.8 158 78.6 0.82

31–46 2Bt2 55.7 19.1 7.24 2.10 0.58 0.91 3.76 4.1 170 78.5 0.82

46–58 3BtC1 56.0 19.2 7.37 2.10 0.56 0.88 3.87 4.3 169 78.4 0.83

58–80 3BtC2 54.7 18.8 8.07 2.14 0.63 0.83 3.80 4.0 168 78.2 0.88

80–113 3C 52.3 18.4 8.12 1.98 2.47 0.81 3.73 4.1 169 72.4 0.99

K4 0–7 A 59.9 16.5 6.38 1.66 0.13 0.91 2.90 5.6 141 80.8 0.79

7–17 ABt 59.8 17.3 6.69 1.84 0.17 0.92 3.10 5.4 146 80.5 0.80

17–36 Bt1 61.1 17.0 6.64 1.86 0.27 0.97 3.09 5.6 149 79.7 0.82

36–51 Bt2 59.4 18.1 6.89 1.99 0.32 0.90 3.33 5.2 160 79.9 0.81

51–70 2BtC 56.9 19.6 7.04 2.20 0.37 0.84 3.80 4.4 166 79.6 0.78

70–90 2C 56.9 19.6 7.04 2.20 0.37 0.84 3.80 4.4 162 79.6 0.78
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were influenced by different slope processes. Profile K1 could
be the part of deep colluvial cover which was probably formed
under slope washing processes (Guerra et al. 2017), which can
be concluded based on its location (the lower part of the slope,
Figs. 1 and 7) and low content and homogeneous distribution
of coarse fragment in the soil profile (Table 3). By contrast, in
the soils K2, K3 and K4, colluvial material was accumulated
on coarse-grained slope deposits with features of short-range

transport (Fig. 7) such as rock fragments, whose orientation is
probably due to solifluction or creeping process (Schaetzl and
Anderson 2005; Waroszewski et al. 2013).

The soils were characterized by various content of primary
calcium carbonate (see the Method section, Table 3). It would
seem that in soils where calcium carbonate has been partially
(profiles K1 and K3) and completely (K4) under the leaching
process in the past, or the carbonate removal have not started

Fig. 9 Microphotographs of
menilite shale thin sections from
the studied soil profiles. (Ia, Ib,
K1): Qtz quartz, Fsp feldspar,
Mca mica. (IIa, IIb, K1): Qtz
quartz, Fsp feldspar, Mca mica,
CbM carbonate minerals. (IIIa,
IIIb, K2): Qtz quartz, Mca mica,
CbM carbonate minerals. (IVa,
IVb, K3): Qtz quartz, Fsp
feldspar, Mca mica (Va, Vb, K4):
FeV ferruginous vein, Mca mica,
Qtz quartz. Bar length = 1 mm. Ia,
IIa, IIIa, IVa, Va—PPL micro-
photographs, Ib, IIb, IIIb, IVb,
Vb—XPL microphotographs
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Fig. 10 (a) Microphotographs of soil thin sections from studied profiles.
(Ia, Ib): (cc) crescent clay coating, (n) iron-manganese nodule; (IIa, IIb):
(cc) crescent clay coating, (n) iron-manganese nodule, (v) vughs type of
voids, (pl) planar type of voids, (sp) speckled b-fabric, (ps) porostriated b-
fabric; (IIIa, IIIb): (n) iron-manganese nodule; (in) infillings of illuvial
clay, (ms) weathered menilite shale, (pl) planar type of voids, (ps)
porostriated b-fabric, (gs) granostriated b-fabric; (IVa, IVb): (in) infillings
of illuvial clay, (ms) weathered menilite shale, (cc) crescent clay coating,
(pl) planar type of voids, (ps) porostriated b-fabric, (im) iron-manganese
impregnation; (Va, Vb): (pl) planar type of voids, (v) vughs type of voids,
(in) infillings of illuvial clay, (ps) porostriated b-fabric, (sp) speckled b-
fabric. Bar length = 1 mm. Ia, IIa, IIIa, IVa, Va—PPL microphotographs,

Ib, IIb, IIIb, IVb, Vb—XPL microphotographs, (b) Microphotographs of
soil thin sections from studied profiles. (Ia, Ib): (ms) weathered menilite
shale, (in) infillings of illuvial clay, (gs) granostriated b-fabric, (ps)
porostriated b-fabric; (IIa, IIb): (im) iron-manganese impregnation, (in)
infillings of illuvial clay; (IIIa, IIIb): (v) vughs type of voids, (pl) planar
type of voids, (in) infillings of illuvial clay, (im) iron-manganese impreg-
nation; (IVa, IVb): (n) iron-manganese nodule, (im) iron-manganese im-
pregnation; (Va, Vb): (v) vughs type of voids, (pl) planar type of voids,
(ms) weatheredmenilite shale, (cc) crescent clay coating, (ps) porostriated
b-fabric, (gs) granostriated b-fabric. Bar length = 1 mm. Ia, IIa, IIIa, IVa,
Va—PPL microphotographs, Ib, IIb, IIIb, IVb, Vb—XPL
microphotographs
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yet (K2), the mineralogical composition of clay fraction
would be diversified both between the analysed soil profiles
and between the horizons. However, despite the fact that dif-
ferent slope processes shaped parent material before formation
of soil and different patterns of calcium carbonate distribution
were recognized, the studied soils were characterized by high
similarity in terms of clay mineral composition and paths of

their transformations (Figs. 3 ((a, b), 4 and 7). Consequently, it
was noted that in the studied soils, the path of clay minerals
transformation was not influenced by leaching of calcium car-
bonate. Additionally, it seems that relocated material on
slopes, providing substrate for soils and clay transformation,
has no direct impact on mineralogical composition of clay
fraction.

Fig. 10 (continued)
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The obtained results are in contradiction to the data pre-
sented by other authors concerning clay mineralogy in soils
derived from slope deposits rich in calcium carbonates. For
example, the study by Kacprzak and Derkowski (2007) on
Eutric Cambisols from the Pieniny Mountains in South
Poland reported that, together with the leaching of calcium
carbonate out of soil profiles, changes of direction in clay
minerals transformation could be recognized. At the same
time, Drewnik et al. (2014) analysed claymineral composition
in two loess soils, the first one non-carbonate and the second
one rich in calcium carbonate, and furthermore stated the dif-
ferences in clay mineralogy. Subsequent results suggest that
clay mineral dispersion and transformation is possible after
decalcification of carbonate soil horizons that is accompanied
by a decrease in soil pH values. Simultaneously, in soil hori-
zons where the dissolution and leaching of carbonates occurs,
the more intense weathering of silicates layers should be not-
ed. At the same time, under similar soil conditions in studied
Kacwin soils, the non-carbonate horizons (or horizons where a
low calcium carbonate content is indicated) should indicate a
higher degree of clay minerals transformation, while the more
calcium carbonate-rich horizons should point to stabilization
of phyllosilicates. However, in view of the results of the pres-
ent study, such assumptions apparently do not hold for the soil
developed from the slope cover, which has been repeatedly
redeposited in the past.

It seems that uniform composition of clay minerals was the
result of the initial stage of soil development. The slope cover
that originally consisted of the parent material for Kacwin’s
soils was subjected to mass movements—probably at the
same time and with the same intensity—which finally lead
to homogenization of soil material and homogenization of
the mineralogy of the clay fraction. Additionally, the pedo-
genesis could have proceeded on the same scale within all
studied soils.

This assumption seems to be correct, considering the de-
gree of weathering process within the slope deposits. To as-
sess the degree of weathering process, two indices—the CIA
and ICV—have been calculated (Table 5; Böhlert et al. 2011;
Depetris et al. 2014; Nesbitt and Young 1982). The values of
the CIA and ICV indices ranged from 60.0 to 80.8 and from
0.78 to 1.25 respectively (Table 5) and indicated the high
chemical alternation and maturity of the soil (Pasquini et al.
2017), which gave rise to micromorphological features related
to high weathering transformation of coarse fragments, as vis-
ible on thin sections (Fig. 10 (a): IIIa, IIIb, IVa, IVb; Fig. 10
(b): Ia, Ib, Va, Vb). Furthermore, the indices’ values were
distributed randomly, and did not evidence depth-dependent
continuous weathering of the soils (Table 5), suggesting that
soil material was under redeposition processes acting along
the slope (Loba et al. 2020; Pasquini et al. 2017).
Nevertheless, when considering the homogeneous geochemi-
cal data (Table 5) that soil material enhanced by slope

processes could proceed on a small scale was also reflected
in the similar state of clays transformation. Alternatively, the
studied soil material might be mixed on the slope to a great
extent, further hampering clay minerals transformation and
contributing to their high homogeneous composition.

Additionally, the illuviation process may have had a great
influence here. According to the literature, the composition of
clay minerals might be controlled by material translocation
down the soil profile through a clay illuviation (lessivage)
process (e.g. Skiba et al. 2014). However, based on the mor-
phological and micromorphological properties of the studied
soils (Table 3, Table S2), it seems to be very likely that the
lessivage process did not affect the Kacwin soils in the tradi-
tional way. For instance, in the studied profiles, the transloca-
tion of clay material was not particularly intense and it had a
very weak short-range character; therefore, no clear argic ho-
rizons could be developed, which would result in concentra-
tion of finer clays only in the Bt horizon. In addition, in this
study, there is no clear evidence that some horizons have been
depleted in clay; the traces of clay translocation were observed
not only in the Bt horizon but also within other horizons in
various forms, such as clay coatings or infillings of illuvial
clay (Fig. 10 (a, b), Table S2, Bonifacio et al. 2009; Kitagawa
2005; Waroszewski et al. 2019). The character of such a
lessivage process could not have influenced the clear differ-
ences in mineralogy of clay fraction, but might contribute to
the uniformity of the phyllosilicates composition.

6 Conclusions

In this study, calcium carbonate did not influence the compo-
sition and transformation of clay minerals. Despite the fact
that soils were characterized by different content and distribu-
tion of calcium carbonate within the solum and additionally
indicated various morphological features, the mineralogical
composition of clay fraction was very uniform.

Among the recognized phyllosilicates, chlorite and illite
present in the studied soils were inherited from parent menilite
shales. Dioctahedral vermiculite identified in all the soil hori-
zons was most likely formed by transformation of inherited
chlorite by dissolution of the trioctahedral interlayer sheet.
The transformation proceeded via chlorite-vermiculite mixed-
layer phases. R1 illite-smectite mixed-layered minerals ap-
peared to be products of transformation (i.e. smectitization) of
inherited illite. The smectite interlayers seemed to be formed
directly from illite without formation of vermiculite precursors.
Kaolinite was likely neoformed in the studied soils in both
acidic and alkaline soil horizons. The occurrence of kaolinite
seemed to also be partially connected with aeolian origin.

The uniform composition of the clay minerals suggested
that mass movement which controlled the formation of slope
covers had a similar character and intensity across the whole
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of the slope. Furthermore, it seems that the pedogenesis of all
soils proceeded on the same scale of advancement. This was
stated through similar values of weathering indices (CIA and
ICV) and lack of depth-dependent continuous weathering of
the soils. Moreover, weak intensity of the illuviation process
within the homogeneous substrate could have resulted in the
very homogeneous composition of clay minerals in the stud-
ied soils.
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