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A B S T R A C T   

The origin of the soils formed on carbonate rocks remains uncertain, as they are probably of polygenetic origin. 
Of particular interest are the elevated contents of some trace elements detected in these soils, as they can hardly 
be attributed to insoluble residues of carbonate rock. The aim of this study was to uncover the relationship 
between heavy minerals in bedrock and soil and to identify other sources that influence the mineral and chemical 
composition of soil. We investigated representative samples of soils and dolomite bedrock as well as sandstones 
and marlstones from the nearby flysch basin as an expected source of the aeolian contribution. XRD and SEM/ 
EDS showed that mineral diversity is higher in soils compared to the dolomites. Heavy minerals found in 
dolomite insoluble residue include sphalerite, Ti-oxide (probably rutile), zircon, fluorite, pyrite, minerals of REE 
phosphates and apatite group, interpreted as terrigenous detrital material. The mineral composition of soil heavy 
fraction is only partly following insoluble residues of bedrock and indicates possible aeolian contribution. 
Comparison with nearby flysch sandstones and marlstones showed similarities in mineralogical diversity by the 
presence of chromite and Fe-Cr(Mn) oxides (probably carmichaelite). Other minerals present in soils and flysch 
layers, such as Ti-oxide (probably rutile), zircon, REE phosphates, and pyrite grains, however, show similarities 
in mode of occurrence and transport indications. Signs of aeolian transport on the grains detected in soils were 
further confirmed by SEM/EDS.   

1. Introduction 

There are approximately 15% of the world’s land surface composed 
of carbonate rocks (Goldscheider et al., 2020) while in Slovenia this type 
of rock covers as much as 40% of the area (Komac, 2005). Consequently, 
carbonate rocks represent an important soil parent material that affects 
soil formation and subsequently regulates soil properties and their us
ability (Kabata-Pendias, 2011; Tangari et al., 2021). Focusing on soils 
formed on carbonate rocks, it was found that they not necessarily re
flected the parent material’s characteristics (Pinheiro Junior et al., 
2021a). Namely, carbonate parent material sedimented in distinct en
vironments can have various inputs of compositionally different terrig
enous material, resulting in various geochemical fingerprints in the soils 
(Zupančič et al., 2018), including the presence of specific trace elements. 

The process of soil formation on carbonate bedrock in addition to 
bedrock depends on topography, landscape (Sharma et al., 2005), non- 
mineral organic matter, climate (Pinheiro Junior et al., 2021a; Zupančič, 
2017), vegetation (Zupančič, 2012) and duration of pedogenesis 

(Tangari et al., 2021; Čeru and Šegina, 2021). It was found, that the 
mineral composition of soil formed on carbonate bedrock at the Adriatic 
Dinaric carbonate platform is not uniform. Babić et al. (2013) focused on 
the Late Pleistocene aeolian sands deposited on older carbonate rocks of 
the southeastern Adriatic islands and concluded that their preservation 
and accumulation are influenced by a specific karstic terrain formed by 
deformation, karstification, and by local fluvial processes. Also Skaberne 
et al. (2009) claim that the allochthonous material of the carbonate 
rocks in the West Karawanks Mountains and the plateaus of the Julian 
Alps is related to the deglaciation of the Drava glacier and the subse
quent aeolian and fluvial transport of the material. The importance of 
aeolian transport for soil formation on carbonate rocks in this area was 
also shown in the studies of Durn et al. (1999, 2007); Durn (2003); 
Küfmann (2003) and Zupančič et al. (2018). In addition, the diversity of 
mineral composition of soils could also be a consequence of other fac
tors, including topography, climatic characteristics, vegetation, aqueous 
solutes from leaching water, etc. (Feng et al., 2009; Sharma et al., 2005; 
Zupančič, 2012). 
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E-mail addresses: barbara.ceplak@geo-zs.si (B. Čeplak), milos.miler@geo-zs.si (M. Miler), nina.zupancic@ntf.uni-lj.si (N. Zupančič), simona.jarc@ntf.uni-lj.si 
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The main minerals in carbonate rocks are calcite, dolomite, magne
site, aragonite, and organic skeletons formed of calcite and aragonite 
(Alderton, 2021). The most common minor minerals are quartz, feld
spars, ilmenite, etc. (Gregorič, 1969). However, trace metals and min
erals content in carbonate rocks is generally low compared to silicate 
rocks (Salomons and Förstner, 1984) as carbonate rocks have a low 
content of detrital material. On carbonate rocks almost all carbonate 
minerals are removed in the first stage of pedogenesis so in this case the 
nature of the soil formation is determined by the insoluble residue 
(Gregorič, 1969). The quantity of terrigenous material of carbonate 
rocks depends on the environment in which these rocks were sedi
mented (Zupančič et al., 2018). In some cases, karst soils may have been 
formed exclusively from the insoluble residues of carbonate rocks, but 
more often this type of soil consists of material derived from more than 
one source, for example loess, desert dust and volcanic ash (Durn et al., 
1999). Usually, trace elements are linked with clay minerals, Fe, Mn and 
Al oxides and hydroxides (Pinheiro Junior et al., 2021b; Zupančič, 2017) 
or are associated with heavy minerals (Lovrenčić Mikelić et al., 2013). 

The relationship between the mineral composition of the crystalline 
bedrock and the corresponding soils in the aspect of the presence of 
heavy minerals has been the subject of several earlier studies (Durn 
et al., 2007; Gregorič, 1969; Tangari et al., 2021; Valera Fernández 
et al., 2022). Some of them, however, focused on the origin of specific 
minerals e.g. Cr-spinel’s (Bónová et al., 2018), garnets (Krippner et al., 

2014) and rutile (Zack et al., 2004), which have been detected in both 
media, bedrock and soil. 

The soils formed on carbonates might have high contents of some 
trace elements, which is hardly attributed only to insoluble residue. 
According to the earlier studies, the highest contents of Zn, Pb and Cr in 
Croatia’s karst region were found to be 974 mg/kg, 382 mg/kg and 524 
mg/kg, respectively, while in Southwestern China these values in soils in 
the karst region were 732 mg/kg, 528 mg/kg and 1442 mg/kg for Zn, Pb 
and Cd respectively (Wen et al., 2020). Also, soils in the research area 
are enriched in Co, Cr, Ni, Cu, Pb, and Zn (Gosar et al., 2019; Zupančič, 
2012, 2017). The maximum reported contents were 65 mg/kg, 250 
mg/kg, 117 mg/kg, 133 mg/kg, 255 mg/kg and 710 mg/kg for Co, Cr, 
Cu, Ni, Pb and Zn (Zupančič, 2012, 2017). The source of these high 
concentrations may be related to organic material, clay minerals, human 
activities, weathering of the parent material (Zupančič, 2012, 2017) as 
well as to the transport of aeolian material. 

Objective of the study is to determine the possible correlation be
tween the heavy minerals in bedrock insoluble residue and soil’s heavy 
mineral fraction as well as to identify the influence of other sources 
affecting soil’s mineral and chemical composition, i.e., aeolian deposi
tion of Eocene flysch particles, which has already been found as a 
possible factor that affects heavy metal content in soil in the Mediter
ranean area (Zupančič, 2017). The study aims to stress the importance of 
understanding soil formation on carbonate rock and upgrade the 

Fig. 1. Simplified geological map of the investigated area with the main lithological units (Buser et al., 1967, 1968a, 1968b; Babić et al., 1969; Šikić et al., 1972; 
Savić and Dozet, 1984). 
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knowledge of these complex systems. 

2. Materials and methods 

2.1. Geological setting 

The investigated area encompasses three locations on Slovenian 
territory, namely Postojna (PO), Zaplana (ZA) and Stična (ST) (Fig. 1). 
The area consists mainly of dolomites and limestones covered with 
Phaeozem, brown soils and leached soils (Vidic et al., 2015). The typical 
vegetation of the studied area is forests and grassland. Hill ridges have a 
northwest-southwest direction. At all three locations bedrock is the same 
– Upper Triassic Main Dolomite (Fig. 1); they are all at the approxi
mately same elevation: around 600 m a.s.l., SW slope insolation, and at 
various distances from the sea and Istria and Brkini flysch basins (Babić 
et al., 1969; Buser et al., 1968a). 

Geologically, the studied area belongs to the External Dinarides of 
the Dinaric carbonate platform, which is part of a huge Adriatic Dinaric 
Carbonate platform (AdCP) evolved from the Middle Permian to the 
Eocene (Vlahović et al., 2005). The Dinaric carbonate platform repre
sents the relics of the Southern Tethyan Mega platform and is charac
terized by very thick carbonate deposits formed mostly in shallow 
marine environments (Vlahović et al., 2005). During the Late Permian to 
Middle Triassic intense tectonic activity took place, leading to Middle 
Triassic volcanism throughout Adria. The volcanic rocks are especially 
common on Internal Dinarides, while External Dinarides are built mostly 
of dolomite, limestone (Pamic, 1984), and occasionally also of marl
stone, sandstone and claystone (Pleničar et al., 2009). In Jurassic, the 
disintegration of AdCP began establishing several carbonate platforms 
(Adriatic, Apenninic and Apulian). Sinsedimentary tectonics, which was 
especially widespread in the Late Cretaceous, resulted in the final 
disintegration of the AdCP (Vlahović et al., 2005). In the Paleocene 
flysch sedimentation started and continued up to the Middle Eocene 
(Buser and Pavšič, 1978). Istrian flysch extends from Trieste through 
southwestern Slovenia, Istria, Croatian Coastland and Dalmatia to Boka 
Kotorska and is composed of hemipelagic marls and various gravity flow 
deposits (Petrinjak et al., 2021). 

2.2. Sampling and sample preparation 

Three locations selected for sampling were Postojna (marked as PO), 
Zaplana (ZA) and Stična (ST). Four topsoil (0–15 cm) samples were 
collected at each site, comprising two samples of forest (F)-covered soils 
and two samples of grassland (G)-covered soils without organic horizons 
weighing about 2 kg each (labels of collected samples: PO-1G, PO-2G, 
PO-3F, PO-4F, ZA-1G, ZA-2G, ZA-3F, ZA-4F, ST-1G, ST-2G, ST-3F, ST- 
4F). The sampling sites were selected at approximately the same 
elevation, on the same SW insolation and on the same parent rock 
avoiding possible anthropogenic influences. One 2 kg sample of non- 
weathered dolomite bedrock was also collected at each site (labels of 
collected samples: PO-K, ZA-K, ST-K). The soil type at all three sites was 
Phaeozem (Vidic et al., 2015). Besides dolomite samples and soil sam
ples, the four samples of Istrian flysch (sandstone and marlstone) near 
Izola, were also collected (F1, F2, F3, F4). 

All soil samples were dried in an oven at 40 ◦C. After drying, soil 
samples were sieved through a 2 mm sieve. To estimate heavy minerals 
in soils, between 10 g and 25 g of each soil sample were sieved below 2 
mm were subjected to a heavy-liquid separation using bromoform 
(density of 2.89 g/cm3). 

To identify heavy minerals, polished thin sections were prepared 
from unweathered dolomite samples from each site (PO-K, ZA-K, ST-K) 
as well as from sandstone and marlstone samples (F1, F2, F3, F4). In 
addition, about 10 g of each dolomite sample was finely hand crushed in 
porcelain mortar and dissolved in 60 ml of 6 N HCl. Afterwards, the 
insoluble residue was obtained by filtration through polycarbonate (PC) 
membrane filter with pore diameter of 0.45 μm. 

Some representative samples of soil (PO-2G and PO-3F), bedrock 
(PO-K), and flysch rock (F1, F2, F3, F4) were homogenized, grinded, 
quartered to reduce sample size to 10 g, and subsequently sieved below 
0.063 mm. 

2.3. Analytical methods 

The general mineral composition of rocks and soils was performed by 
X-Ray powder diffraction (XRD) using a Philips PW3710 diffractometer 
(PANalytical B.V.) equipped with CuKα radiation and a graphite 
monochromator. X-rays were generated with a voltage of 10 kV and a 
current of 10 mA. The data were recorded in the range 2◦ ≤ 2Θ ≤ 70◦

with the wavelengths of Kα1 1.5406 Å. The mineral compositions of the 
samples were determined using the X’pert Highscore Plus database. XRD 
analyses were performed on three samples, namely PO-2T, PO-3G, and 
PO-K, providing a rough estimate of mineral composition that can also 
be considered for the other two sites. Heavy mineral fraction of soils, 
polished thin sections and insoluble residue of bedrock were examined 
by applying scanning electron microscopy/energy dispersive X-ray 
spectroscopy (SEM/EDS). Similarly, sandstone and marls samples were 
further inspected by SEM/EDS and transmitted polarizing light micro
scopy on the polished thin section. Prior to SEM/EDS analyses, all 
samples were carbon-coated and then observed in high vacuum in 
backscattered electron (BSE) mode using JEOL JSM 6490LV SEM 
coupled with an Oxford INCA Energy 350 EDS at an accelerating voltage 
of 20 kV, a working distance of 10 mm, and an acquisition time of 60 s. 
Minerals were assessed from the atomic proportions of the constituent 
elements and comparison with atomic proportions of constituent ele
ments in known stoichiometric minerals obtained from known mineral 
databases (Anthony et al., 2009; Barthelmy, 2010). The EDS software 
was calibrated for quantification using premeasured universal standards 
included in the EDS software, according to fitted standards procedure 
(Goldstein et al., 2003) referenced to a Co optimization standard. The 
correction of EDS data was performed on the basis of the standard ZAF- 
correction procedure included in the INCA Energy software (Oxford 
Instruments, 2006). 

Relative abundance of heavy minerals in samples was estimated from 
the distribution of constituent elements, obtained by EDS elemental 
mapping at 80× magnification (soil heavy fraction) and 1200×
magnification (bedrock insoluble residue) of a randomly selected field of 
view in each sample according to the established procedure (Miler et al., 
2022 and references therein) and by comparison with mineral grain 
percentage composition charts for sediments (Compton, 1962). 

The geochemical composition of the flysch samples (sandstones 
labeled F1, F2, F3 and F5, and marlstone labeled F4) was analysed using 
the Niton XL3t GOLDD 900 handheld X-ray fluorescence (XRF) instru
ment. Analytical accuracy for Cr, verified using standard materials NIST 
-2709a, W-2, SCo1, and NIST-1633a, and precision based on replicate 
samples were acceptable. 

3. Results 

3.1. General mineral composition of bedrock and soils 

XRD analysis of bedrock (dolomite) confirms pure dolomite, with no 
other minerals detected (Fig. 2). The result is confirmed by the very 
small amount of insoluble residue in dolomite ranging from 0.03 wt% in 
dolomite from Postojna to 0.70 wt% in dolomite from Zaplana. Obser
vation is in line with the previous studies on a Slovenian territory 
(Gosar, 2007; Ogorelec and Rothe, 1992), where low quantities of 
insoluble residues of carbonate rocks were detected. 

Soil samples have approximately homogenous mineral compositions. 
XRD analysis of selected samples i.e. PO-2 T and PO-3G, showed prev
alence of dolomite and quartz, over muscovite and clay minerals such as 
illite and chlorite group of minerals. The dolomite content in soils is 
influenced by fine unweathered bedrock fragments. The portion of 
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heavy mineral fraction in soil samples ranges from 0.01 wt% to 0.16 wt 
% for grassland soils and between 0.01 wt% and 0.06 wt% on forest- 
covered soils. 

3.2. Carriers of trace elements in bedrock and soils 

SEM/EDS analysis was performed to identify the heavy minerals, 
that could be carriers of trace elements. In the following, the heavy 
minerals in dolomite bedrock and soils are presented, and finally a 
comparison with the heavy minerals of flysch rocks is made (Table 1). 

Based on elemental mapping from EDS, it was found that in the soil 
samples (Figs. 3, 4), the most abundant heavy minerals are Ti minerals, 
including ilmenite, Ti-oxide (probably rutile), titanite, and titano
magnetite. Ilmenite is quite abundant in all soil samples. The rounded 
and cracked grains range in size from 20 to 230 μm, with an average of 
80 μm (Fig. 3a). The next Ti mineral commonly detected in both soils 
and dolomite is Ti-oxide (probably rutile). Subhedral grains are quite 
common in soils (Fig. 3b), but acicular grains are also detected. The 
average size of Ti-oxide (probably rutile) is 70 μm in soils and up to 8 μm 

in dolomite, where angular grains predominate (Fig. 5a). In addition to 
the aforementioned minerals, soils also consist of two other Ti minerals: 
titanite and titaniferous magnetite. Titanite grains are up to 60 μm in 
size and have an anhedral shape (Fig. 3c), while titaniferous magnetite 
has subhedral grains about 40 μm in size, with no signs of roundness 
(Fig. 3d). 

In both soils and dolomite, the occurrence of zircon grains is very 
common. In soils, these grains are both subhedral and rounded (Fig. 3d) 
and euhedrally prismatic (Fig. 3e), ranging in size from 15 to 100 μm, 
with an average size of 55 μm. In dolomite, zircon grains are much 
smaller, about 5 μm, and have a subangular shape (Figs. 5b, c). Soils and 
dolomite also consist of phosphate minerals, including grains of the 
monazite and apatite groups, while soils also consist of minerals of the 
xenotime group. In the soils, the grains of the monazite group are usually 
anhedral, occasionally rounded, with an average size of 35 μm (Fig. 3g), 
while minerals of the apatite group are found only in samples from 
Zaplana and Stična. These grains are mostly rounded and range in size 
from 60 to 400 μm (Fig. 3h), with an average size of 130 μm. The 
average size of mostly anhedral grains of xenotime group minerals found 

Fig. 2. Mineral composition of grassland, forest and bedrock from Postojna (Dol. – dolomite, Qz. - quartz, Chl. – chlorite, Ms. – muscovite/illite).  

Table 1 
List of heavy minerals and their relative abundances in bedrock, soils and flysch.  

Mineral Bedrock Soils Flysch 

PO ZA ST Average size 
(μm) 

Average 
shape 

PO ZA ST Average size 
(μm) 

Average 
shape 

Average size 
(μm) 

Average 
shape 

Chromite      R VR VR 60 SR 30 SA-SR 
Fe-Cr(Mn) oxide/ 

hydroxide      
F F F 90 SA 30 SA 

Fluorite   VR 2 SA-SR        
Ilmenite      F F VF 80 R   

Magnesiochromite      VR   100 SA-SR   
Apatite group minerals  F F 5 SA-SR  R  130 R   
Minerals of monazite 

group F F  3 SA-SR F F F 35 SR 25 A 

Minerals of xenotime 
group      

R R R 40 SA 1 R 

Pb oxide/carbonate      VR   50 A   
Pyrite R  R 2 SA  VR  60 SA 15 SR 

Ti-oxide (probably rutile) VF VF VF 8 A VF VF VF 70 SA-SR 20 SA 
Sphalerite R  R 4 SA-SR      10 A 

Ti-magnetite      VR   40 A   
Titanite      VR VR VR 60 SA   
Zircon VF VF VF 5 SA F F VF 55 SA-SR 35 SA 

Almandine/spessartine           50 SA 
Barite           10 A 

PO, Postojna; ZA, Zaplana; ST, Stična; VF, very frequent; F, frequent; R, rare; VR, very rare; A – angular, SA – sub-angular, SR – sub-rounded, R - rounded. 
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Fig. 3. SEM images and EDS spectra of minerals in soil samples: a) rounded ilmenite (ZA, grassland), b) sub-rounded Ti-oxide (probably rutile) (PO, forest), c) 
anhedral titanite (ST, forest), d) subhedral titanomagnetite (PO, grassland), e) rounded zircon (ST, grassland), f) prismatic zircon (PO, grassland), g) monazite group 
mineral (ZA, forest), h) apatite group mineral (ZA, grassland), i) xenotime in zircon grain (ZA, forest). 
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in soils is 40 μm. Occasionally, anhedral xenotime grains (10 μm) are 
found as inclusions in other minerals (e.g., zircon) (Fig. 3i). In dolomite, 
the grains of phosphate minerals are mostly anhedral up to 3 μm for 
monazite (Fig. 5 d) and 5 μm for the apatite group (Fig. 5e). 

Pyrite is rarely present, but is found in both media. Grains up to 60 
μm and with slightly rounded edges were found in the Zaplana soil 
(Fig. 4a), whereas the pyrite grains in the dolomite are smaller (up to 2 
μm) and have an anhedral to subangular shape (Fig. 5f). In contrast to 
the soil samples, the dolomite samples occasionally consist of sphalerite 
(Fig. 5g) and fluorite (Fig. 5h) grains. They have a rounded to sub
angular shape and are between 2 and 4 μm in size. 

Rarely detected minerals in soils are also lead oxide/carbonate, 
while grains of iron oxides/hydroxides are observed quite frequently. 
Iron oxides/hydroxides are about 90 μm in size. The grains are generally 
anhedral with subangular edges (Fig. 4b); however, well-rounded grains 
are occasionally observed. The angular lead oxide/carbonate grain 
measures 50 μm (Fig. 4c). Chromite, although rare, is detected in all 
samples (Fig. 4d). The subhedral grains are mostly round and measure 
between 45 μm and 120 μm. Another Cr mineral found in samples from 
Postojna is magnesiochromite (Fig. 4e), which was detected in both 
grassland and forest soils as subhedral grains measuring about 100 μm. 

3.3. Heavy minerals in sandstones and marlstones 

XRF analysis of flysch rocks shows their high carbonate content, i.e. 
17% of CaO. Fe2O3 content in sandstones and marlstones is approxi
mately 3% and about 2%, respectively. TiO2 content is in both rock types 
around 0.4%, and MnO around 1%. Analysis confirmed high Cr and Ni 
contents. Cr content in sandstones are around 115 mg/kg and 260 mg/ 
kg in marlstones. Sandstones contain around 150 mg/kg of Ni, and 
marlstones 140 mg/kg. 

The SEM/EDS analysis detects the presence of the following acces
sory minerals: Zircon, Ti-oxide (probably rutile), pyrite, monazite and 
xenotime group minerals, sphalerite, chromite, Cr-spinel, Fe-Cr(Mn) 
oxide/hydroxide, barite and grains of almandine/spessartine. Zircon 
grains are generally subangular in size between 25 and 100 μm with 
average of 35 μm (Figs. 6 a, b). Occasionally, grains of xenotime are 
found as outgrowths on zircon (Fig. 6b). Grains of Ti-oxide (probably 
rutile) are subhedral shaped and have a size between 10 and 100 μm 
(Fig. 6a). Grains of pyrite are also observed in sandstone, occasionally 
having a round shape of 15 μm (Fig. 6a), however larger grains up to 
100 μm were also observed. The grains of chromite and Cr-spinel are 
generally subangular or subrounded and range in size from 20 to 45 μm, 

Fig. 4. SEM images and EDS spectra of minerals in soil samples: a) pyrite (ZA, grassland), b) anhedral Fe-Cr(Mn) oxide/hydroxide (PO, forest), c) Pb oxide/carbonate 
(PO, grassland), d) subhedral chromite (ST, grassland) and e) anhedral magnesiochromite (PO, grassland). 
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averaging about 30 μm (Figs. 6c, d). Minerals of the monazite group are 
euhedral shape with a size of about 25 μm (Fig. 6e). Grains of garnet 
minerals (e.g., almandine/spessartine) are about 50 μm in size and have 
a subangular shape, while grains of sphalerite and barite have an 
anhedral shape with a size of up to 10 μm. Very often samples of flysch 
rocks also consists of Fe-Cr(Mn) oxide/hydroxide. The grains are 

subangular with average size of 30 μm (Fig. 6i). 

Fig. 5. SEM images and EDS spectra of heavy minerals in the dolomite: a) acicular grain of Ti-oxide (probably rutile) (ST), b) angular grain of zircon (ST), c) 
prismatic zircon (ST), d) anhedral grain of monazite group mineral (PO), e) subhedral grain of apatite group mineral (ST), f) angular grain of pyrite (ST), g) sub- 
rounded grain of sphalerite (PO) and h) sub-rounded grain of fluorite (ST). 

B. Čeplak et al.                                                                                                                                                                                                                                  



Geoderma Regional 35 (2023) e00735

8

Fig. 6. SEM/EDS images and spectra of minerals in flysch: a) Ti-oxide (probably rutile), zircon and pyrite, b) subangular zircon with minerals of xenotime group, c) 
subangular chromite, d) subrounded Cr-spinel, e) angular grain of monazite group of minerals, f) subangular grain of almandine/spessartine, g) anhedral grains of 
sphalerite, h) anhedral barite and (i) subangular grain of Fe-Cr(Mn) oxide/hydroxide. 
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4. Discussion 

4.1. Comparison between soils and corresponding bedrock 

The mineral composition of the dolomite and soil samples at all three 
locations is similar, with small differences between locations (Table 1). 
As expected, soil samples are mineralogically more diverse than dolo
mite due to the long-lasting processes of soil formation on the carbonate 
rock. In general, grains of minerals detected in soil are frequently 
corroded, which means they were more likely to experience more 
chemical weathering than grains with smooth unaltered surfaces (Föllmi 
et al., 2009). The most common minerals predominating in soil, and 
which are also detected in dolomite were grains of zircon and Ti-oxide 
minerals (Table 1). In both mostly angular grains of zircon and Ti- 
oxide (probably rutile) (Figs. 3,5) are identified which reflect high 
resistance to chemical weathering and mechanical abrasion of these two 
minerals (Velbel, 2007). The occurrence of slightly rounded grains of 
zircon and Ti-oxide (probably rutile) in dolomite (Fig. 5) could also 
represent older particles that were once transported (Dozet and 
Silvester, 1979). Focusing on the size of these two minerals, much larger 
grains are detected in soils compared to dolomite. In soils, an average 
size for Ti-oxide (probably rutile) and zircon are 70 and 60 μm, while in 
dolomite these values are 8 and 5 μm, respectively. 

In addition to zircon and Ti-oxides’ grains, soils and dolomite 
frequently also consist of minerals of the monazite group. In dolomite, 
grains are mostly sub-angular up to 3 μm, while in soil samples they are 
sub-rounded with an average size of 35 μm. Rounded grains as well as 
grains with no intact crystal faces have likely endured more chemical 
and physical weathering than euhedral grains (Föllmi et al., 2009). 
Unlike dolomite samples, soil samples rarely contain minerals of the 
apatite group as this type of mineral weathers easily (Nezat et al., 2008). 
The average sizes of minerals of apatite group are 130 μm and 5 μm for 
soils and dolomite, respectively. 

These observations show that the mineral composition of soils is 
influenced not so much by the weathering of the parent material, but by 
other factors. The latter is consistent with the previous studies which 
emphasize the importance of other factors that control the process of soil 
formation on carbonate rocks, including strong erosion processes (Ska
berne et al., 2009), exposure to aeolian deposits (Durn et al., 1999; 
Gosar, 2007; Wen et al., 2020), other natural (e.g., climate, vegetation, 
precipitation, topography, etc.) (Gregorič, 1969; Sharma et al., 2005; 
Zupančič, 2012; Čeru and Šegina, 2021) and anthropogenic factors 
(Zhao et al., 2021). 

4.2. Influence of aeolian material 

It has been established that aeolian transport plays an important role 
in the process of soil formation (Durn et al., 1999; Gosar, 2007; Küf
mann, 2003; Zupančič et al., 2018). In the studied area wind blowing 
from SW to NE over flysch basins into the interior of the Slovenian 
territory has been found as a possible source of aeolian transport. Based 
on the mineralogical identification of sandstone and marlstone from the 
flysch layers in Izola, the presence of the following heavy minerals, 
which are potential carriers of heavy metals, is established: Ti-oxide 
(probably rutile), Cr minerals (mainly chromite and Cr-spinel), zircon, 
REE phosphates (e.g., minerals of monazite and xenotime group), 
sphalerite, Fe-Cr(Mn) oxide/hydroxide, pyrite, barite and minerals of 
garnet group. The presence of these and other minerals, such as tour
maline, has been already mentioned in previous studies (Lenaz et al., 
2003; Wiesender, 1960). Considering the size and morphology of these 
heavy minerals, some similarities are noted between heavy mineral 
grains in insoluble residues of soils and flysch rocks, suggesting the 
possibility of the same origin (Table 1). 

The morphological similarities were found in grains of Ti-oxide 
(probably rutile), chromite, zircon, monazite, Fe-Cr(Mn) oxide/hy
droxide and pyrite. Grains of heavy minerals have either the same shape 

and size or have similar sights of weathering. For instance, some grains 
of Ti-oxide (probably rutile) found in soils and flysch rocks are subhedral 
in size around 25 μm (Figs. 3b, 6a), while chromite grains are subhedral 
and between 45 μm and 120 μm in size in soils (Fig. 4d). In flysch layer 
these grains are generally smaller in size up to 50 μm (Figs. 6a, c). The 
chromium-rich minerals in the flysch are associated with the Cretaceous 
convergence and the simultaneous contraction of the oceanic crust and 
the ascent of peridotites from the chromium-rich mantle (Lenaz et al., 
2003). Cr-minerals from peridotites are characterized by low Ti content 
and high level of Fe2+/Fe3+, while Cr-minerals originated from volcanic 
source has high Ti level (Lenaz and Princivalle, 2005). Based on XRF and 
SEM/EDS analyses, Ti content exceeds 0.2 wt%, implying that these Cr 
minerals could be associated with volcanic sources, but Ti has been 
found only occasionally as a trace element in this type of mineral. In 
addition, the Fe content in these minerals is high, which means that the 
Cr minerals could be associated with peridotites. 

Zircon grains in flysch layers are subhedral with size up to 100 μm, 
while in soils, subhedral grains with an average size of 60 μm are oc
casionally detected. Furthermore, both in the flysch and in soils the 
presence of zircon grains with REE is also detected (Figs. 3i,6b). Grains 
of pyrite are between 15 and 100 μm in flysch and up to 60 μm in soils 
respectively. Furthermore, in both also monazite grains are detected in 
size around 25 μm. In both media occur the Fe-Cr(Mn) oxide/hydroxide 
with the presence of other trace elements e.g. Ti. The grains are gener
ally subangular in flysch rock and become anhedral in soils, occasionally 
even rounded. Well-rounded grains of -Fe-Ti minerals are very common 
in the aeolian environments of deposition (Dill, 2007). 

Another similarity can be also linked with the presence of specific 
heavy minerals only in soils from Postojna (e.g., Ti-magnetite and Pb 
oxide/carbonate). Compared to the other two places, Postojna is closest 
to the flysch basins which means that it is the most susceptible to the 
wind transport of particles brought from flysch. Furthermore, with the 
effect of aeolian transportation we can also explain more diverse 
mineralogical composition of soils from grassland compared to those 
from forest; highlighted already in the study by Zupančič (2012), who 
concluded more wind-deposited material in more open space. 

5. Conclusions 

Soils formed on carbonate rocks are very likely of polygenetic origin, 
and their frequency in Slovenia and worldwide has led to the fact that 
geochemical knowledge of these soils should not be disregarded. A study 
conducted in the karst region of the Mediterranean has yielded several 
conclusions that can be applied to similar karst areas with comparable 
pre-basis. 

The correlation between the heavy minerals found in the insoluble 
residues of the bedrock and the heavy mineral fraction in the soils is low. 
The morphological characteristics of the heavy minerals detected in the 
soils and corresponded dolomite varies. In the soils, the grains of heavy 
minerals are generally larger with signs of transportation compared with 
those in the dolomite. This suggests that there is an additional source, 
besides weathering of the parent material, that influences the presence 
of heavy minerals in karst soils. The heavy minerals detected in the 
dolomite can be, however, considered as terrigenous detrital material. 

The mineral composition of soils in the karst region is influenced by 
the aeolian (wind-driven) transport of particles. The latter is mainly 
confirmed by the presence of chromite and Fe-Cr(Mn) oxides/hydrox
ides, which were present both in the soil and in the sandstones and 
marlstones. Furthermore, grains of certain heavy minerals such as Ti- 
oxide (probably rutile), zircon, chromite, REE phosphate, pyrite, and 
Fe-Cr(Mn) oxide/hydroxide show similar morphological characteristics 
(i.e., size and shape) in both, soils and flysch. Consequently, we can 
confirm the influence of prevailing winds blowing from southwest to 
northeast over the Eocene flysch basin, carrying and subsequently 
depositing small particles of heavy minerals inland. 

This study emphasizes the importance of natural factors, especially 
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the influence of aeolian transports, in soil formation on carbonate rocks 
and highlight the importance of applicability of SEM/EDS technique for 
proving such important contribution. Further research could investigate 
other factors, such as pedoclimatic factors, topography, and erosion to 
improve our understanding of soil formation in fragile systems such as 
the karst region. 
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Gregorič, V., 1969. Nastanek tal na triadnih dolomitih (soil formation on the triassic 
dolomite). Geologija 12, 201–230. 

Kabata-Pendias, A., 2011. Trace elements in soils and plants, fourth edition. CRC Press, 
Boca, Raton, London, New York.  

Komac, M., 2005. Statistics of the Geological Map of Slovenia at scale 1: 250.000. 
Geologija 48, 117–126. https://doi.org/10.5474/geologija.2005.011. 

Krippner, A., Meinhold, G., Morton, A.C., Von Eynatten, H., 2014. Evaluation of garnet 
discrimination diagrams using geochemical data of garnets derived from various 
host rocks. Sediment. Geol. 306, 36–52. https://doi.org/10.1016/j. 
sedgeo.2014.03.004. 

Küfmann, C., 2003. Soil types and eolian dust in high-mountainous karst of the northern 
calcareous Alps (Zugspitzplatt, Wetterstein Mountains, Germany). Catena 53, 
211–227. https://doi.org/10.1016/S0341-8162(03)00075-4. 

Lenaz, D., Princivalle, F., 2005. The crystal chemistry of dentril chromian spinel from the 
southeastern Alps and outer Dinarids: the discrimination of supplies from 41 areas of 
similar tectonic setting? Can. Mineral. 43, 1305–1314. https://doi.org/10.2113/ 
gscanmin.43.4.1305. 

Lenaz, D., Kamenetsky, V.S., Princivalle, F., 2003. Cr-spinel supply in the Birkini, Istrian 
and Krk Island flysch basins (Slovenia, Italy and Croatia). Geol. Mag. 140, 335–342. 
https://doi.org/10.1017/S0016756803007581. 
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Skaberne, D., Kralj, P., Budkovič, T., 2009. Soils on the late Triassic carbonate rocks in 
the west Karavanke Mountains and the high plateaus of the Julian Alps (Slovenia). 
Geologija 52, 49–68. 
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Zupančič, N., Turnǐski, R., Miler, M., Grčman, H., 2018. Geochemical fingerprint of 
insoluble material in soil on different limestone formations. Catena 170, 10–24. 
https://doi.org/10.1016/j.catena.2018.05.040. 
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