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EXTENT AND SPATIAL DISTRIBUTION
OF KARST IN SLOVENIA
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A doline in the dolomite karst at Dovce, Rakek.
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Extent and spatial distribution of karst in Slovenia

ABSTRACT: This study investigates the spatial distribution of karst in Slovenia using advanced GIS tech-
nologies and accurate lithology, hydrology, and digital relief data. Previous approaches led to an incomplete
understanding of karst distribution, as they focused on carbonate lithologies and surface features. Our inte-
grated two-step identification method, involving GIS layer overlays and manual review of lithology data,
resulted in a comprehensive digital spatial database. We found that karst covers 49.7% of Slovenia’s total
area, with a diverse range of associated lithologies. This research has important implications for manag-
ing and protecting karst aquifers, forest planning, agricultural subsidies, and glacial geomorphology studies,
and enables further processing and enhancement by the karst research community.

KEY WORDS: geomorphology, karst, GIS technology, lithology, classification of karst

Obseg in prostorska porazdelitev krasa v Sloveniji

POVZETEK: Ta raziskava preucuje prostorsko razporeditev krasa v Sloveniji z uporabo naprednih
tehnologij GIS ter natan¢nih litologkih, hidroloskih in digitalnih podatkov o reliefu. Dosedanji pristopi
so vodili k nepopolnemu razumevanju razirjenosti krasa, saj so se osredotocali na karbonatno litologijo
in znacilnosti povr$ja. Nasa integrirana dvostopenjska metoda identifikacije, ki vklju¢uje prekrivanje
slojev GIS in ro¢ni pregled litoloskih podatkov, je privedla do celovite digitalne prostorske baze podatkov.
Ugotovili smo, da kras pokriva 49,7 % celotnega ozemlja Slovenije, z raznoliko paleto pripadajocih litologij.
Ta raziskava ima pomembne implikacije za upravljanje in varovanje kraskih vodonosnikov, na¢rtovanje
gozdov, kmetijske subvencije in ledeniske geomorfoloske $tudije ter omogoca nadaljnjo obdelavo in nad-
gradnjo s strani krasoslovcev.

KLJUCNE BESEDE: geomorfologija, kras, GIS tehnologija, litologija, klasifikacija krasa
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1 Introduction

Karst is a unique geomorphic system characterized by subsurface water flows and is classified in the lit-
erature as a subcategory of fluvial geomorphic system (Sweeting 1973; Bogli 1980; White 1988; Ford and
Williams 2007). This system is primarily governed by chemical denudation, a surface process that
involves chemical weathering of bedrock, particularly through congruent dissolution. Dissolution plays
a fundamental role in karst formation, and three basic conditions must be met for its development: soluble
rock, water, and the establishment of subsurface drainage (Ford and Williams 2007). Dissolution not only
occurs at the surface, but also extends deep into the subsurface, resulting in the formation of dissolution-
created channels with high effective permeability (White 2002). These channels are formed from intergranular
pores and fractures and allow water to percolate predominantly through the subsurface. In karst systems,
aggradation zones are minimal in extent and limited to specific areas such as vadose zone caves and river
channels. The dominance of chemical denudation and the absence of aggradation contribute to the charac-
teristic stony surface and diverse landforms unique to this combination of geomorphologic processes (Ford
and Williams 2007; Stepi$nik 2020; De Waele and Gutiérrez 2022).

Karst, a subtype of fluvial geomorphologic systems characterized by a predominance of subsurface water
drainage (Bogli 1980; White 1988), is often defined by the presence of specific landforms rather than by
its hydrologic characteristics. Karst areas are usually identified by the presence of dolines or similar karst
depressions and cave entrances (Sweeting 1973; Ford and Williams 2007; Sauro 2012) and are often delin-
eated by the absence of a surface drainage network (White 2002). However, this method of classification
is problematic because surface form depends on a variety of geomorphologic processes beyond chemical
denudation. Consequently, some karst areas have landforms that are not characteristic of karst, such as
fluviokarst (Komac 2004; Stepi$nik 2021), contact karst (Mihevc 1994; Gams 1995; 2001), and glaciokarst
(Smart 1986; Zebre and Stepisnik 2015a; 2015b). Furthermore, the absence of a surface river network does
not generally apply to all karst areas; fluviokarst and shallow karst are characterized by the presence of per-
manent or intermittent surface waters and lakes (Gunn 2004; Stepi$nik 2017). Despite these differences,
all karst geomorphic systems share common characteristics: soluble bedrock, the presence of water that
is not impeded by aridity or cryosphere, and at least some development of subsurface drainage in the karst
type of aquifer (Ford and Williams 2007).

The Slovenian karst region occupies an important place in the history of karstology, as this science
originated here and has been intensively researched ever since. This research focused on determining the
spatial extent of carbonate rocks and karst in Slovenia through various methods. These methods can be
categorized based on their approach: identification of karst surface features, distribution of cave entrances,
absence of surface drainage networks, and extent of carbonate rocks. Researchers have identified a num-
ber of karst surface features, such as dolines (Melik 1935; 1963; Serko 1947), snow kettles (Melik 1935;
1963; Serko 1947), and other large karst depressions (Gams 1965; Habi¢ 1982; Novak 1993; Komac and
Urbanc 2013a; 2013b; 2016; 2017). They have also studied the spatial distribution of cave entrances (Habi¢
1982; Novak 1993; Komac and Urbanc 2013a; 2013b; 2016; 2017) to determine the extent of karst in Slovenia.
In addition to these features, researchers have considered the absence of a surface drainage network (Serko
1947; Gams 1965; Habic¢ 1982; Novak 1993; Komac and Urbanc 2013a; 2013b; 2016; 2017) and the extent
of carbonate rocks (Melik 1935; 1963; Gams 1974; 2003; Habi¢ 1982; Novak 1993; Komac and Urbanc 2013a;
2013b; 2016; 2017) in defining karst areas. Earlier methods focused mainly on deep karst, which is char-
acterized by surface dissection with karst depressions and the absence of a surface drainage network. However,
these methods often excluded other karst geomorphic environments where surface transformations occur
by other geomorphic processes. These environments include shallow karst, fluviokarst, glaciokarst, and
contact karst (Stepi$nik 2020).

Karst distribution inventories are essential for a comprehensive understanding, effective management
and sustainable development of karst landscapes. Their importance cuts across all disciplines, influenc-
ing hydrogeological research, geomorphological studies, biodiversity conservation efforts, engineering projects
and environmental impact assessments. Ongoing efforts to document and update karst inventories on either
regional (e.g. Gao, Alexander and Tipping 2005; Petri¢ et al. 2020a; 2020b), national (e.g. Temovski 2012;
Asanidze et al. 2019; Sun et al. 2020), or even global level (e.g. Ford and Williams 2007; Chen et al. 2017;
Goldscheider et al. 2020) are essential for informed decision-making, promoting responsible land use prac-
tises and ensuring the long-term conservation of these unique and valuable landscapes. Studies on karst
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distribution usually follow a geology-based approach, where areas with potential for karst development
are delineated by compiling areas of soluble rocks from geological maps. In this paper, we have adopted
a similar geology-based approach.

The aim of the study is to determine the spatial extent and distribution of karst in Slovenia. For this
purpose, the lithostratigraphic map of Slovenia at a scale of 1:250,000 is used as a basis, and other rele-
vant data sources are used as supplementary material (e.g. morphology of the doline surface, location of
cave entrances, absence of a surface drainage network, morphology of the karst surface, etc.).

2 Previous research on the extent of karst in Slovenia

So far, various studies have been published on the distribution of karst in Slovenia. The authors use differ-
ent classifications to categorise the carbonate rocks. In most cases, limestone and dolomite are represented
by separate categories, while the descriptions of the impure carbonate rocks vary. Some authors refer to these
rocks as »impure carbonate rocks«, while others describe them as »clastic carbonate rocks«. Furthermore,
in most cases Holocene carbonate gravel has not been added to the summary values for carbonate rocks.

In addition, most authors dealing with the analysis of the distribution of the karst surface were limit-
ed to the classification of the surface by lithological type (e.g. limestone, dolomite). Therefore, the extent
of carbonate rocks in Slovenia was often mistakenly considered to be synonymous with the distribution
of the karst surface distribution in Slovenia. In this paper, we focus our review of previous research on the
sources that define karst as a relief type and not only the extent of carbonate rocks.

The first references in the literature defining the extent of karst in Slovenia were provided by Melik
(1935). In his research, he describes different karst areas within the ethnic Slovenian boundaries. In his
publication, he does not specify the exact extent of the Slovenian karst, but they can be reconstructed on
the basis of the attached map. He made a map of the karst areas on the basis of the spatial distribution of
dolines and snow kettles, which he most probably identified from topographic maps available at the time.
The descriptions of karst areas and the extent of karst in Slovenia were also provided in his following pub-
lications (e.g. Melik 1963). According to Melik (1935; 1963), karst covers 28% of the present-day area of
Slovenia. In his classification of karst, he used the division of karst according to Cviji¢ (1893; 1924) into
holokarst or perfect karst and merokarst or incomplete karst.

More detailed estimates of the extent of karst in Slovenia were published by Serko (1947). Based on an
analysis of maps at a scale of 1:100,000, he estimated the density of the surface drainage network and the
presence of karst landforms such as dolines, snow kettles, uvalas, and poljes. He divided the karst in Slovenia
into the Dinaric karst, the Alpine karst and the karst in small isolated areas in the Savinja Alps and in north-
ern and southern Slovenia, based on the location of geomorphological environments to which he attributed
common morphogenesis and morphodynamics. He did not quantify the extent of karst in Slovenia, but only
depicted it on maps. According to his cartographic data, the extent of karst in Slovenia is 30%.

Gams (1965) defines the extent of karst using an approach similar to that of Serko (1947) taking into
account surface forms, especially karst relief depressions and the density of the surface drainage network.
He also points out the shortcomings of his estimates, since it is difficult to assess the extent of karst in dolomitic
karst areas and on slopes within the alpine highlands because of the lack of typical karst landforms or karst-
specific drainage network patterns. He estimates that the proportion of karst in Slovenia is somewhere between
1/3 and 1/2. Gams (1965) also offers a regional classification of karst in his publication, largely adopted from
Serko (1947), dividing it into the karst of the Julian Alps and Kamnik-Savinja Alps, the karst of the Karawanks,
the isolated karst of the pre-Alps and Pannonian area, and the karst of the Dinaric Mountains.

Habi¢ (1969) points out that there are no precise data on the extent of karst in Slovenia, and at the same
time refers to the fact that karst covers 1/3 of the territory, which corresponds to Gams (1965). In his pub-
lication he gives a hydrographic regionalization in which the karst is divided into Alpine karst, Dinaric
karst and Isolated karst on the basis of geological, hydrological and geomorphological features, which was
largely adopted from Serko (1947).

Gams (1972) states that the proportion of karst in Slovenia is about 1/3. He did not specify a method
for determining the proportion of karst, but probably referred to earlier publications (Gams 1965; Habi¢
1969). In this publication he presents a new regionalization of karst, based mainly on Serko’s (1947) divi-
sion of karst. Gams (1972) concludes that karst in Slovenia is primarily located on carbonate rocks.
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Gams (1974), in a comprehensive overview of karst, describes in detail the various karst areas in Slovenia
and other parts of the Dinaric Mountains. He states that the proportion of carbonate rocks in Slovenia is
43%. The proportion of karst associated mainly with carbonate rocks is somewhat lower.

Habic (1982), in his interpretation of the extent of karst in Slovenia, considered not only hydrological,
morphographic, and geological characteristics, but also the distribution of speleological objects. He esti-
mated that the extent of karst in Slovenia is about 44%. Moreover, he characterised karst on the basis of
hydrological and lithological characteristics and not only on the basis of spatial distribution, as in previ-
ous literature (Gams 1965; 1972; 1974; Serko 1947). It is divided into deep karst, partial karst, a combination
of deep and partial karst, and karst with developed intergranular conductivity. About 31% of the area of
Slovenia is attributed to deep karst on limestones, while the area of the other karst types is about 13%.

The estimated proportion of karst identified by Sustersi¢ (1991) in the overview map of karst in Slovenia
is about 50%. He classified karst on the basis of location and hydrological function in an approach similar
to Cviji¢ (1924), Serko (1947) and Habi¢ (1982). He divides it into alpine karst, low and high Dinaric karst,
and isolated and incomplete pre-alpine karst. In his typification he does not define the poljes as karst areas.

Novak (1993) states that karst covers an area of 9,000 km?, which is 44.4% of the area of Slovenia. Like
his predecessors (Gams 1965; 1972; Habi¢ 1969; 1982; Serko 1947; Sustersi¢ 1991), he characterises karst
according to its location and states that karst in Slovenia was formed in limestones and dolomites dating
from the Triassic to the Oligocene and in Pleistocene conglomerates.

In the Geographical Atlas of Slovenia (Fridl et al. 1998) two general maps of the karst in Slovenia are
published at a scale of 1:750,000. On a general map of the karst area, Mihevc (1998) divided the karst into
Alpine, Pre-Alpine, High-Dinaric and Low-Dinaric karst and marked many karst landforms, e.g. karst plateaus,
plains, poljes, large collapse dolines, caves, blind valleys and others. The estimated karst area in Slovenia is
50.2% on his map (Mihevc 1998). In the same publication, Kranjc (1998) shows two types of karst on a map
of karst waters, namely on limestone and dolomite. On both types of karst he marks karst poljes or »flood-
prone areas on karst« as he writes on the map. The estimated karst area in Slovenia is 45% on his map.

Gabrovec and Hrvatin (1998; 2016) published a map of genetic relief types, on which they also deter-
mined the areas of limestone and dolomite karst relief. According to their 1:750.000 (1998) and 1:1,000,000
(2016) scale map, limestone karst covers 25% of the area in Slovenia and dolomite karst covers 14% of the
area. Altogether, the karst covers 39% of Slovenia. The sources do not indicate what data they used to deter-
mine the extent of karst relief. The authors describe that in some areas there is an interweaving of different
geomorphic systems. Therefore, poljes are not counted as karst genetic relief types, but as an accumula-
tive fluvial-denudational relief. High-mountain regions where the glacial genetic relief type occurs are
designated as glacial, regardless of the bedrock.

The most frequently cited figure for the proportion of karst was given by Gams (2003) in a comprehensive
regional overview of karst areas in Slovenia. Despite a detailed overview of all karst areas, he quotes an old data
for the proportion of karst, where it is estimated at 43%-35% on limestone, and 8% on dolomite (Gams 1974).

Some recent interpretations of the extent of karst were made by Komac and Urbanc (2013b). They sum-
marise the proportion of karst according to Gams (1974). In their GIS-based karst classification, they used
the method of Habi¢ (1982), dividing karst areas into two categories based on the spatial distribution of
carbonate rocks, the presence of dolines and cave entrances, and the absence of a surface drainage network.
Intensively karstified areas cover an estimated 24% of Slovenia, and less intensively karstified areas 21%.

Subsequent studies by Komac and Urbanc (2013b) indicate that the proportion of karst in Slovenia is
45.6%. They determined the proportion based the spatial distribution of carbonate rocks on geological
map of Slovenia in scale 1:250,000 (Buser 2010a). Based on the concurrent presence of caves, dolines and
surface water streams, they determined that intensively karstified areas make up 31.8% of the Slovenian
territory. All other areas on carbonate rocks, accounting for 13.7% of Slovenia, were classified as poten-
tially karstified. They found that limestone is the predominant rock type subject to karstification, but that
dolomite is also common in intensively karstified areas. In areas where dolomite is the predominant rock,
the degree of karstification is lower as dolomite is less prone to karstification. In their classification of karst,
they have excluded areas covered by poljes and areas where karst is overlain by younger sediments. The
authors have also published comparable data in some other publications (Komac and Urbanc 2016; 2017).

As part of the World Karst Aquifer Mapping project, the World Karst Aquifer Map (WOKAM; Chen et al.
2017) was created using the Global Lithological Map (GLiM) (Hartmann and Moosdorf 2012) and other rel-
evant data sources (e.g. karst water sources, cave locations, etc.). For WOKAM, the following main mapping
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units were assessed: carbonate rocks (sedimentary or metamorphic), evaporites, other sedimentary formations,
and other metamorphic rocks and igneous rocks. In Slovenia, karst outcrops account for 49.5% of the surface.

3 Materials and methods

The spatial analysis we used to determine the distribution of karst in Slovenia was carried out using two
approaches. A vector map of rock types for the entire country was used as a basis. The first approach rep-
resented an attempt to fully quantify and objectively determine the karst areas by spatially overlaying the
following data: the presence of dolines, cave entrances and the surface river network. The second approach
was a manual inspection of the rock type polygon dataset and a manual determination of the presence of
karst and the type of karst. For the manual analysis, we relied on the results of the analysis of the first approach
for decision-making and reviewed the spatial data considered both spatially (i.e. on the map; Figure 1) and
in the associated attribute table. ESRI ArcGISPro 3.0.0 software was used to perform the spatial analyses.

A~

dolines caves

~

drainage network

Figure 1: Schematic representation of the steps in the spatial analysis of the lithological units.
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3.1 Data sources

As a spatial data source for the surface lithology a vector map of rock types in Slovenia was used (Zemljevid
tipovkamnin 2012). This data source was based on the lithostratigraphic map of Slovenia (Litostratigrafska
karta Slovenije 2011), which was primarily based on 1:25,000 vectorized geological maps of Slovenia. The
data on surface lithology was prepared at a scale of 1:100,000 and is currently the only available and updat-
ed lithologic map at this scale that does not contain missing or inconsistent data on the contacts of the
individual sheets of the Basic geological map of Slovenia. It is considered more detailed than the 1:250,000
scale geologic map of Slovenia by Buser (2010b), because it is not as generalised and provides data directly
from the base geologic maps of Slovenia. The lithological map of Slovenia consists of 12,635 polygon fea-
tures divided into 25 lithostratigraphic units (Perko, Hrvatin and Cigli¢ 2015; Hrvatin 2016). All polygons
within the layer have a reference to the Basic geological map of Slovenia data: the age and the description
of the lithological unit. The database was provided by the authors in a vector format (.shp) and could be
analysed in a GIS environment. The data were topologically ordered: all overlapping polygons and all holes
in the data set were removed. Such data can then be used for spatial analyses. Using this data source, the
occurrence of carbonate rocks in Slovenia was calculated (Gostincar 2016) and used as a data source for
this study. Each polygon contained an attribute defining whether it was classified as carbonate rock (lime-
stone, mixed limestone-dolomite bedrock, dolomite, clastic carbonate rock) or non-carbonate rock.

Dolines are small to medium sized closed depressions and are the most numerous karst feature in Slovenia.
The outlines of dolines in Slovenia from Mihevc and Mihevc (2021) were used. A georeferenced catalogue
of the dolines is freely available at https:/dolines.org/ (polygon, .shp). Dolines were determined using a trained
algorithm on the Lidar DEM of Slovenia. The catalogue contains 471,192 dolines in all Slovenian karst
areas (Mihevc and Mihevc 2021).

The digital vector layer (point, .shp) of the Cave Register of the Cave Association of Slovenia and the
Karst Research Institute ZRC SAZU, as of March 2022, was used to locate the caves. In addition to the coor-
dinates of the cave entrances, the cave register also contains other attributes (e.g. length and depth of the
cave, year of discovery, etc.). Cave locations vary in terms of accuracy. The locations of some caves were
determined using hand-held GPS, medium-scale maps (e.g. 1:25,000, 1:50,000), while some more recent
data are based on lidar data. The data layer we used contained 14,695 caves.

The vector line layer (.shp) of surface waters in Slovenia from the Water Atlas was used as a data source
for the surface water network (Slovenian Environment Agency 2022). It is considered the most detailed
data source for the surface drainage network in Slovenia; it is based on watercourses marked on topographic
maps in 1:5,000 scale, which had been digitised and georeferenced using the national Lidar DEM.

As a source for DEM, we used high-resolution lidar data DEM obtained from the Slovenian national aer-
ial laser scanning conducted in the period between 2011 and 2015 (Triglav Cekada and Bric 2015; Atlas okolja
2022 - http://gis.arso.gov.si/atlasokolja/), which has been widely used for morphographic analyses of the karst
surface in recent research, especially in geomorphometric studies of dolines (e.g. Ceru, Segina and Gosar 2017;
Grlj 2021; Miheve and Miheve 2021; Cigli¢, Con¢ and Breg Valjavec 2022). A DEM with a cell resolution of
one meter was used. To visualise the high-resolution digital elevation model, the following visualisations from
DEM were used to represent the relief: hillshade and sky view factor (Kokalj and Hesse 2017).

3.2 Spatial analysis

To determine whether karst occurs in a particular lithological unit, we added information about the spa-
tial presence of dolines, caves, or a surface drainage network to each polygon of the lithologic map. We
used the Select by Location function for each of the datasets to determine the polygons of the lithologic
layer on which any of the three aforementioned objects are located. Three attributes were assigned to the
attribute table of lithologic units: cave, doline, and water, having the following values: »1«: yes (cave / doline
/ water is present) or »0«: no (cave / doline / water is not present).

The presence of the surface water network could not be fully used as an indicator of the presence or
absence of karst. On the karst surface, the surface drainage network is often absent, but in many places,
water flows on top of karst — e.g. on fluviokarst, shallow karst, contact karst, etc. Therefore, we were able
to calculate the higher probability of occurrence of karst on a single lithologic unit using only the sum of
the attribute values for caves and dolines. For all polygons where the value of the attributes cave and doline
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is equal to 1, we found that the occurrence of karst is more likely there. In this way, a total of 373 poly-
gons with an area of 1,544 km? (7.6% of the total area) were identified as possible karst areas.

Either because of the specificity of individual data layers or because of errors in the data in a large part
of the study area, the spatial accuracy of the data used for spatial analysis is insufficient. For example, due
to the difference in scale between the lithologic map, which is based on the 1:100,000 scale geologic map,
and the other data layers, which are based on more detailed analyses (e.g. lidar), the lithologic map is shown
with an offset relative to other layers in at numerous locations (Figure 2 and 5). There were also signifi-
cant differences between previously identified areas of carbonate rocks in Slovenia (Gostin¢ar 2016) and
polygons representing potentially karstified areas (as indicated in the previous paragraph). Thus, dolines
and cave entrances also occur in areas previously determined to be non-carbonate rocks (Gostinéar 2016),
e.g. in areas with Quaternary alluvial deposits (e.g. poljes), covered karst, etc. However, we know from pre-
vious studies that karst can occur in areas where there is neither specific surface morphology, i.e. dolines,
or cave entrances (e.g. Staut 2003; Knez, Mihevc and Slabe 2007; Knez and Slabe 2011).

3.3 Manual inspection

As mentioned above, only 373 polygons (7.6% of the total area of Slovenia) were defined as possible karst
areas. These numbers differ strongly in comparison to the karst extent defined in previous studies (as
described in chapter 2). Due to the complexity of determining the karst surface, we could therefore not
rely only on selected quantitative indicators from selected spatial data, but had to use visual determina-
tion of karst occurrence for all polygons of the lithological layer. Therefore, all polygons of the lithological
map (12,635 polygons in total) were assessed qualitatively, namely by visual inspection. For the visual inspec-
tion of the data, we used the results of the previously calculated spatial data on the potential presence of
karst and the data contained in the lithological layer - the age and description of the lithological unit. As
a basis for the data of the digital relief model, we used a lidar-derived DEM and shaded relief.
The following types of karst based on lithological properties were determined:
o karst in limestone: where limestone is indicated as the only or predominant lithology in the descrip-
tion of the geological map (e.g. nummulitic limestone, limestone with shells, massive limestone);

® cave N 0 100 200

~— watercourse A
[] doline
[ lithological boundary

; . ;i H i i Scale: 1:15.000
Figure 2: An example of an oﬁget of the ||t_h0|og\;a| map in rg\atlon t0 Sourees: ARSD 2022, Cave Register IZ8K ZRC SAZU /125,
the qther layers on the S margin of Cerknica Polje, resulting in a false Hrvatin 2016, Miheve and Miheve 2021
spatial overlap of the layers.

118



Acta geographica Slovenica, 63-1, 2023

karst in dolomite: where dolomite is indicated as the only or predominant lithology in the description

of the basic geological map (e.g. dolomite, grey dolomite, sometimes with chert, dolomite with lime-

stone lenses);

o karst in limestone and dolomite: the description of the lithostratigraphic units mention both limestone
and dolomite without indicating which of the lithologies predominates (e.g. grey limestone and
dolomite, white limestone and granular dolomite);

o karst in clastic carbonate rocks: lithostratigraphic units of pre-Holocene cemented clastic carbonate

rocks (e.g. insets of banded limestone between Lower Carboniferous clastites, Oligocene limestone

breccia, limestone breccia);

carbonate till-covered karst: covered karst, where glacial carbonate till is deposited on the surface (e.g.

moraine, older consolidated moraine);

karst in flysch: where the predominant lithology is flysch or sedimentary rock characterised by alter-

nating layers of fine grained and coarse grained sedimentary rock (e.g. flysch, breccia deposits, conglomerates

and calcareous sandstone in flysch);

fine grained sediment-covered karst: covered karst, where fine grained sediments are deposited over

the karst surface (e.g. bauxite clay, alluvium: predominantly clay and sand);

carbonate gravel-covered karst: covered karst, where unconsolidated gravel is deposited (e.g. slope grav-

el, gravel, partially consolidated slope breccia).

For each polygon, the area was calculated. In conducting the visual inspection, we encountered many
cases where there was a dilemma as to whether a particular lithology should be classified as karst or not.
Blind valleys are characteristic contact karst landforms. The inflow part, which usually consists of a flu-

vial part, usually forms on non-carbonate (non-karstic) lithologies, e.g. shale, sandstone, flysch. At the contact
with carbonate rocks, a broader and shallower surface is covered by the non-carbonate alluvium overly-
ing the deeper carbonate rocks. In terms of surface lithology, these areas were mapped as areas of Quaternary
alluvium. During visual inspection, such polygons were cut into two parts — the tributary area formed on
non-carbonate lithologies was defined as non-karst areas, while the lower parts covering the carbonate

rocks were defined as karst (Figure 3).

® cave ~— watercourse [ | lithological boundary [ karst A

Scale: 1:50.000
Sources: ARSO 2022; Cave Register IZRK ZRC SAZU / JZS; Hrvatin 2016; Mihevc and Mihevc 2021

Figure 3: Example of a blind valley where the lithologic polygon has been cut to distinguish between the inflow area (non-karst area) and an outflow
area (karst area). Left: polygons before cutting; right: polygons after cutting.
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In Slovenia there are numerous areas where covered karst occurs. Some areas of corrosional plateaus
in SE Slovenia and most poljes have Quaternary alluvial sediments deposited on the surface and are marked
as such in the lithological map. Therefore, in determining the areas of alluvial deposits on the poljes, we
used the locations of karst poljes according to Stepisnik (2021). A similar method was used in the area of
the Kras Plateau and corrosional karst plateaus in the SE part of Slovenia, where a large part of the sur-
face is covered with Plio-Quaternary sediments, e.g. terra rossa (Figure 4).

Fluviokarst areas are karst areas where the surface is subjected to severe mechanical weathering. Most
often, this type of karst is present on dolomite bedrock, which is why dolomite karst is also used as a syn-
onym for fluviokarst in the literature (Gabrovec 1994; 1995; Komac 2003; 2004; 2006; Gostincar 2016).
Fluviokarst environments are also common on impure limestones and in tectonically deformed areas (Rogli¢
1958; Gostincar 2016; Stepisnik 2021). Fluviokarst environments are characteristic only of slopes on these
rocks, where all precipitation does not drain vertically through the weathered mantle into the karst aquifer,
but in some cases also drains superficially. Surface flows reshape the surface through erosion and accu-
mulation processes. For this reason, identifying karst areas in fluvial karst regions is challenging because
the surface does not have karst surface morphology but has landforms typical of fluvial areas. The delin-
eation of the extent of this karst type was based on the extent of the lithological units. When karst, especially
caves and dolines, were found in the flat areas of a lithological unit, the entire lithological unit was defined
as a karst area, even if it contained only fluviokarst landforms.

A similar solution to that used in determining the extent of fluviokarst areas was also used in deter-
mining the extent of karst in high mountain environments. Karst slopes in high mountains are modified by
the interaction of fluvial, nival, and glacial processes. These slopes generally do not have karst depressions,
although they are karst areas with predominant subsurface water drainage. Therefore, when determining the
extent of karst in the high mountainous areas, the lithological units were determined as karst if the same
units had been identified as karst in other (non-mountainous) areas.

0 400 800 N 0 0.5 1
S A

® cave -~ watercourse [ |doline [ ] lithological boundary [l Kkarst

Scale: 1:50,000 (left); 1:75,000 (right)
Sources: ARSO 2022; Cave Register IZRK ZRC SAZU / JZS; Hrvatin 2016; Mihevc and Mihevc 2021

Figure 4: Examples of covered karst. Left: the Rakek—Unec Polje (lithology: Q alluvium —silt, clay, sand), right: doline-dissected karst of White Carniola
(Bela krajina), covered with brown clay and terra rosa (Q, PI).
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The areas of carbonate conglomerates that make up part of the intermountain basins are also karst
areas. In these lithological units, the extent of karst has been defined solely on the basis of surface formations,
dolines and caves, and the absence of a surface river network. The lithological units that exhibited these
features were defined as karst areas.

4 Results and discussion

A spatial database was created in the form of a polygon shape file (.shp) containing data on the occur-
rence of karst and the lithological type of karst for each of the 1:100,000 scale lithological polygons in Slovenia.
With the help of a spatial database, we can calculate and map the distribution of karst in Slovenia very
accurately.

So far, data layers on karst distribution in Slovenia were either created at a small scale and used only
as overview maps (e.g. 1:750,000 and smaller), or the maps were produced before the creation of basic
1:100,000 scale geological maps for the territory of Slovenia (created in 1968-1998), they were not creat-
ed using modern GIS technologies that allow the creation of accurate spatial data, or they were created at
a smaller scale than the data layer presented in this article. Our data layer on karst distribution also includes
areas with karst poljes, which many authors did not include in their studies, although karst poljes are one
of the larger and more characteristic forms of the karst surface.

There are 12,734 polygons in the data layer — due to polygon cutting (as described in the methodol-
ogy chapter), the number of polygons has increased compared to the initial layer of lithological units
(Zemljevid tipov kamnin 2012). The polygons are divided into eight different karst types based on the lithol-
ogy: karst in limestone, karst in limestone and dolomite, karst in dolomite, karst in clastic carbonate rocks,
carbonate-gravel-covered karst, fine grained sediment-covered karst, carbonate till-covered karst, and karst
in flysch.

@® cave

~—~ Wwatercourse

[ doline
[1 lithological boundary
I Karst

Scale: 1:20,000
Sources: ARSO 2022; Cave Register IZRK ZRC SAZU / JZS; . . . X . o
Hrvatin 2016; Miheve and Miheve 2021 Figure 5: Conglomerate karst with typical circular depressions, indicating

the presence of karst.
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In identifying karst areas, only surface lithology and morphology were considered. Non-exposed out-
crops of karstified rocks, such as karstified strata beneath surface, non-karstified surface strata (flysch
megabeds; Placer et al. 2004) or karst in mines (e.g. Sarc et al. 2022), were not considered in our method.

The results of the spatial analysis show that karst occurs on 49.7% of the total area of Slovenia, i.e.,
about half of the country is karstified (Figure 6). The largest karst area in Slovenia is occupied by karst in
limestone (24.6%), followed by karst in dolomite (12.4%) and karst in mixed lithology of limestone and
dolomite (1.9%). Karst on relatively pure carbonate rocks occupies a total of 38.9% of the area of Slovenia.
Karst in carbonate-clastic rocks has developed on 5.1% of the area. Other karst types in Slovenia, based
on the lithology, are carbonate gravel-covered karst (2.5%), fine grained sediment-covered karst (2.0%),
carbonate till-covered karst (0.8%) and karst in flysch (0.5%) (Table 1).

Analysis of lithological types shows that 50% of the total karst in Slovenia was formed in limestones,
25% in dolomites, and another 4% in mixed limestone-dolomite lithologies. Karst on carbonate rocks has
developed on 78% of the karst areas in Slovenia, and as much as 22% of the total karst has developed in
other lithologies (including unconsolidated carbonate sediments, such as gravel or glacial till). These val-
ues show the importance of an integrated approach to defining karst in Slovenia, because if we equate the
extent of carbonate rocks and karst, we cannot identify more than one fifth of the karst area in Slovenia
(Figure 8).

Our approach has allowed us to include a wide range of lithologies where karst occurs, which was not
possible with other methods, even though these karst areas and features have been described in the liter-
ature. For example, conglomerate karst (Zlebnik 1978; Gabrovsek 2005; Kranjc 2005; Lipar and Ferk 2011;
2022), karst in flysch layers (Miheve 1992; Staut 2003; Knez and Slabe 2011; Bozi¢ 2021), karst in brec-
cias (Knez, Mihevc and Slabe 2007), covered karst (Knez and Slabe 2007; Gams, Otonicar and Slabe 2011).

Karst in limestone occurs in larger compact areas in the Karst Plateau, Podgorje Karst Plateau and
Podgrad Lowland, where it is formed in combination with dolomite karst. Limestone karst is also found
in the compacted areas of the Javorniki Hills, the Upper Pivka River, and Sneznik Plateau, where it partly
alternates with dolomite. The high Dinaric karst plateaus of the Trnovo Forest Plateau (Trnovski gozd),
Mount Nanos, the Hrusica Plateau, and the Menisija Plateau, as well as the southwestern part of the Gotenica
Mountains (Goteniska gora), the Big Mountains (Velika gora), the Little Mountains (Mala gora), the Little
Kocevje Mountains (Kocevska Mala gora), the Kocevje Rog Plateau (Kocevski Rog), the Mount Poljane
(Poljanska gora), and Dry Carniola (Suha krajina). Limestone karst is present in White Carniola (Bela kra-
jina), where it mainly alternates with fine grained sediment-covered karst. In the high mountain regions
of the Julian Alps and the Kamnik-Savinja Alps, limestone karst mainly alternates with dolomite karst and
carbonate till-covered karst. Karst in dolomite is the predominant karst type in the Idrija—Cerkno Hills

Table 1: Spatial distribution of karst in Slovenia based on lithology.

Karst type based on lithology Number of polygons Area (km?) % of surface

karstin limestone 2023 4993.0 24.6

karstin limestone and dolomite 143 385.5 1.9

karst in dolomite 1464 2504.6 124

karst in clastic carbonate rocks 1336 1033.4 51 karst
carbonate gravel-covered karst 670 5019 25 49.7%
fine grained sediment-covered karst 381 4140 20

carbonate till-covered karst 169 153.6 08

karst in flysch 136 972 05

non-karst area 6412 10,189.8 503

SUM 12,734 20,273.0 100

Figure 6: Spatial distribution of karst in Slovenia in various lithological units. » p. 123
Figure 7: Spatial distribution of karst in Slovenia. » p. 124
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and on the northern edge of the Trnovo Forest Plateau. It also makes up a large part of the Inner Carniola
karst (Notranjsko podolje): the Menisija Plateau and Bloke Plateau and, south of Loski Potok, the area sur-
rounding Osilnica and Kostel. Dolomite karst forms the southeastern parts of the Little Ko¢evje Mountains
and the Kocevje Rog Plateau. In the southern part of the Sava Hills, dolomite karst mainly alternates with
karst in clastic carbonate rocks, whereas in the central part it mainly alternates with karst in limestones.
Areas where karst in clastic carbonate rocks is formed are usually highly fragmented. This type of karst
is found in the Idrija-Cerkno Hills and the Polhov Gradec Hills, in the Krim Hills, on the Bloke Plateau,
and in the Velike Lasce region. Karst on clastic carbonate rocks is the predominant type of karst in the
Sava Hills and in the Gorjanci Hills, where it mainly alternates with karst in dolomites. This karst type
exists in the Kozje Hills (Kozjansko) and in the northeastern part of the Kamnik-Savinja Alps and Kozjak,
where it alternates with limestone and dolomite karst. Carbonate gravel-covered karst occurs in river basins
with higher potential energy, namely in the Julian Alps and the Kamnik-Savinja Alps. Larger compact areas
of this karst type are formed in the broad floodplain of the Sava River; namely, the Kranj-Sora Polje, the
Dobrave, and the Udin Borst. The fine grained sediment-covered karst type is found at the bottom of
the poljes of the Inner Carniola (Notranjska) and Lower Carniola (Dolenjska) karst — poljes in the catch-
ment area of the Ljubljanica and Krka rivers, where the karst is mainly covered by alluvium. The fine grained
sediment-covered karst type occurs in the karst of Lower Carniola and White Carniola, where a variety
of clays, mainly from the Plio-Quaternary, are deposited over the karst surface (e.g. bauxite clay). The largest
areas of carbonate till-covered karst are the Julian Alps and the Kamnik-Savinja Alps, where glacial tills
are mainly deposited on high karst plateaus (the Pokljuka Plateau and Jelovica Plateau), where they most-
ly alternate with karst in limestone. Carbonate till-covered karst is also located at the bottoms of valleys
that were influenced by glaciation in past climatic periods. Furthermore, this type of karst is found in the
Sneznik Plateau. Karst in flysch occurs in western Slovenia — namely Kambresko and in the Vipava Valley
(known as Planina breccia). Our method did not detect karst in the flysch megabeds of Slovenian Istria.

karst in limestone carbonate till-covered karst
fine grained sediment-covered karst and dolomite 1%
4% 4%
karst in flysch

1%

carbonate gravel-covered karst

5%
T
L
karst in clastic
carbonate rocks —_

10% s
~ karst in limestone

50%

karst in dolomite
25%

Figure 8: Distribution of different karst lithologies in Slovenia.
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5 Conclusions

In the long history of Slovenian karst research, there have been numerous attempts to determine the spa-
tial distribution of karst using various methods. Early approaches relied on characteristic landforms such
as karst depressions, poljes, and caves, since few geological data were available. More recent studies have
focused on areas of carbonate rocks, where the presence of surface morphology, cave entrances, and the
absence of a surface river network are consistent. However, these approaches were only partially success-
ful because they failed to identify all karst areas in Slovenia, considering only »pure« carbonate lithologies
and often omitting large areas, usually within karst poljes.

Using advanced GIS technologies and more accurate data layers on lithology, hydrology, and digital
relief models, we conducted a two-step identification of karst areas in Slovenia. The first step consisted of
overlays of GIS, followed by a manual review of the data layer for lithology. In this way, we were able to
determine the spatial distribution of karst in Slovenia and create a comprehensive digital spatial database
that contributes to the broader understanding of the Slovenian environment.

Karst covers a significant part of Slovenian territory, and many water sources are located in karst aquifers.
The spatial data on karst distribution, when combined with other spatial data such as subsurface water flow,
can play an important role in the integrated management of surface and subsurface karst areas. Identification
of karst areas has several implications, such as designating karst aquifers for effective management and pro-
tection, planning forest management, determining eligibility for agricultural subsidies, and supporting glacial
geomorphology research.

The digital format of the data layer produced allows for immediate further processing and enhance-
ment by the karst research community, as well as the creation of digital or web materials and content layers
in GIS applications. This study not only provides valuable insight into the extent and diversity of karst in
Slovenia, but also provides a solid foundation for future research and management efforts related to this
unique and important landscape.
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