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Analysis of Karst Surface Anisotropy Using Directional Semivariograms, Slovenia

TIMOTES VERBOVSEK'

Abstract—The paper presents a study of the anisotropic prop-
erties of the karst surface through the use of semivariograms. Karst
is formed by hydrogeological and tectonic deformations that
determine the surface and subsurface characteristics of the area.
Among the most prominent surface features are dolines, which
generally form in a linear direction. Semivariograms can be used to
determine both the preferred direction of anisotropy and the degree
of anisotropy. The surface exhibits the greatest elevation variability
in the direction of the most diverse terrain, corresponding to
dolines. The results, based on the eight karst areas studied, show
that it is possible to detect and, more importantly, quantify aniso-
tropy in all karst areas, although in some cases it is impossible or
difficult to detect visually. The directions of the semivariograms
agree very well with those obtained from the visual inspection of
the maps, as well as with the orientations of the main faults. The
method is therefore very useful for quantitative determination of
anisotropy and its interpretation could be greatly improved by
using the detailed structural geological maps of the karst.

Keywords: Karst, dolines, anisotropy, semivariogram, surface
variability, Slovenia.

1. Introduction

The influence of tectonics on karst morphology
and quantitative geomorphological approaches were
recognized early in karst research (Evans, 1972;
Jennings, 1975; White & White, 1979; Williams,
1972a, 1972b) and the influence of faults on car-
bonate relief and karst hydrology is a well-known fact
(Ford & Williams, 2007). Among the most studied
karst features are dolines, and although they are
obvious geomorphological objects, their origin and
even delineation are still problematic (Basso et al.,
2013; Bauer, 2015; Bondesan et al., 1992; Denizman,
2003; Evans, 2012; Ford & Williams, 2007; Sauro,
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2003; gegina et al., 2018; Verbovsek & Gabor, 2019).
Dolines are usually not randomly distributed in space,
but follow tectonic structures, mostly faults and
fracture zones which generally determine Xkarstic
topography and hydrogeology (Bauer et al., 2016;
Car, 1982, 1986, 2001, 2018; Miheve & Miheve,
2021; guéteréié, 2002, 2006; Zvab RoZi& et al., 2015).

Located at the junction of the Pannonian Basin,
the Alps, and the Adriatic Sea, Slovenia has a strong
topographic relief and a diverse geological setting
(Fig. 1). One of the most known geological charac-
teristics of Slovenian landscape is karst. This term
was originally named after the Slovenian geographic
region Kras (Classical karst, a carbonate plateau
located between the Gulf of Trieste in the west and
the Friulian plain in the northwest), and consequently
this term Kras entered the world terminology in its
equivalent German form Karst. Classical karst is part
of the Dinaric karst, a well-studied region that
extends from Slovenia through Croatia, Bosnia and
Herzegovina (Fig. la), and further towards the
southeast through Montenegro into Albania (Ford &
Williams, 2007; Mihevc et al., 2010). About 43% of
the area of Slovenia is composed of karst rocks, 8%
of which are dolomites (Gams, 2004), and these karst
rocks cover mainly the alpine NW part of the country,
the Dinaric carbonate mountains and hills in the SE
and SW and occur only as isolated karst patches in
the north-eastern areas towards the Pannonian Basin.
Carbonates formed almost continuously over a long
period of time, with the oldest limestones in the
Devonian, and later continuously from the Upper
Permian through entire Mesozoic and some isolated
limestones in the Miocene (Ogorelec, 2011; Ogorelec
et al.,, 2000). The almost continuous deposition of
carbonates has resulted in a sequence of carbonates
over 7 km thick, with very different sedimentological

X Birkhauser


http://orcid.org/0000-0002-1908-5759
http://crossmark.crossref.org/dialog/?doi=10.1007/s00024-023-03411-x&amp;domain=pdf
https://doi.org/10.1007/s00024-023-03411-x

234 T. Verbovsek
and hydrogeological characteristics (Verbovsek,
2008; Verbovsek & Veselic, 2008).

Because of this variety of different carbonates and
the existence of large areas of karst rocks, the
Slovenian territory is very suitable for the study of
karst. The focus of the work is on the study of the
anisotropy of the karst surface, which corresponds to
the tectonic elements. We have used surface mor-
phology to analyze the effects of anisotropy using
directional semivariograms. Consequently, when the
surface is flat, it is isotropic. However, the karst
surface often has multiple dolines that may be visu-
ally randomly distributed in space. As mentioned
earlier, dolines often appear in a linear direction
corresponding to the direction of the fault or fracture
zone, and the variability of the doline-pitted surface
can be quantified.

Karst anisotropy can be of great help in studying
the initiation and evolution of the karst area, which is
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usually determined by structural mapping of the karst
(Car, 1982, 2001, 2018; Zvab Rozi& et al., 2015).
These data can then be used for further hydrogeo-
logical studies by correlating the determined
directions with groundwater flow directions. How-
ever, this is not always directly possible because
groundwater flow is affected by changes in rock
conductivity, as tectonic deformation affects karst
rocks very differently—their groundwater conductivity
can either increase or decrease in different tectonic
zones, and such complex behavior can even occur in
the same fault (Bauer et al., 2016; Caine et al., 1996;
éar, 1982). Groundwater is often deflected from its
general direction (gradient) and directed into so-
called collecting channels by deflection faults (Sus-
tersic, 2002, 2006). Consequently, the locations of
karst springs can also be associated with the direction
of groundwater flow, and the actual flow of water can
be confirmed by tracer tests (unfortunately, such

Hungary |

Figure 1
a Inset of Slovenia, b Lithological map (scale 1:250,000) showing stugdy areas (Buser & Komac, 2002). Simplified legend for the southern part
of the country in chronological order: Dark brown: Permian clastic rocks. Pink and purple: triassic limestones, dolomites and to a lesser extent
clastic and volcanic rocks. Blue: mostly Jurassic limestones and dolomites. Green: Cretaceous limestones and to much lesser extent dolomites.
Orange: paleocene and eocene flysch (alteration of mostly sandstones and marlstones). Gray: quaternary clastic sediments, mainly gravel.
Numbers 1-8 represent the numbers of the studied areas in the text. B. and H.: Bosnia and Herzegovina. Source of Fig. la elevations: SRTM
data (Jarvis et al., 2008)
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confirmations are beyond the scope of this study).
Since such deflection faults may be overlooked dur-
ing mapping, the orientation of the dolines and the
determined anisotropy direction of their orientation
can be of great help in the analysis of the karst ter-
rain, either for the study of the tectonic evolution of
the area or for hydrogeological research (tracer tests,
water supply and contamination studies). The aniso-
tropy direction could be combined with the
directional studies of landscape wavelengths com-
monly studied with single or double Fourier analyses
(Brook & Hanson, 1991; Harrison & Lo, 1996;
Podobnikar et al., 2019; §u§ter§ié, 1985), as these
studies also recognize the spatial variation of differ-
ent elevation wavelengths in different directions
corresponding to faults and fracture zones in car-
bonates. In general, anisotropy can also be related to
other surface roughness studies (see the work of Day
& Chenoweth, 2013) where terrain properties can be
quantified.

1.1. Geological Setting and Test Areas

The analyzed areas are all located in different
types of Jurassic and Cretaceous limestones and, to a
lesser extent, in dolomites and carbonate breccias.
Other ages of carbonates were also considered for this
study, but the selection of areas was severely limited
by the spatial extent of the carbonates and also by the
presence of dolines, which were necessary to conduct
this study. A brief summary of the lithologic units is
provided in Table 1.

2. Methods

2.1. Semivariogram Analysis

Surface anisotropy was studied using directional
semivariograms to explore and interpolate spatial
data. The semivariogram is a two-dimensional mod-
eled plot that represents the dependence of the
semivariance (one-half of the variance) of the surface
elevation on the distance between pairs of sampled
points. In general, the closer the points are to each
other, the lower the variance (semivariogram) of
elevation (Liang & Xu, 2014). It therefore represents
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the spatial variability and also a ‘roughness’ of the
data, which is one of the main components of general
geomorphometry and is a function of relative surface
relief (Day & Chenoweth, 2013). The curve of the
semivariogram is fitted to the data using various
semivariogram models, and its shape is modeled by a
mathematical function. Variograms usually provide
insight into the spatial statistics of the data and are
typically used in kriging to model spatial variability
(Davis, 2002). However, they can also be used to
study anisotropy by examining the different semivar-
iograms in different directions, but such studies are
much rarer, especially in karst (Day & Chenoweth,
2013). Notable exceptions include the study of the
use of variograms to determine fractal dimensions of
terrain (McClean & Evans, 2000), the study of the
surface morphology of scree slopes (Trevisani et al.,
2009), the tectonic interpretation of the Amazonian
landscape (Ibanez et al., 2014) and the research most
relevant to karst, i.e., the study of tower and cockpit
karst (Liang & Xu, 2014), the study of cockpit karst
in Jamaica (Lyew-Ayee et al., 2007), and that of
Pardo-Iguzquiza et al. (2016) for the morphometric
analysis of karst channels, the latter two using the
directional semivariograms.

Analysis of directional semivariograms was per-
formed in ArcGIS 10.5.1 software under the
Geostatistical Analyst package (Johnston et al.,
2001) using the Geostatistical Wizard. In this study,
the stable semivariogram model was used, as it fitted
the data better than the linear, Gaussian, exponential,
or spherical models. The spherical semivariogram
model flattens faster and therefore was not applicable
to the data used. The linear semivariogram model is
also not suitable because it has a stable slope. Among
the other models, the spherical, exponential, Gaus-
sian, and stable semivariogram models were found to
be the most appropriate, and it was decided to use the
stable semivariogram model because it was the best
fit to the experimental data. The goodness of fit
curves was determined both by numerically examin-
ing the errors in the final step of semivariogram
modeling in ArcMap Geostatistical Analyst and by
visually assessing the fit curves with the experimental
data, since for some areas the fit was good for some
semivariogram models but the fitting curve deviated a
lot for an area of two. Therefore, a combination of
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both approaches was preferred. In addition, the
stable semivariogram model used is only a variation
of the exponential semivariogram model (Johnston
et al., 2001) with an exponent in the range between 0
and 2, unlike the exponential semivariogram model
which has a fixed exponent of 1, so the advantage of
the stable semivariogram model is that it can be fitted
to data with larger variations. The spherical semivar-
iogram model was only slightly worse at fitting the
curve to experimental data. In fact, there is no
agreement on the preferred semivariogram model in
the literature cited, as a K-Bessel model was used in
the study by (Ibanez et al., 2014), the logarithmic
model was used in the study by (McClean & Evans,
2000), and the spherical model was used in the study
by (Lyew-Ayee et al., 2007). The choice of model
clearly depends on the shape of the experimental
data. Some approaches even use manual estimation of
the values using a visual subjective choice of the
linear fit of the logarithmic semivariograms
((McClean & Evans, 2000).

Stable semivariogram model is defined as (John-
ston et al., 2001):

p(h; 0) = 0 [1 —exp (— %)] for all h

where 0, is the partial sill parameter and 6, > 0 is the
range parameter.

The usual results of the semivariogram are the
range, nugget, and sill values (Barnes, 2024; Johnston
etal., 2001). Range is defined as the distance at which
the model curve flattens, nugget represents the
intercept value on the y-axis, and sill is the value at
which the model first flattens out. These three values
are usually intensively studied and defined when the
goal of the research is to interpolate the data for
further study and to compare kriging with other
methods (e.g., IDW, spline, and others; Johnston
et al., 2001). However, two other important results
are calculated when examining anisotropy. The first
is the ratio between the major and minor values of the
range. This ratio is equal to one for isotropic surfaces
and increases with increasing anisotropy. The second
is the direction of the major axis, which is the
azimuth of the highest surface variability. If dolines
appear in a linear direction, the surface in that
direction has the greatest variability and consequently

blue in Fig. 2
40°, 135°

Azimuth (manual), Azimuth (BGM),
No

30°, 115°
140°

(semivariogram), red green in Fig. 2

Azimuth
in Fig. 2

120°
135°

dev

(m)
6.8

17.8

St.

Range
ratio
1.92
1.97

Visual anisotropy
anisotropy

estimation

Table 1 continued
Low/no

extent upper Jurassic dolomites
Thick-bedded micritic limestone and bituminous dolomite

Lower Cretaceous and lower part of upper Cretaceous

limestone (upper part)

Lower and upper Cretaceous limestones and dolomites, to a lesser Low anisotropy
Lower Cretaceous—Berriasian-Barremian

Alternation of limestone and dolomite (lower part), micritic

Lower Cretaceous micritic limestones, limestone breccias
Thick-bedded micritic limestone and bituminous dolomite
Lower Cretaceous and lower part of upper Cretaceous

Geological setting

Short
name
Gradac
Ravnik

BGM: Basic Geological Map 1:100,000. All azimuths are rounded to 5°

Area
No.
7

8
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<«Figure 2
Hillshaded digital elevation models of studied areas. Numbers
correspond to the area numbers (Table 1). Red directions corre-
spond to semivariogram directions, green to manual directions and
blue to major fault directions (values are presented in Table 1)

can be used for comparison with the direction of the
faults. The graphical representation of anisotropy can
also be studied using the semivariogram curves,
which are set off at 10° intervals from the determined
most anisotropic direction. When the surface is
isotropic, all the semivariogram curves overlap (all
are equal), and in the case of high anisotropy, the
curves are more separated.

The anisotropy detection workflow is defined in
the Geostatistical Analyst package (Johnston et al.,
2001). Prior to using this package, the lidar surface,
used in this study and described below in Sect. 2.2,
was transformed from a raster to a vector point layer
because the kriging in Geostatistical Analyst requires
point data for interpolation. In the first step, the
kriging method was used with Ordinary kriging since
the mean is unknown. The second step involves
semivariogram modeling where anisotropy was
defined along with all semivariogram parameters.
This step is crucial for the detection of anisotropy, as
the smaller and larger range and the direction angle
are read out. The other steps 3 and 4 represent
Searching neighborhood and Cross correlation, which
are not used for anisotropy analyzes. The determined
angle directions and minor/major ranges were then
entered into the table and figures for comparison with
the fault directions obtained from the geologic maps.

2.2. Elevation Data

For our study, we used a high-resolution (1 x 1
m) digital elevation model (DEM) of Slovenia
obtained by laser scanning (lidar) in 2014-2015
(ARSO, 2014). Scanning was performed using a
Riegl LMS-Q780 scanner, with vertical accuracy
estimated at about 2.5 cm (between 1.5 cm and 2.5
cm). Horizontal accuracy is between 1.5 cm and 2.0
cm in both N-S and E-W directions. The raster
elevations were converted into a vector layer of
1 x 1 m points used for geostatistical analysis
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(kriging). Eight areas of 2 x 2 km size were tested.
The choice of this area size was limited by the
computational limits of the software and the limits of
the lithological units, since the analyzed map should
include only the karstic terrain preferably within one
lithological unit.

Larger areas would be more suitable, because the
flattening of semivariograms would be better visible,
thus the ranges would be larger. However, two
problems arise with the incrementation of the area
size: first, the computational power of the computer
decreases rapidly with the increased number of data
(number of points), and for larger areas, it was
impossible to calculate the semivariograms. Second
problem is related to boundary conditions. By
enlargement of the areas, different geological struc-
tures are encountered, so the surface morphology
changes rapidly in different geological setting, and it
is not possible anymore to perform the analyses.
Regarding the smaller areas (1 x 1 km), this would
be possible, but then the number of data for the
semivariogram analysis would quickly decrease, and
this would implement also the lower quality of the
results. More importantly, with smaller areas it would
be quickly possible to miss the dolines appearing in
any direction, so the anisotropy effects would be
missed.

3. Results and Discussion

The highest anisotropy is seen in the limestones of
Matarsko podolje (area No. 3) with a ratio of major
and minor axis of 2.71 (Table 1). The direction
determined from the semivariogram is 130°, which is
very similar to both the visual assessment of the
“doline chain” in the hatched map and the azimuth of
the faults (120°) in the geological map (115°,
Table 1). The anisotropic surface is also evident from
visual inspection (Fig. 2). The curves of the semi-
variograms are far apart (Fig. 3), indicating quite
different statistical properties of the surface in dif-
ferent directions.

Another site in a similar geological setting with
high anisotropy is the Podgrad region (area No. 6),
where the ratio is 1.87. Despite the higher visual
anisotropy (clearer direction of dolines), the ratio is
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Figure 3
Semivariograms of the areas studied. The numbers correspond to the numbers of the areas (Table 1). For comparison, the distance on the
x-axis is the same for all semivariograms (1500 m), the maximum value of semivariance on the y-axis is different for the regions, as follows:
®: 320 m, @: 3129 m, ®: 251 m, @: 3041 m, ®: 14,000 m, ®: 3217 m, @: 90 m, ®: 768 m

lower than in the earlier area (no. 3), which is most
likely due to the larger standard deviation of the
surface elevation (Table 1). The Matarsko podolje
area has a standard deviation three times lower than

the Podgrad region, which leads to a more recog-
nizable automatic anisotropy. The visual estimate of
the direction of the main doline is almost identical to
that obtained from the semivariogram, and there is
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only one preferred direction. There is no preferred
direction of the faults on the geologic map for
comparison.

Area No. 7 (Gradac) appears contradictory when
comparing visual anisotropy and numerical results.
The visual inspection shows two doline directions,
but they are not very clear and the area ratio is very
high (1.92). This contradictory fact can be attributed
to a very low standard deviation of the elevations,
which is the lowest of all studied areas (6.8 m).
Dolines are therefore better detected than at the other
sites and anisotropic effects are more pronounced.
Similar to the previous region, there is no preferred
direction of faults on the geologic map.

A similar discrepancy, but not as obvious, applies
to area No. 8 (Ravnik). The range ratio is the second
highest (1.97), but the anisotropy is more evident on
the hillshaded surface. The standard deviation is also
much higher (17.8 m) than in the Gradac region. The
visual estimate of the direction of the main doline is
almost identical to that obtained from the semivari-
ogram. Similar to the other two regions, there is no
preferred direction of the faults on the geological
map.

The Bilpa area (No. 4) is the last among the
regions with a high range ratio and has a ratio of 1.77.
The visual orientation is very clear and perfectly
coincides with the fault direction determined from the
geological map. However, the ratio is lower than in
the previously described regions, probably due to the
higher standard deviation of the elevations (32.6 m).

The lowest ratio appears in the Rog area (No. 5),
which has the highest standard deviation of elevations
(64 m). Visual anisotropy is evident, and the visual
direction of the dolines is almost corresponds to the
direction determined from the semivariogram. The
direction of the faults on the geologic map deviates
slightly, about 35°. However, the ratio is quite low,
which can be attributed to the highest standard
deviation of the elevations, which obscures the
recognition of doline orientations and anisotropy
calculations. The curves of the semivariogram
(Fig. 3) are the closest of all semivariograms.

For the Kras region (area No. 1), no anisotropy is
evident, neither from the visual assessment nor from
the geological map, however the semivariogram
shows a direction of 65°. The standard deviation of
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the elevations is very low and range ratio is 1.41, the
second lowest for all regions. Therefore, the very
small anisotropic effects are a reliable conclusion.

The same range ratio (1.41) appears in the Trnovo
area (No. 2). Similar to the Rog area (no. 5), the
visual anisotropy is high, even in two directions, and
the visual directions agree very well with those from
the semivariogram and those from the geological
map. Nevertheless, the ratio is very low and the
semivariogram curves are very close (Fig. 3). This
discrepancy can be attributed to a rather high stan-
dard deviation of the elevations, which obscures the
detection of doline alignments.

The above directions (azimuths) were also com-
pared with the general directions of the water tracer
tests carried out in Slovenia between 1905 and 2019.
The GIS database was compiled from more than 200
tracer tests (PetriC et al., 2020), which were already
documented in 1946, 1989 and 1990 (Petri¢, 2009).
The directions were taken from the GIS data layer
“Groundwater connections”, which shows the con-
nections between the injection points and the
sampling points of the tracer tests. It is important to
note that these connections are linear and were
determined by simple GIS connections between two
points, so they do not represent the actual pathways
of the groundwater.

Due to the problems with very simplified (aver-
age) groundwater directions and the fact that the
studied areas are consequently crossed by numerous
water flow directions, a general comment is given for
each area and no numerical indication is given for
each of the numerous tracer directions. In general, for
half of the areas, the agreement between the tracer
test direction and the directions of the major faults,
the semivariogram and the manual directions is
moderate to good (areas no. 3, 4, 5 and 6, Fig. 4). The
problem is that in most regions there are several
groundwater flow directions due to the bifurcation of
groundwater flow in the karst. In some regions the
“groundwater connections” do not cross the investi-
gated areas or there is only one connection (areas 1,
2, 7), so that a comparison is not possible. For area
no. 8, most of the groundwater directions are to the
north, but the orientation of dolines and faults is not
similar. Thus, despite the initial “tempting” idea of
using the directions of the tracer tests, a comparison
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Groundwater connections of the tracer test database for the studied regions. The extent of all four regions is 24 x 24 km. Source of the tracer
test data: Petric et al., 2020. Source of topographic data: The Surveying and Mapping Authority of the Republic of Slovenia, Topographic map

1:250,000)
with the directions of the main faults, the semivari- 4. Conclusions
ogram and the manual directions of the dolines is
unfortunately not useful. The reason for the poor The anisotropy of the karst surface is very pro-
agreement is, as mentioned in the “Introduction” nounced and the dolines occur in preferential
section, that the groundwater is often deflected from directions. An important fact is the recognition of
its general direction (Sustersi&, 2002, 2006) along the anisotropy by the semivariogram method in the areas

tectonic elements. that are visually isotropic or where it is difficult to
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detect the anisotropy visually. Most importantly,
anisotropy can be quantified by identifying two fac-
tors: first, the preferred direction of the most varying
surface elevation, and second, the variability of ele-
vations in those directions.

Using only the semivariogram curve analysis or
the ratio between the major and minor ellipse axes is
not recommended, as all results should be analyzed
by combining the visual approach and the analysis of
fault directions. The variation of the standard devia-
tion of the surveys is also an important factor as it
affects the variation of the results, and it is known
that data variability has a negative impact on the
performance of spatial interpolation methods (Li &
Heap, 2014), and high values of standard deviation
indicate a higher degree of uncertainty (Trevisani
et al., 2009).The lower the standard deviation, the
more reliable the conclusions about the anisotropic
properties of the studied surface. The method is not
only suitable for areas with low topographical relief
(plains), as the areas with lower standard deviation
can also occur at higher altitudes (e.g. a karst
plateau).

The preferred directions agree very well with the
manually estimated directions of doline alignments
and main fault directions from the geological maps.
The “manually estimated directions” were drawn
according to the existing fault traces on the geologi-
cal maps, so that no subjective factor influenced the
direction. However, it should be noted that the scale
taken for estimation of fault directions was 1:100,000
scale, which is not directly suitable for the 2 x 2 km
areas studied. The problem is the lack of more
detailed systematic geological maps. For the area of
Kras (No. 1), the map exists at the scale of 1:25,000,
but consequently the results would not be comparable
with other regions if all other areas had a different
scale. Also, the map is available only for this region,
and only in a printed form, which consequently
would had to be manually georeferenced, leading to
errors in both location and rotation of the spatial data.
An appropriate and proposed solution (but beyond the
scope of this study) would be detailed structural-ge-
ological mapping at finer scales, which would
determine not only the more precise location and
number of faults, but also the different types of fault
zones that influence the formation and development
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of dolines. In Slovenia, there are few examples of
such mapping (pioneering work in structural geo-
logical mapping by Breg Valjavec et al., 2022; Car,
1982, 1986, 2001, 2018; Sebela, 1998; Vrvisar,
2016; Zvab Rozi& et al., 2015), although these pub-
lished works cover different areas than those in our
study. Future work will therefore focus on the study
of surface anisotropy in combination with detailed
structural-geological mapping and karst surface nec-
essary for understanding the evolution of the karst
surface. The determined directions of the dolines
could also be used for further hydrogeological
investigations by correlating the determined direc-
tions with detailed groundwater flow directions. As
mentioned above, there is a large GIS database of
tracer tests conducted in Slovenia (231 tracer tests;
Petric et al., 2020), but a comparison does not provide
useful results due to the very simplified groundwater
connections from the source to the tracer measure-
ment points. Finally, groundwater flow is often
diverted from the direction of the groundwater gra-
dient and directed into collector channels, as
evidenced by collapse doline studies (Sustersic,
2002, 2006). Such deflection occurs due to changes in
the hydrogeological properties of the rocks as a result
of tectonic influences and the resulting karstification
of the rocks (Car, 1982). The only method to study
these effects is detailed structural mapping of the
above-mentioned area.
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