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Abstract: The research area is located on the boundary
between two Paleozoic structural units: the Radom–
Kraśnik Block and the Mazovian–Lublin Basin in the
southeastern Poland. The tectonic structures are sepa-
rated by the Ursynów–Kazimierz Dolny fault zone. The
digital terrain model obtained by the ALS (Airborne
Laser Scanning) method was used. Classification and
filtration of an elevation point cloud were performed.
Then, from the elevation points representing only sur-
faces, a digital terrain model was generated. The model
was used to visually interpret the course of topolinea-
ments and their automatic extraction from DTM. Two
topolineament systems, trending NE–SW and NW–SE,
were interpreted. Using the kernel density algorithm,
topolineament density models were generated. Using
the Empirical Bayesian Kriging, a thickness model of
quaternary deposits was generated. A relationship was
observed between the course of topolineaments and the
distribution and thickness of Quaternary formations.
The topolineaments were compared with fault directions
marked on tectonic maps of the Paleozoic and Mesozoic.
Data validation showed consistency between topolinea-
ments and tectonic faults. The obtained results are en-
couraging for further research.
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model, geostatistics, Lublin Upland

1 Introduction

The issue of neotectonic activity in the southwestern part
of the Lublin Upland has not received much attention so
far. The research area is located in the Teisseyre–Tornquist

tectonic zone and in the Ursynów–Kazimierz fault zone [1].
The latter is located at the boundary between the Lublin
Basin and the Radom–Kraśnik Block [2] (Figure 1). In the
literature, this zone was described as a single normal fault
[2–6]. Other researchers believed that it was a complex of
steep inverted faults [7,8]. According to ref. [9,10], these
are steep inverted faults formed as a result of slidingmove-
ments. Another view was presented by ref. [11] who con-
siders the Ursynów–Kazimierz fault zone to be single
overlaps propagating from the SW. This zone is also
marked in satellite images in the form of clear photolinea-
ments [12]. The analysis of satellite images, digital terrain
models, and geophysical data is often used in geology to
interpret and determine the course of lineaments [13,14].

The fundamental concept of lineaments was intro-
duced by ref. [15] and described it as significant lines in
the Earth’s landscape which reveal the hidden architec-
ture of the basement. Since then, several definitions have
been put forth by many studies such as refs. [16,17],
which have defined lineaments as mappable linear or
curvilinear features of a surface whose parts align in a
straight or slightly curving relationship that may be the
expression of a fault or other linear zones of weakness as
derived from remote sensing sources such as optical ima-
gery, radar imagery, or digital elevation models.

In a lineament mapping procedure, the lineaments
are often visually identified by an interpreter (e.g., a geol-
ogist), which implies that the obtained lineaments are in
some way subjective interpretations and that they often
are extracted manually, e.g., lineaments from the remote
sensing data are hand-drawn on transparent overlays
[18]. This methodology produces results to a large extent
that cannot be reproduced because the identification
criteria are not agreed upon by different analysts and
usually cannot be expressed in quantitative terms but,
rather, are based on sensory impressions. Practically, all
geologic work includes some amount of subjective interpre-
tation, but it is desirable tominimize this kindofuncertainty.
Lineament extraction could be more highly valued if the
results were reproducible. This would be achieved by using
some form of automatic, or criteria-based, lineament extrac-
tion algorithm [19]. Therefore, a large number of researchers
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have designed and implemented a series of automatic inter-
pretation algorithm [20]. This work presents a comprehen-
sive approach to use GIS techniques. A combination of the
traditional method and the automatic lineament extraction
method was used. The Geographical Information System
(GIS) technique has become an indispensable tool in the
analysis of lineaments because of its ability to process
quickly, store results quantitatively, and also to generate
maps that facilitate the study of their spatial distribution.
In remote sensing images, geological lineaments show up
as lines or linear structures that are significantly brighter or
darker than the backgroundpixels. Such lineaments include
faults and fractures that have obvious displacement, rup-
tures that have no significant fracture displacement (e.g.,
joint zones, cleavage belts, structural fissures, and tectonic
crush zones), and large crustal fractures, deep faults, buried
faults, linear microgeomorphological features, and linear
traces that reflect abnormal hues. Their occurrence is used
to identify the geological structure and neotectonic activity.
Especially, the analysis of relief on digital terrain models

combined with field studies provides a lot of information
on the neotectonic activity. Often, geological and geomor-
phological surveys conducted in the field can help identify
the occurrence of neotectonic processes. According to ref.
[21], theUrsynów–Kazimierz fault zone is visible in the land-
scape around Dobre. A pronounced morphological slope
that has neotectonic genesis occurs in that area. According
to ref. [22], themainstageof theneotectonic riseof theLublin
Upland and Roztocze began already in the early Pleistocene.
The reactivation of old faults and the formation of neotec-
tonic trenches took place mainly in the late Sarmatian and
early Pleistocene [23]. According to ref. [24], the amplitude
of the Quaternary vertical movements in this region of
the Lublin region was about 50 m. Therefore, this could
have triggered strong erosion processes leading to sedi-
ment removal. Currently, neotectonic movements are at
0.5 mm/year [25–27] (Figure 2).

Therefore, the question arises what is the relation-
ship between the thickness of the Quaternary deposits
and their distribution and the activation of neotectonic

Figure 1: Study area location and geological setting.
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movements. This is an important question because very
weak seismic shocks with magnitude values from 1 to 2
on the Richter scale are still recorded here (http://www.
isc.ac.uk). Which may suggest a contemporary weak tec-
tonic activity in this area. Therefore, the question arises
what is the relationship between the thickness of the
Quaternary deposits and their distribution and the acti-
vation of neotectonic movements. This is an important
question because very weak seismic shocks with magni-
tude values from 1 to 2 on the Richter scale are still re-
corded here (http://www.isc.ac.uk). It may suggest a con-
temporary weak tectonic activity in this area.

2 Geomorphological and
geological characteristics of the
study area

The Nałęczów Plateau is different from the monotonous
Bełżec Plain. The plateau is heavily cut with a network of

dry valleys and gorges. These incisions are associated
with the occurrence of a thick loess cover. The top area
of the hills gives a homogeneous hypsometric surface at
200–220m a.s.l. The axis of the plateau trends WNW–ESE,
following the Upper Cretaceous layers. The Chodel Basin is
a triangular depression adjacent to the Vistula valley from
the east, extending over a distance of 20 km. It is a sub-
sequent denudative depression created in the outcrop area
of low-resistant Upper Maastrichtian marl, marly lime-
stone, and chalk. From the northeast, it borders with the
Bełżec Plain and from the south with the Urzędów Hills
(Figure 3).

These are plateaus in character with flat hills, cut by
river valleys, and gorges characteristic for loess areas. The
nature of the valley varies greatly depending on the hard-
ness of the Upper Cretaceous rocks. Geologically, the
research area is located within the Paleozoic Radom–
Kraśnik Elevation, which is the basement of the southwes-
tern flank of the Lublin Basin. It separates the rigid East
European platform from the folded structures of Western
Europe. The Paleozoic basement is located at a depth of
1,000–1,500m. It is composed of Devonian limestones

Figure 2: Vertical movements in the Kazimierz Dolny region. According to ref. [25–27].
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and dolomites, as well as Carboniferous mudstones, clays,
and sandstones. The Upper Jurassic sediments are lying
inconsistently above the Paleozoic deposits. Upper
Cretaceous deposits lie in the Jura deposits. The Upper Cre-
taceous is represented by Cenomanian, Turonian, Coni-
acian, Santonian, Campanian, and Maastrichtian deposits
[28]. Quaternary sediments occur only locally in this area.
The southwestern part is covered with a thick layer of loess
20m. The loess layer is underlain by Middle Polish glacia-
tion, e.g. glacial sands and gravels, and residual sands with
boulders and clays.

3 Methods

3.1 Data preprocessing

3.1.1 Digital terrain model (LiDAR–DTM)

The elevation data from the flood-prevention ISOK pro-
ject were used for studying topography. The products of
the ISOK project are provided by the Geodesic and Carto-
graphic Documentation Center in Warsaw (www.codgik.
gov.pl). The data obtained during laser scanning are
saved in the form of ASPRS LAS files called LAS (Laser
File Format). The scanning density was four points per
square meter. The primary processes for processing the
points cloud provided by the ALS scan are classification

and filtration [29]. Elevation data were acquired in Sep-
tember 2014. The DTM generation process involved the
classification of the points cloud. The points cloud was
divided into the following layers: surface, low vegetation,
medium vegetation, high vegetation, and buildings. Then,
the tools available in the QCoharent software were applied
to filter the points related to the surface topography from
the cloud. The next step was the interpolation of elevation
points using the deterministic algorithm IDW (Inverse Dis-
tance Weight). The effect was a DTM with a grid mesh size
of 10m.

3.1.2 Edge detection

Er Mapper and QGis software were used to detect edges
on the LiDAR–DTM model. After importing the digital
terrain model into the Er Mapper program, two high-
pass filters were used for further analysis: Sharpen.
11.ker and a Gaussian filter. Both filters have significantly
improved the readability of the surface relief of the digital
terrain model. Then, DTM was imported into QGis. The
Terrain surface classification algorithmwas used to classify
the edges. This algorithm is often used in machine learning
used in neural networks [30]. The Laplacian filter kernel
plays a key role in this algorithm. The Laplacian is a 2D
isotropic measure of the second spatial derivative of
an image. The Laplacian of an image highlights regions
of rapid intensity change and is therefore often used
for edge detection (see zero-crossing edge detectors).

Figure 3: The geomorphological setting of the study site.
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The Laplacian is often applied to an image that has first
been smoothed with something approximating a Gaussian
smoothing filter to reduce its sensitivity to noise. As a result
of the classification, four classes were obtained. Three
classes representing different types of edges were used
for further analysis.

3.1.3 Lineaments extraction

In ArcGis.10.6, automatic vectorization of the results of
the digital terrain model classification was performed.
Before automatic vectorization, the raster was cleaned
of individual pixels and various artifacts. The program
only vectorizes lines, does not recognize symbols or texts.
It also does not keep the colors or the line thickness.

3.2 Geostatistical modeling

3.2.1 Kernel density algorithm

In statistics, kernel density estimation is a nonparametric
way to estimate the probability density function of a
random variable. Kernel density estimation is a funda-
mental data smoothing the problem where inferences
about the population are made, based on a finite data
sample [31]. The studied random variable can be one-
or multidimensional. Belonging to a group of nonpara-
metric methods means that when using them, a priori
information on the type of distribution is not required.
The classic parametric methods of density estimation
required a prior determination of this type, after which – as
part of their application – only the values of existing para-
meters in its definition were determined [32].

3.2.2 Empirical Bayesian Kriging

Empirical Bayesian Kriging automates the most difficult
aspects through a process of subsetting and simulations.
The EBK process implicitly assumes that the estimated
semivariogram is the true semivariogram for the interpo-
lation region and a linear prediction that incorporates
variable spatial damping. The result is a robust non-
stationary algorithm for spatial interpolating geophysical
corrections. This algorithm extends local trends when
the data coverage is good and allows for bending to an
a priori background mean when the data coverage is
poor [33] (Figure 4).

4 Results

4.1 Visual interpretation of topolineaments

Based on field observations, as well as the analysis of the
shaded terrain model (Figure 5) and the use of high-pass
filters, twomain topolineament systems were interpreted,
spatially orientated NW–SE and SW–NE. Three groups of
topolineaments were distinguished.
• The first group of topolineaments was interpreted in the
northern and northeastern parts of the study area.
Three main topolineaments NW–SE (1c) run hereWNW–
ESE (1a, 1b). Topolineaments 1a and 1b were formed on
lithostratigraphic boundaries between loess from the
North Polish glaciation and clays and glaciofluvial
sands from the Middle Polish glaciation. The course
of both topolineaments is emphasized by a sudden
change in terrain (about 35 m-high morphological
thresholds) (Figure 6). Topolineament 1c has been
distinguished on the lithostratigraphic boundary
between loess and terraces above the floodplain ori-
ginating from the North–Polish glaciation in the Vis-
tula valley. It is also distinguished in the land relief
by a distinct, over 75 m-high escarpment (Figures 7
and 8).

Figure 4: Algorithm for extracting topolineaments from DTM.

DTM-based analysis of the spatial distribution of topolineaments  1189



• The second group of topolineaments was interpreted in
the area of the Chodel Basin (Figure 8). These topolinea-
ments show spatial directions NW–SE and NE–SW. Two
topolineaments (2a and 2b) have been distinguished.

The first one, about 35 km long, runs along the Cho-
delka River valley. It is relatively well readable in the
relief of the digital terrain model. The NW–SE spatial
orientation refers to the main directions of tectonic

Figure 5: Lighting from the different sides of the LiDAR DTM.

Figure 6: The course of both topolineaments is emphasized by the sudden change in terrain.
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structures and faults developed in Cretaceous rocks.
The second of the highlighted 2b topolineaments,
17 km long and oriented NE–SW, in the southwestern
part refers to the direction of the Węglowiecki stream.
Areas located southeast of the topolineament are built
of loess cover around 15 m as well as clays, sands, and
gravels of the Central Polish glaciation. The north-
western areas of the topolineament are built mainly
of chalk rocks.

• The third group of topolineaments was interpreted in
the southern part of the study area. There are two main
topolineaments. The first one, about 35 km long and
oriented NE–SW, runs along the Wyżnianka River
(Figures 8 and 9). The southwestern area is covered by
loess with a thickness of about 20m. The relief of these
areas is varied and characterized by a dense network of
gullies, e.g. near Kraśnik and Wyżnica. This topolinea-
ment refers to its course to both Paleozoic and Mesozoic
tectonic directions. The other topolineament, 3b, about
16 km long and oriented SW–NE, runs mainly along the
valley of the Tuczyn stream (Figures 8 and 9). Areas
located on the northwestern side are covered by loess
with a maximum thickness of about 20 m. In contrast,
the areas located on the northeastern side are char-
acterized by less varied relief and a much smaller

thickness of Quaternary deposits, in places, e.g.
around Gościeradów.

4.2 Automatic extraction topolineaments

Automatically generated topolineaments are funda-
mentally different from visually interpreted topoli-
neaments. The main difference lies in the greater
number of topolineaments, length, and spatial orien-
tation (Figure 10).

Almost 800 topolineaments were generated auto-
matically. The longest lineaments are about 10 km
long, and the shortest lineaments are less than 2 km
long (Figure 11).

Most topolineaments occur in loess areas. These are
generally shorter lineaments. They are from 2 km to
over 4 km long. They also show spatial orientation in
different directions. However, topolineaments found in
Cretaceous limestone rocks are longer than in loess and
have from 6 to 10 km. They have two directions of spa-
tial orientation: the first, of course, NE–SW and the
second NW–SE.

Figure 7: Topolineaments are underlined by the morphological threshold.
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Figure 8: Visual interpretation of topolineaments.

Figure 9: Topolineaments length chart.
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Figure 10: Automatic extracting topolineaments.

Figure 11: Topolineaments length chart.
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4.3 Density topolineaments

Topolineaments generated automatically and interpreted
visually were imported into the program ArcGis. The
Spatial Analyst Tool module uses a kernel density algo-
rithm to generate model density of topolineaments. As
a result, two models of topolineament density were
obtained. The first model for visually interpreted linea-
ments and the second for topolineaments obtained
automatically. The obtained results showed a diverse
picture of the spatial density of topolineaments on
both density models (Figure 12). In the first model, the
highest densities of topolineaments were obtained for
area B located on the border with the Chodelska Basin,
as well as area C located in the Wyżnianki valley near
Kraśnik (Figure 12).

These are regions with chalk chalky limestone. In
the second model, the highest densities of topolinea-
ments were obtained for regions A, B, and C (Figure13).
These are areas where there are in large numbers short to-
polineaments with lengths from 1 to 4 km. Their occurrence
is closely related to the lithological structure of the rocks.
Networks of these topolineaments occur in loess areas.

4.4 Thickness model of Quaternary
sediments vs topolineaments

Forty-three historical drillings were used to develop the
Quaternary sediment thickness model. The obtained data
were then interpolated in ArcGis using the Empirical
Bayesian Kriging algorithm (Figure 14).

Figure 12: Visual interpretation topolineaments density model.
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As a result of interpolation, a spatial picture of
the thickness variability of Quaternary sediments was
obtained. Five regions (A to E) with significant thicknesses
exceeding 16m were distinguished (Figure 14). Area A is
located in the northeast of the study area. The maximum
thickness evenexceeds 25m in this area.At its southeastern
boundary, there is a WNW–ESE-oriented topolineament.
RegionB is located in theVistula valley in theChodel Basin.
From the northeast, this region is bounded by an NW–SE-
trending topolineament. Its course is associated with a
change in the thickness of Quaternary sediments. Region
C is located in themiddle of the study area. The thickness of
Quaternary sediments ranges from 16 to 25m. This area is
limited by three topolineaments (Figure 14). Two of them
run WNW–ESE and the third trends NW–SE. The fourth
region (D) is located in the southeasternpart of the research
area. It is characterized by a large thickness of Quaternary

sediments, exceeding 25m in the Kraśnik area. This area
limits the course of three topolineaments: two of them or-
ientedNW–SEandoneorientedNE–SW.Thefifth region (E)
is located in the southwestern part of the research area in
the Vistula valley. The sediment thickness is over 16m. In
the second case, three areas A, B, and C were specified
(Figure 15).

Their distinction was due to a comparison of the thick-
ness distribution of quaternary deposits with the number
of automatic topolineaments. The density of topolinea-
ments depends on the lithology of the geological base.
Most topolineaments were recorded in areas covered with
loess, which are prone to developing erosion processes.
The thickness of these deposits is from 16m to over 25 m.
Topolineaments are not legible in fluvial deposits of
the Vistula River. The thickness of these deposits is
up to over 20 m.

Figure 13: Automatic extraction topolineaments density model.
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5 Discussion

The thickness model of Quaternary sediments showed a
close relationship with the geological and geomorpholo-
gical structure of the study area. The thickness obtained
was compared with the geological structure presented,
among others, on detailed geological maps of Poland
on a scale of 1: 50,000 Kazimierz Dolny sheet [34], Opole
Lubelskie sheet [35], Chodel sheet [36], Kraśnik sheet
[37], and Nałęczów sheet [38]. Based on field research
and analysis of geological maps, it was found that the
areas of thick (over 16 m) Quaternary sediments are com-
posed mainly of loess, e.g. regions A, C, and D, or sedi-
ments of floodplain and floodplain terraces in regions B
and E in the Vistula valley (Figures 14 and 15). There is

also a close relationship between the course of topolinea-
ments and the variability in the thickness of Quaternary
sediments. It should be assumed that the areas of out-
crops of Cretaceous rocks or small thicknesses of Qua-
ternary sediments were subject to tectonic uplift. These
areas were heavily eroded and most of the Quaternary
sediments have been removed. When analyzing the spa-
tial orientation of topolineaments, it should be concluded
that the sub-Quaternary substrate may represent a block
tectonic structure. The spatial orientation of lineaments
was compared with the course of Paleozoic faults [39]
and Mesozoic faults [40] (Figure 16). The most pro-
nounced relationship between the directions of the linea-
ments and faults was obtained in the northern part of the
study area. The fault zone of Ursynów–Kazimierz runs

Figure 14: Quaternary deposits thickness model with topolineaments
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here. This zone was reactivated in the Quaternary. Due to
this, some areas of the Lublin region were elevated and
erosion of the Quaternary deposits occurred. This is
now particularly evident in the Quaternary thickness
changes.

6 Conclusions

This article presents the results of the combined use of
remote sensing and GIS techniques to interpret the distri-
bution of topolineaments in Cretaceous and Quaternary
rocks. Geostatistical methods, borehole profiles, geological
maps, and 10m LiDAR DTM were used for research and
modeling. The following conclusions can be drawn from
the spatial analysis, geostatistical modeling, and interpre-
tation of the digital terrain model:

• Combining methods of the traditional interpretation of
the digital terrain model and automatic extraction of
topolineaments give comprehensive and complete infor-
mation about the distribution of topolineaments.

• Shortandsmall topolineaments correspond to theshallow-
rooted discontinuity zone and longer topolineaments are
deeper rooted discontinuity zone.

• Short and small topolineaments were formed mainly in
Quaternary deposits. However, longer in hard chalk rocks.

• Due to the use of geostatistical methods, a spatial
model of topolineaments density was developed, and
historical drilling data were used to generate a thick-
ness model for Quaternary sediments.

• The distribution and number of topolineaments were
compared with the spatial distribution model of the
Quaternary deposit thickness. A close relationship
between topolineaments density and the quaternary
deposit thickness was found.

Figure 15: Quaternary deposits thickness model with automatic extracting topolineaments
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• The uneven occurrence of Quaternary deposits and
Cretaceous rocks in connection with the course of the
main Palaeozoic and Mesozoic faults as well as the
density and spatial orientation of topolineaments indi-
cates the existence of neotectonic movements in the
discussed area.
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